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Prognostic signhificance of haemodynamic
parameters in patients with cardiogenic shock
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Aims Invasive haemodynamic assessment with a pulmonary artery catheter is often used to guide the management of patients with
cardiogenic shock (CS) and may provide important prognostic information. VWe aimed to assess prognostic associations and
relationships to end-organ dysfunction of presenting haemodynamic parameters in CS.

Methods The Ciritical Care Cardiology Trials Network is an investigator-initiated multicenter registry of cardiac intensive care units
and results (CICUs) in North America coordinated by the TIMI Study Group. Patients with CS (2018-2022) who underwent invasive
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haemodynamic assessment within 24 h of CICU admission were included. Associations of haemodynamic parameters with
in-hospital mortality were assessed using logistic regression, and associations with presenting serum lactate were assessed
using least squares means regression. Sensitivity analyses were performed excluding patients on temporary mechanical cir-
culatory support and adjusted for vasoactive-inotropic score. Among the 3603 admissions with CS, 1473 had haemodynam-
ic data collected within 24 h of CICU admission. The median cardiac index was 1.9 (25th—75th percentile, 1.6-2.4) L/min/m?
and mean arterial pressure (MAP) was 74 (66—86) mmHg. Parameters associated with mortality included low MAP, low
systolic blood pressure, low systemic vascular resistance, elevated right atrial pressure (RAP), elevated RAP/pulmonary ca-
pillary wedge pressure ratio, and low pulmonary artery pulsatility index. These associations were generally consistent when
controlling for the intensity of background pharmacologic and mechanical haemodynamic support. These parameters were
also associated with higher presenting serum lactate.

In a contemporary CS population, presenting haemodynamic parameters reflecting decreased systemic arterial tone and
right ventricular dysfunction are associated with adverse outcomes and systemic hypoperfusion.
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Introduction

Cardiogenic shock (CS) is a complex clinical syndrome characterized by
inadequate tissue perfusion due to ineffective cardiac output (CO).'
Short-term mortality for patients with CS remains high (30—40% in
contemporary registries and clinical trials),>™* underscoring the critical
need for improved risk stratification and management strategies in CS.

Although there are few data to inform appropriate monitoring in pa-
tients with CS, and clinical practice patterns vary widely, invasive
haemodynamic assessment with a pulmonary artery catheter (PAC)
is often used to guide management.® Invasive haemodynamic data pro-
vided by a PAC can confirm the presence and severity of CS, the pat-
tern of ventricular involvement [i.e. left ventricular, right ventricular
(RV), or biventricular], and vascular resistances in the pulmonary and
systemic arterial beds. PACs also allow clinicians to monitor responses
to therapeutic interventions and may provide important prognostic
information. For these reasons, some experts have advocated for rou-
tine invasive haemodynamic assessment in patients with CS.” Notably,
several observational analyses have supported a possible benefit of
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m Findings consistent when controlling for intensity of background
pharmacologic and mechanical hemodynamic support

Same parameters also associated with higher presenting serum lactate

" Associations consistent in subgroups with HF-CS and AMI-CS

complete invasive haemodynamic assessment,®? and a randomized
trial to rigorously assess the impact of early PAC use in patients with
CS due to decompensated heart failure (HF-CS) is now underway
(NCT05485376).

Given the increased focus on invasive haemodynamic assessment in
the management of CS, it is important to better understand the rela-
tionships between specific haemodynamic parameters, shock severity,
and outcomes. Accordingly, we aimed to assess the prognostic import-
ance of specific haemodynamic parameters with respect to mortality
and the associations of these parameters with end-organ dysfunction
in a well-characterized cohort of patients with CS from a multinational
registry.

Methods

Study population
The Critical Care Cardiology Trials Network (CCCTN) is an
investigator-led collaborative research network of advanced cardiac
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Table 1 Clinical characteristics of cardiogenic shock patients with and without invasive haemodynamic assessment
within 24 h of CICU admission

All CS CS admissions in primary analysis CS admissions not in primary P-value
admissions cohort (N =1473) analysis cohort (N =2130)
(N=3603)

Demographics
Age, median (25th—75th), year 65 (55-74) 63 (53-72) 66 (56-75) <0.001
Female sex, n (%) 1162 (32.3%) 431 (29.3%) 731 (34.3%) 0.001
Race

White, n (%) 2085 (57.9%) 897 (60.9%) 1188 (55.8%) <0.001

Black, n (%) 709 (19.7%) 305 (20.7%) 404 (19.0%)

Other, n (%) 809 (22.5%) 271 (18.4%) 538 (25.3%)
BMI, median (25th—75th), kg/m? 27.6 (23.9-32.3) 27.9 (24.3-32.6) 274 (23.7-322) 0.014
Comorbidities
Diabetes mellitus, n (%) 1362 (37.8%) 561 (38.1%) 801 (37.6%) 0.770
Hypertension, n (%) 2114 (58.7%) 847 (57.5%) 1267 (59.5%) 0.235
Coronary artery disease, n (%) 1280 (35.5%) 531 (36.1%) 749 (35.2%) 0.586
Cerebrovascular disease, n (%) 308 (8.6%) 109 (7.4%) 199 (9.3%) 0.040
Peripheral artery disease, n (%) 316 (8.8%) 111 (7.5%) 205 (9.6%) 0.029
Heart failure, n (%) 1944 (54.0%) 836 (56.8%) 1108 (52.0%) 0.005
Atrial fibrillation, n (%) 1136 (31.5%) 449 (30.5%) 687 (32.3%) 0.261
Ventricular arrhythmia, n (%) 315 (8.7%) 154 (10.5%) 161 (7.6%) 0.003
Severe valvular disease, n (%) 571 (15.9%) 234 (15.9%) 337 (15.8%) 0.959
Pulmonary hypertension, n (%) 272 (7.6%) 107 (7.3%) 165 (7.8%) 0.590
Chronic kidney disease, n (%) 995 (27.6%) 391 (26.5%) 604 (28.4%) 0.232
On dialysis, n (%) 157 (15.8%) 55 (14.1%) 102 (16.9%) 0.233
Pulmonary disease, n (%) 507 (14.1%) 200 (13.6%) 307 (14.4%) 0478
Liver disease, n (%) 96 (2.7%) 34 (2.3%) 62 (2.9%) 0.270
Shock type
AMI-CS, n (%) 939 (26.1%) 416 (28.2%) 523 (24.6%) <0.001
HF-CS, n (%) 2197 (61.0%) 963 (65.4%) 1234 (57.9%)

De novo, n (%) 609 (16.9%) 247 (16.8%) 362 (17.0%)

Acute-on-chronic, n (%) 1588 (44.1%) 716 (48.6%) 872 (40.9%)
Other CS, n (%) 467 (13.0%) 94 (6.4%) 373 (17.5%)
lliness severity
SOFA score, median (25th—75th) 7 (5-10) 7 (4-10) 7 (5-10) 0.106
SCAI stage

C,n (%) 661 (18.4%) 231 (15.7%) 430 (20.2%) <0.001

D, n (%) 1081 (30.0%) 496 (33.7%) 585 (27.5%)

E, n (%) 1082 (30.0%) 403 (27.4%) 679 (31.9%)

Unknown, n (%) 779 (21.6%) 343 (23.3%) 436 (20.5%)
Preceding cardiac arrest, n (%) 826 (22.9%) 298 (20.2%) 528 (24.8%) 0.001
Presenting LVEF
<20% 640 (34.1%) 322 (39.6%) 318 (29.9%) <0.001
20-<30% 540 (28.7%) 242 (29.7%) 298 (28.0%)
30-<40% 276 (14.7%) 111 (13.6%) 165 (15.5%)
40-<50% 58 (7.1%) 58 (7.1%) 93 (8.7%)
>50% 272 (14.5%) 81 (10.0%) 191 (17.9%)
Laboratory values
Lactate, median (25th-75th), 26 (1.5-4.9) 23 (14-44) 2.8 (1.6-5.1) <0.001

mmol/L

Continued
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Table 1 Continued

Arterial pH, median (25th—75th)

Total bilirubin, median (25th—
75th), mg/dL

eGFR, median (25th-75th), mg/dL

Platelets, median (25th-75th),
1000/uL

ALT >200 U/L, n (%)

CICU resource utilization

LOS, median (25th—75th), days

Mechanical ventilation, n (%)

Acute RRT, n (%)

Shock management

Vasoactive medications, median
(25th-75th), #

VIS@4h

VIS@ 24 h

Mechanical circulatory support,
n (%)
IABP, n (%)
Impella, n (%)
TandemHeart, n (%)
VA-ECMO, n (%)
Surgical (non-durable) VAD,
n (%)

Mortality

In-hospital mortality, n (%)

AllCS
admissions
(N=3603)

7.34 (7.25-7.42)
1.0 (0.6-18)

46 (29-66)
202 (149-263)

905 (27.2%)

106 (5.2-21.5)
1663 (46.2%)
472 (13.1%)

1(1-2)

40 (0.0-11.0)
2.8 (0.0-8.0)
1328 (36.9%)

884 (24.5%)
374 (10.4%)
50 (1.4%)
127 (49%)
178 (4.9%)

1067 (29.6%)

CS admissions in primary analysis CS admissions not in primary P-value
cohort (N =1473) analysis cohort (N =2130)

7.35 (7.27-7.42) 7.34 (7.23-742) 0.053
1.0 (0.6-1.8) 1.0 (0.6-1.9) 0.986
46 (30-69) 45 (28-65) 0.049

203 (153-262) 202 (147-264) 0.603
391 (27.9%) 514 (26.7%) 0.445
12.4 (6.3-24.5) 9.5 (4.3-19.1) <0.001
733 (49.8%) 930 (43.7%) <0.001
229 (15.6%) 243 (11.4%) <0.001
1(1-2) 1(1-2) 0.369
4.0 (0.0-11.0) 4.0 (0.0-11.0) 0432
3.8 (0.0-9.0) 2.5 (0.0-7.5) <0.001
804 (54.6%) 524 (24.6%) <0.001
510 (34.6%) 374 (17.6%) <0.001
256 (17.4%) 118 (5.5%) <0.001
33 (2.2%) 17 (0.8%) <0.001
61 (5.9%) 66 (4.2%) 0.057
125 (8.5%) 53 (2.5%) <0.001
400 (27.2%) 667 (31.3%) 0.003
311 (21.1%) 511 (24.0%) 0.023

CICU mortality, n (%)

822 (22.8%)

ALT, alanine aminotransferase; AMI, acute myocardial infarction; BMI, body mass index; CICU, cardiac intensive care unit; CS, cardiogenic shock; eGFR, estimated glomerular filtration rate;
HF, heart failure; IABP, intra-aortic balloon pump; LOS, length of stay; LVEF, left ventricular ejection fraction; MCS, mechanical circulatory support; RRT, renal replacement therapy; SCAI,
Society of Cardiovascular Angiography and Intervention; SOFA, sequential organ failure assessment; VIS, vasoactive-inotropic score; VA-ECMO, veno-arterial extracorporeal membrane

oxygenation; VAD, ventricular assist device.

intensive care units (CICUs)"® in the United States and Canada, with scien-
tific and operational oversight provided by the TIMI Study Group (Boston,
MA). Methods for the CCCTN Registry have been previously described."’
From 2018 to 2022, a total of 39 participating centres contributed clinical
data on all consecutive medical admissions to the CICU during annual
2-month collection periods. In addition, year-round capture of consecutive
admissions was permitted. The study complies with the Declaration of
Helsinki, and the research protocol and waiver of informed consent were
approved by the ethics committees at each of the participating institutions.
We encourage parties interested in collaboration and data sharing to con-
tact the corresponding author directly for further discussions.

The presence of shock was assessed by site investigators and categorized
by type of shock as previously described.® The aetiology of CS was further
subdivided into CS due to acute myocardial infarction (AMI-CS), HF-CS,
and secondary (non-myocardial) CS (e.g. severe valvular disease, pericardial
tamponade). Starting in 2018, invasive haemodynamic data were collected
as optional fields in the electronic case record form. All admissions, includ-
ing clinical characteristics and haemodynamic parameters, were reviewed
by the central coordinating centre via automated checks and manual
reviews.

The present analysis was restricted to patients with CS at the time of
CICU admission and excluded patients with post-cardiotomy shock.
Clinician-assigned mixed shock patients were also excluded, because the
prognostic relationships of haemodynamic parameters for certain sub-
phenotypes within this category (e.g. sepsis in patients with underlying
cardiomyopathy) may not generalize to the broader CS population. The pri-
mary analysis cohort included only those patients who underwent invasive
haemodynamic assessment with a PAC within 24 h of CICU admission
(including immediately before CICU admission). This time window was se-
lected to focus on the prognostic significance of presenting haemodynamic
profiles rather than on haemodynamic trajectories, and to align with other
data elements collected on CICU presentation [e.g. clinical characteristics,
laboratory values, initial Society of Cardiovascular Angiography and
Interventions (SCAI) stage, initial Sequential Organ Failure Assessment
(SOFA) score]. Presenting lactate values were those obtained in closest
proximity to CICU admission, with a window between 24 h prior to
CICU admission and 12 h post-CICU arrival. For analyses comparing the
prognostic performance of different haemodynamic parameters, the ana-
lysis cohort was restricted further to include only those patients with com-
plete haemodynamic information. No imputation was performed.
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Table2 Distribution of haemodynamic parameters in the full cohort and in the subgroups of patients with AMI-CS and

HF-CS

All cardiogenic shock AMI-CS HF-CS
Parameter N Median (25th-75th) N Median (25th-75th) N Median (25th-75th)
HR (bpm) 1444 91 (75-108) 399 90 (75-106) 952 91 (77-108)
SBP (mmHg) 1444 101 (89-115) 405 99 (84-117) 946 101 (91-114)
MAP (mmHg) 1446 74 (66-86) 404 71 (63-87) 949 76 (67-86)
RAP (mmHg) 1412 15 (10-19) 394 13 (10-18) 928 15 (10-20)
PASP (mmHg) 1444 48 (38-59) 408 42 (34-51) 943 50 (40-61)
PADP (mmHg) 1451 25 (20-31) 407 22 (17-28) 941 26 (20-32)
PCWP (mmHg) 1234 24 (18-30) 345 22 (16-28) 810 25 (19-31)
Cl (Umin/m?) 1395 1.9 (1.6-2.4) 383 2.1 (1.7-2.6) 925 1.9 (1.5-2.3)
SVR (dynes*sec*/cm”) 1326 1256 (899-1688) 356 1160 (855-1559) 886 1312 (934-1737)
PVR (dynes*sec*/cm®) 1185 164 (86-273) 322 133 (70-213) 788 176 (92-293)
CPO (W) 1367 0.65 (0.49-0.84) 371 0.69 (0.50-0.89) 910 0.64 (0.50-0.82)
RAP/PCWP 1206 0.60 (0.44-0.80) 333 0.64 (0.47-0.80) 797 0.59 (0.43-0.80)
PAPI 1394 1.6 (1.0-2.5) 386 15(09-22) 919 1.6 (1.1-2.6)
RVSWI (g-m/m?) 1315 53 (3.3-79) 347 5.0 (3.0-7.5) 884 53 (3.3-7.9)
TPG (mmHg) 1228 8 (4-13) 342 7 (4-11) 807 9 (5-13)
PA Compliance 1345 1.9 (1.3-3.0) 359 25(1.7-37) 900 1.8 (1.2-2.7)
PA Elastance 1349 1.1 (0.8-1.6) 361 0.9 (0.6-1.2) 902 12 (0.8-1.7)

The distributions are provided for all patients with available measurements for a particular haemodynamic parameter among patients with CS in the primary analysis cohort (n = 1488).
AMI-CS, acute myocardial infarction-related cardiogenic shock; Cl, cardiac index; CPO, cardiac power output; DPG, diastolic pressure gradient; HF-CS, heart failure-related cardiogenic
shock; HR, heart rate; MAP, mean arterial pressure; MCS, mechanical circulatory support; PA, pulmonary artery; PADP, pulmonary artery diastolic pressure; PAPI, pulmonary artery
pulsatility index; PASP, pulmonary artery systolic pressure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; RAP, right atrial pressure; RVSWVI, right
ventricular stroke work index; SBP, systolic blood pressure; SVR, systemic vascular resistance; TPG, transpulmonary gradient; VIS, vasoactive-inotropic score.

Haemodynamic parameters and background

haemodynamic support

Standardized data elements captured in the CCCTN registry include vital
signs [heart rate (HR), systolic blood pressure (SBP), mean arterial pressure
(MAP)] and the following invasive haemodynamic parameters: right atrial
pressure (RAP), pulmonary artery systolic pressure (PASP), pulmonary ar-
tery diastolic pressure (PADP), pulmonary capillary wedge pressure
(PCWP), and cardiac index (Cl). Although there are multiple methods
for estimating CO, estimates based on the Fick principle using a pulmonary
artery oxygen saturation were prioritized in the present analysis since this
was the most common method for CO estimation among patients in our
dataset. In cases where a CO estimate based on the Fick principle was
not available, CO estimates using thermodilution were used (12.5%). In
addition, the following haemodynamic parameters were derived (see
Supplementary material online, Methods): cardiac power output (CPO),
systemic vascular resistance (SVR), pulmonary vascular resistance (PVR),
pulmonary artery pulsatility index (PAPI), RAP/PCWP ratio, RV stroke
work index (RVSWI), diastolic pressure gradient (DPG), transpulmonary
gradient (TPG), pulmonary artery compliance, and pulmonary artery ela-
stance. A patient was considered to have complete haemodynamic informa-
tion if all measured and derived parameters were available.

Patients were categorized as being on pharmacologic (continuous infu-
sions) and/or temporary mechanical circulatory support (MCS) at the
time of invasive haemodynamic assessment. To quantify the intensity of
background pharmacologic therapy, the vasoactive-inotropic score (VIS)
was calculated (see Supplementary material online, Methods).'* Based on
temporal proximity to the timing of invasive haemodynamic assessment,
either a 4-hour or 24-hour assessment of VIS was used."® Temporary
MCS devices included intra-aortic balloon pump (IABP) counterpulsation,

Impella percutaneous ventricular assist systems (CP, 5.0, 5.5, RP),
TandemHeart percutaneous ventricular assist systems, and veno-arterial
extracorporeal membrane oxygenation (VA-ECMO)."

Statistical analysis

Clinical characteristics were summarized for CS patients who underwent
invasive haemodynamic assessment within 24 h of CICU admission and
for those who did not. Categorical variables are shown as counts and per-
centages, and continuous variables as medians with 25th—75th percentile
ranges. Differences in the clinical characteristics were evaluated using
Pearson’s chi-square test for categorical variables and the Wilcoxon rank
sum test for continuous variables.

The distributions of each haemodynamic parameter were summarized
using all available data among cases in the primary analysis cohort and for
the subgroups of patients with AMI-CS and HF-CS. The associations be-
tween each haemodynamic parameter and in-hospital mortality were eval-
uated using univariable logistic regression. The results are presented
graphically in descending order of statistical strength of association based
on Wald y? value from the logistic regression model, and odds ratios
with 95% confidence intervals are provided. For each parameter significant-
ly associated with in-hospital mortality in univariable analysis, the following
analyses were performed to account for background therapy and clinical
characteristics: (i) adjusted analyses incorporating VIS as a covariate in the
logistic regression model (Model 2); (i) sensitivity analyses excluding pa-
tients on any form of temporary MCS at the time of invasive haemodynamic
assessment and adjusting for VIS (Model 3); and (jii) sensitivity analyses ex-
cluding patients on any form of temporary MCS at the time of invasive
haemodynamic assessment and adjusting for VIS, age, sex, SCAI stage,
and cardiac arrest before CICU admission (Model 4). VIS was not collected
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in the first two annual cycles of the registry (2017-2019), so the
VIS-adjusted analyses excluded approximately 22% of patients present in
the primary analysis cohort. To evaluate independent prognostic associa-
tions, each parameter significantly associated with in-hospital mortality in
univariable analysis was also included in a multi-parameter model and a
backward selection procedure was applied. Correlations between variables
in the multi-parameter model were assessed (see Supplementary material
online, Table S7) and variance inflation factors (VIFs) examined to ensure
that there were no concerns about multicollinearity.

To evaluate the associations of haemodynamic variables with systemic
malperfusion, presenting serum lactate (continuous) was regressed on
each haemodynamic parameter using least squares (LS) means regression.
In addition, adjusted analyses incorporating VIS as a covariate in each LS
means regression model and sensitivity analyses excluding patients on any
form of temporary MCS at the time of invasive haemodynamic assessment
and adjusting for VIS were performed. Results are presented graphically in
descending order of the statistical strength of association of each haemo-
dynamic parameter based on the absolute value of the t statistic for the
haemodynamic parameter in the model.

To assess for differences in the prognostic significance of haemodynamic
parameters in the subgroups of patients with AMI-CS and HF-CS, the asso-
ciations of each haemodynamic parameter with in-hospital mortality and
presenting serum lactate were evaluated using the same approach.
Heterogeneity of association was formally tested by incorporating a
subgroup-by-haemodynamic parameter interaction term in the logistic
and LS means regression models, respectively.

Results were considered statistically significant at a two-sided P-value
<0.05. Analyses were performed using SAS System V9.4 (SAS Institute
Inc., Cary, NC).

Results

Study population and haemodynamic

parameters

Of 20 718 CICU admissions between 2018 and 2022, 3603 presented
to the CICU with CS. A total of 1925 (53.4%) underwent invasive
haemodynamic assessment with a PAC during their CICU course. Of
those cases, 1473 underwent invasive haemodynamic assessment with-
in 24 h of CICU admission and comprised the primary cohort for this
analysis. In this cohort, the median timing of assessment was 1 h after
CICU admission (25th—75th percentile, 1 h before CICU admission
to 6 h after CICU admission). This cohort included 325 (22.1%) admis-
sions not receiving any pharmacologic or mechanical haemodynamic
support (e.g. assessment performed before the initiation of support),
723 (49.1%) on pharmacologic support only, and 420 (28.5%) on tem-
porary MCS at the time of invasive haemodynamic assessment. Most
patients (n = 1132; 76.8%) in the primary analysis cohort had complete
data for every haemodynamic parameter during that initial assessment.

The clinical characteristics and indices of shock severity among CS ad-
missions in the primary analysis cohort were generally similar to those
among CS cases not in the primary analysis cohort, with comparable
SOFA scores (median, 7 vs. 7; P=0.106) and VIS at 4 h following
CICU admission [median, 4.0 (0.0-11.0) vs. 4.0 (0.0-11.0); P =0.432]
(Table 1). Serum lactate was slightly lower in the primary analysis cohort.
In addition, the proportion of patients with AMI-CS (28.2% vs. 24.6%)
and HF-CS (65.4% vs. 57.9%) as compared with secondary CS (6.4%
vs. 17.5%) was higher in the primary analysis cohort (P < 0.001). A higher
proportion of patients in the primary analysis cohort were ultimately
managed with temporary MCS (54.6% vs. 24.6%; P <0.001), and in-
hospital mortality was lower (27.2% vs. 31.3%; P =0.007).

Among all admissions with CS in the primary analysis cohort, includ-
ing those with ongoing pharmacologic or MCS, the median Cl was 1.9
(25th—75th percentile, 1.6-2.4) L/min/m?, median MAP was 74 (66—86)
mmHg, and median SVR was 1256 (899-1688) dynes*sec*/cm”.
Biventricular filling pressures were elevated with a median RAP of 15
(10-19) mmHg and median PCWP of 24 (18-30) mmHg. Comparing

the subgroups of patients with AMI-CS and HF-CS, the median CPO
was virtually identical, with a slightly higher median Cl and a corres-
pondingly lower median MAP among those with AMI-CS (Table 2).

Prognostic associations of haemodynamic

parameters

Haemodynamic parameters significantly associated with in-hospital
mortality included low MAP [OR per 1-SD, 0.70 (95% confidence inter-
val, 0.60-0.80)], low SBP [OR per 1-SD, 0.78 (0.68-0.89)], low SVR
[OR per 1-SD, 0.78 (0.67-0.90)], elevated RAP [OR per 1-SD, 1.27
(1.11-1.45)], elevated RAP/PCWP ratio [OR per 1-SD, 1.24 (1.09-
1.41)], and low PAPI [OR per 1-SD, 0.70 (0.55-0.89); Figure 1].
When these six variables were considered collectively in a multi-
parameter model, low MAP [aOR per 1-SD, 0.70 (0.60-0.80)] and
elevated RAP [aOR per 1-SD, 1.28 (1.12-1.46)] remained significant.

After adjustment for VIS in the single parameter models (Model 2),
low MAP [aOR per 1-SD, 0.74 (0.62-0.89)], low SVR (aOR per 1-SD,
0.82 (0.69-0.97)], elevated RAP (aOR per 1-SD, 1.28 (1.09-1.50)],
and elevated RAP/PCWP (aOR per 1-SD, 1.21 (1.04-1.41) remained
significantly associated with in-hospital mortality. By contrast, while
the adjusted associations of SBP (aOR per 1-SD, 0.86 (0.72-1.01)]
and PAPI (aOR per 1-SD, 0.76 (0.57-1.00)] with in-hospital mortality
remained directionally consistent, they were no longer statistically
significant (Figure 2). The same pattern was observed when patients
receiving temporary MCS at the time of invasive haemodynamic as-
sessment were excluded and analyses were iteratively adjusted for
VIS (Model 3) and then VIS, age, sex, SCAI stage, and cardiac arrest
before CICU admission (Model 4). Notably, Cl, CPO, and PCWP
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Figure 1 Strength of univariable associations between presenting
haemodynamic parameters and in-hospital mortality. Haemodynamic
parameters are ordered according to strength of association with in-
hospital mortality based on Wald %> values from univariable logistic
regression models. Haemodynamic indices significantly associated with
in-hospital mortality and reflecting either decreased systemic arterial
tone or impaired right ventricular function are highlighted in colour.
Analyses are restricted to patients with complete haemodynamic data
(n=1132). Cl, cardiac index; CPO, cardiac power output; DPG, diastolic
pressure gradient; HR, heart rate; MAP, mean arterial pressure; PAC, pul-
monary artery compliance; PADP, pulmonary artery diastolic pressure;
PAE, pulmonary artery elastance; PAPI, pulmonary artery pulsatility in-
dex; PASP, pulmonary artery systolic pressure; PCVWP, pulmonary capil-
lary wedge pressure; PVR, pulmonary vascular resistance; RAP, right atrial
pressure; SBP, systolic blood pressure; SVR, systemic vascular resistance;
TPG, transpulmonary gradient.
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Figure 2 Adjusted associations between haemodynamic parameters and in-hospital mortality accounting for background haemodynamic support.
Associations with in-hospital mortality are shown: unadjusted (Model 1); adjusted for vasoactive-inotropic score (VIS) (Model 2); excluding patients with
MCS at the time of invasive haemodynamic assessment and adjusting for VIS (Model 3); and excluding patients with MCS at the time of invasive haemo-
dynamic assessment and adjusting for VIS, age, sex, SCAl stage, and preceding cardiac arrest (Model 4). VIS was not collected in earlier annual cycles of
the registry, so the VIS-adjusted analyses exclude approximately 22% of patients from the primary analysis cohort. Approximately 25% of patients in the
primary analysis cohort were receiving mechanical circulatory support at the time of haemodynamic assessment. MCS, mechanical circulatory support;

OR, odds ratio; SD, standard deviation; VIS, vasoactive-inotropic score.

were not associated with in-hospital mortality in unadjusted or ad-
justed analyses.

All six haemodynamic parameters significantly associated with in-
hospital mortality were also associated with higher presenting serum
lactate (Figure 3). Sensitivity analyses excluding admissions receiving
temporary MCS at the time of invasive haemodynamic assessment
and adjusting for VIS are presented in Supplementary material online,
Figure S1.

Subgroup analyses

The unadjusted mortality associations of each haemodynamic param-
eter were generally consistent in patients with HF-CS and AMI-CS
(Figure 4). Subgroup sensitivity analyses excluding patients on any
form of temporary MCS at the time of invasive haemodynamic assess-
ment and adjusting for VIS are presented in Supplementary material
online, Figure S2.

Discussion

In this analysis of CS admissions from a large, contemporary, multi-
centre registry of CICUs in North America, we assessed the prognostic
significance and relationship to end-organ dysfunction of specific haemo-
dynamic parameters. We found that haemodynamic indices reflecting
decreased systemic arterial tone and impaired RV function were most
strongly associated with in-hospital mortality and elevation in presenting
serum lactate. By contrast, haemodynamic indices reflecting low CO and

elevated left ventricular filling pressures were not associated with either
in-hospital mortality or presenting serum lactate. These findings were
consistent even when controlling for intensity of background pharmaco-
logic and mechanical haemodynamic support (Graphical Abstract). Taken
together, these results highlight that: (i) the haemodynamic parameters
most strongly associated with mortality are also the parameters most
strongly associated with shock severity as manifested by systemic mal-
perfusion; and (ii) that inappropriate systemic vasodilation and RV in-
volvement in CS are particularly prognostically important in a
contemporary CS population. More broadly, these data support the va-
lue of comprehensive haemodynamic profiling of CS patients and sug-
gest potential therapeutic targets for future investigation.

Assessment of systemic arterial tone

In our analysis, the strongest haemodynamic indicator of both in-
hospital mortality and systemic malperfusion was MAP, which is the
mathematical product of CO and SVR. The primacy of MAP over its
components suggests that both flow and systemic arterial tone matter;
however, our results demonstrate that systemic arterial tone is the
more prognostically important component of the two. Previous stud-
ies, dating back to the SHOCK trial and registry, have highlighted the
distinct clinical phenotype of vasodilatory CS.""*'® Challenging the pre-
vailing paradigm of CS as a syndrome that invariably results in compen-
satory systemic vasoconstriction in response to impaired CO, the
SHOCK trial investigators demonstrated that SVR varies widely in CS
and is often near normal despite the use of vasopressors. More recent
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Figure 3 Strength of univariable associations between presenting
haemodynamic  parameters and presenting
Haemodynamic parameters are ordered according to strength of as-
sociation with serum lactate based on the absolute value of the t stat-
istic in the univariable least squares means regression models.
Haemodynamic indices significantly associated with presenting serum
lactate and reflecting either decreased systemic arterial tone or im-
paired right ventricular function are highlighted in colour. Analyses
are restricted to patients with complete haemodynamic data (n=
1132). Cl, cardiac index; CPO, cardiac power output; DPG, diastolic
pressure gradient; HR, heart rate; MAP, mean arterial pressure;
PAC, pulmonary artery compliance; PADP, pulmonary artery diastolic
pressure; PAE, pulmonary artery elastance; PAPI, pulmonary artery
pulsatility index; PASP, pulmonary artery systolic pressure; PCWP,
pulmonary capillary wedge pressure; PVR, pulmonary vascular resist-
ance; RAP, right atrial pressure; SBP, systolic blood pressure; SVR,
systemic vascular resistance; TPG, transpulmonary gradient.

serum lactate.

work by our group and others has demonstrated that the vasodilatory
CS profile is associated with poorer outcomes.® The prognostic im-
portance of MAP and SVR in this analysis thus aligns with the current
model of CS progression, in which an initial cardiac insult often leads
to a systemic inflammatory response and vasodilation, which further
exacerbates systemic malperfusion.” What is less clear is whether the
variation in systemic arterial tone observed in CS patients represents
fundamentally different phenotypes with distinct pathobiological fea-
tures, a gradient of severity within the same phenotype, or simply dis-
tinct temporal assessments of the same phenotype. Although all
haemodynamic assessments in our analysis were performed within
24 h of CICU admission, we are not able to account for differences
in CS duration before CICU admission.

Notably, there was a consistent relationship between indicators of sys-
temic arterial tone and mortality in models accounting for and not ac-
counting for background pharmacologic and mechanical support. This
highlights that while the intensity of required haemodynamic support is
prognostically important,”*"”"® so too is achieved MAP. These data
should not be interpreted as indicating that a higher MAP target is neces-
sarily better in CS since this association is inherently confounded.
However, they reinforce the importance of systematically evaluating op-
timal MAP targets in CS in prospective clinical trials (e.g. NCT05168462).

Assessment of right ventricular
dysfunction

Historical perspectives on the prognostic significance of RV dysfunction
in CS have been framed by CS due to RV myocardial infarction (RVMI).

In a seminal analysis from the SHOCK trial registry, patients with RV
dominant AMI-CS were shown to have similarly poor outcomes as pa-
tients with LV dominant AMI-CS,"? challenging the traditional view at
the time that RV shock was associated with a favourable long-term
prognosis.”’ More recently, using contemporary data from a mixed co-
hort of patients with AMI-CS and HF-CS, investigators from the
Cardiogenic Shock Working Group demonstrated that an RV congestive
profile (i.e. RAP >12 mmHg), whether in the context of a left ventricular
congestive profile (i.e. PCWP >18 mmHg) or not, was associated with
higher mortality than a left ventricular congestive profile alone.”"

In the present analysis, which also includes a broad contemporary CS
cohort, elevated RAP again emerged as an important indicator of adverse
prognosis along with elevated RAP/PCWP ratio and low PAPI. These
parameters were also highly associated with elevated presenting serum
lactate, a marker of systemic malperfusion. Interestingly, RAP emerged
from our multivariable analyses with a stronger association with mortality
than PAPI or RAP/PCWP ratio. This finding is a reminder of the usefulness
of an assessment of central venous pressure along with MAP when data
from a PAC are not yet available or cannot be obtained. Whereas an ele-
vated RAP may have multiple contributors, including stressed blood vol-
ume, increased RV afterload, and diminished RV contractility,22 the
collective associations of each of these RV parameters with shock severity
and outcomes suggest that impaired RV contractile function is the princi-
pal clinical observation of prognostic significance. Further supporting this
conclusion, neither pulmonary arterial tone [i.e. PVR and pulmonary artery
elastance (PAE)] nor left ventricular filling pressures (i.e. PCWP) were sig-
nificantly associated with either in-hospital mortality or lactate.

Several factors may account for the apparent greater prognostic
relevance of RV dysfunction in contemporary CS populations as com-
pared with older studies. First, HF-CS is now the most common cause
of CS in contemporary practice,® whereas historical CS cohorts ex-
clusively focused on AMI-CS. Along these lines, a prior study
suggested that RV dysfunction may be more prognostically relevant
in HF-CS than AMI-CS.?* Nevertheless, in our study, there was no
meaningful heterogeneity in the prognostic significance of these para-
meters between CS subtypes in our dataset. Second, our cohort re-
flects contemporary clinical practice, in which left-sided MCS
devices are commonly used in the management of CS. Indeed, one
of the potential explanations for the fact that Cl and CPO were not
associated with in-hospital mortality in the overall CS cohort, con-
trasting with prior work from the SHOCK registry which demon-
strated the prognostic importance of these variables,®* is that
clinicians are able to recognize and promptly initiate mechanical sup-
port in the setting of severely diminished flow. By contrast, clinicians
may be less attuned to RV dysfunction and thus less likely to initiate
RV-directed therapies (both pharmacologic and mechanical) in the
management of CS. Although it is not possible to fully disentangle
the complex relationships linking RV dysfunction to poor outcomes
in this type of observational analysis, our observations spotlight the
RV as a potentially important therapeutic target for improving out-
comes in CS. Moreover, our finding with respect to CPO is consistent
with findings from another contemporary |:>opu|ation.8

Strengths and limitations

A key strength of this analysis is the use of a contemporary cohort of
well-phenotyped CS patients with comprehensive clinical characteris-
tics, complete baseline haemodynamic profiling, and detailed character-
ization of background pharmacologic and mechanical therapies.
Nevertheless, several limitations should be acknowledged. First, not
all sites in the registry provided invasive haemodynamic data and not
all CS patients underwent invasive haemodynamic assessment. In a re-
cent analysis from CCCTN, the range of PAC utilization across centres
was 8.3-73.2% of all shock admissions, and the primary drivers of PAC
use included MCS, site-related variation, and a primary diagnosis of HF.
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Figure 4 Association of haemodynamic parameters with in-hospital mortality in patients with acute myocardial infarction-related cardiogenic shock
vs. decompensated heart failure-related cardiogenic shock. Analyses are restricted to patients with complete haemodynamic data (n = 1132). Cl, car-
diac index; CPO, cardiac power output; MAP, mean arterial pressure; PAPI, pulmonary artery pulsatility index; PCWP, pulmonary capillary wedge pres-
sure; RAP, right atrial pressure; SBP, systolic blood pressure; SVR, systemic vascular resistance.

Thus, there is potential for selection bias in our study population.
Mitigating this risk, indices of critical illness and shock severity were
similar in patients in the primary analysis cohort and those not in the
primary analysis cohort, suggesting that the primary analysis cohort
was reasonably representative of the broader CS population in our
registry of North American CICUs. Moreover, such selection pressure
might impact the generalizability but would not reduce the validity of
our findings. Second, although all numeric haemodynamic data were
manually reviewed by the coordinating centre, the assessment of
haemodynamic tracings was not centrally adjudicated. Third, approxi-
mately 14% of patients did not have an available presenting serum lac-
tate and approximately 22% of patients did not have an available VIS
(since VIS was added later to the registry), thus diminishing the power
of those analyses and increasing the risk of type Il error. Fourth, al-
though we did not find any statistical heterogeneity between the sub-
groups of patients with AMI-CS and HF-CS, it is possible that these
analyses were underpowered. Future analyses should continue to ex-
plore potential differences in the prognostic relevance of haemodynam-
ic parameters in these CS subtypes, particularly since there may be
important pathophysiological differences. Fifth, serial haemodynamic
assessments were not available for this analysis; therefore, we were
not able to assess the prognostic significance of haemodynamic trajec-
tories. Sixth, although in-hospital mortality is a critically important out-
come, it is agnostic to individual goals of care and patient candidacy for
advanced therapies, which are relevant when interpreting CS

outcomes. Finally, these data are observational in nature and therefore
subject to confounding. As a result, we are not able to determine
whether haemodynamic parameters reflecting decreased systemic ar-
terial tone and RV dysfunction are causally related to in-hospital mor-
tality and systemic malperfusion or simply adverse prognostic
indicators.

Conclusions

In this analysis of CS admissions from a large, contemporary, multi-
centre registry, presenting haemodynamic variables reflecting de-
creased systemic arterial tone and indicators of impaired RV function
were the parameters most strongly associated with presenting lactate
and adverse outcomes, even when controlling for intensity of back-
ground pharmacologic and mechanical haemodynamic support. These
findings demonstrate the value of invasive haemodynamic measure-
ments in risk assessment and highlight several potentially important
haemodynamic targets in CS that warrant further investigation in pro-
spective clinical trials.

Supplementary material

Supplementary material is available at European Heart Journal: Acute
Cardiovascular Care online.
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