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Abstract

Objectives—Septic cardiomyopathy (SCM) develops frequently in patients with sepsis and
likely increases short-term mortality. However, whether SCM is associated with long-term
outcomes after sepsis is unknown. We investigated whether septic patients with SCM have worse
long-term outcomes than septic patients without SCM.

Design—Retrospective cohort study

Patient and Setting—We studied a cohort of adult patients with sepsis admitted to an intensive
care unit (ICU).

Corresponding author: Sarah J Beesley, MD MS, Shock Trauma Intensive Care Unit, 5121 South Cottonwood Street, Murray, UT
84107, Telephone: 801-507-6556, Fax: 801-507-5578, Sarah.beesley@imail.org.

CONTRIBUTORS

SJB, RP, JET, CG, SMB designed the study. SIB, SMB, JET, RP and JS analyzed and interpreted the data. SJB drafted the report, and
all other authors revised it. All authors gave final approval of the report to be published.

Conflicts of Interest: None.

The Intermountain Institutional Review Board approved this study with waiver of informed consent.

Copyright Form Disclosure: Dr. Walkey received funding from UptoDate. Dr. Tonna’s institution received funding from National
Heart, Lung, and Blood Institute (NHLBI), NCATS, and LivaNova; he received funding from Philips Healthcare; and he received
support for article research from National Institutes of Health (NIH). Dr. Burk received funding from Intermountain Research and
Medical Foundation. Dr. Paine’s institution received funding from NHLBI and the Department of Veterans Affairs. The remaining
authors have disclosed that they do not have any potential conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beesley et al. Page 2

Measurements—Left ventricular global longitudinal systolic strain (LV GLS) was our primary
measure of SCM. We employed a suite of multivariable survival analyses to explore linear and
non-linear associations between LV GLS and major adverse cardiovascular events (MACE), which
included death, stroke and myocardial infarction. Our primary outcome was MACE through 24
months after ICU discharge.

Main Results—Among 290 study patients, median LV GLS was -16.8% (1QI —20.4% to
-12.6%), and 38.3% (n=111) of patients experienced a MACE within 24 months after discharge.
On our primary, linear analysis, there was a trend (p=0.08) toward association between LV GLS
and MACE (OR 1.03, Cl <1 to 1.07). On our non-linear analysis, the association was highly
significant (p<0.001) with both high and low LV GLS associated with MACE among patients with
preexisting cardiac disease. This association was pronounced among patients who were younger
(age < 65 years) and had Charlson comorbidity index > 5.

Conclusions—Among patients with sepsis and preexisting cardiac disease who survived to ICU
discharge, LV GLS demonstrated a U-shaped association with cardiovascular outcomes through 24
months. The relationship was especially strong among younger patients with more comorbidities.
These observations are likely of use to design of future trials.

Keywords
sepsis; cardiomyopathy; septic cardiomyopathy; cardiovascular event

Introduction

Sepsis is a serious condition in which infection leads to a host response that is sufficiently
dysregulated as to cause organ dysfunction. This dysfunction may lead to disability and
death.[1-3] Cardiac dysfunction develops in 40-70% of adult patients with sepsis or septic
shock.[4-6] While cardiac dysfunction in sepsis can take many forms—including systolic
and diastolic dysfunction of all cardiac chambers—uwe focus here on intrinsic systolic
dysfunction of the left ventricle, what we and others term septic cardiomyopathy (SCM).[7-
9] Early evidence suggests an association between SCM and early mortality in sepsis.[10]
The relationship between SCM in the ICU and long-term major adverse cardiovascular
events (MACE), such as stroke or myocardial infarction, is unknown.

Traditionally, SCM has been understood as an acute, transient cardiac dysfunction (affecting
both ventricles in their systolic and diastolic phases[7]) that resolves within days to a week.
[11] Left ventricular (LV) global longitudinal systolic strain (GLS), a measure of the
deformation of the myocardium, has been introduced and validated as a replacement for LV
ejection fraction (LVEF) for assessment of LV function because it is substantially less
dependent on loading conditions.[12, 13] In sepsis specifically, LV GLS has been
demonstrated to be a more sensitive parameter than LVEF for diagnosing LV dysfunction.[8,
13-16] In parallel, increased risk for cardiovascular complications and/or death has been
identified for septic patients in the months and years after hospital discharge.[17-20]
Whether the degree of LV dysfunction itself is associated these long-term cardiovascular and
vital status outcomes is not known.

Crit Care Med. Author manuscript; available in PMC 2022 April 01.
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To address this gap, we studied a retrospective cohort of adult patients with sepsis and an
echocardiogram performed within the first 72 hours of ICU admission to determine whether
SCM, as measured using LV GLS, was associated with long-term major cardiovascular
events, including death.

Participants included patients at least 18 years old with severe sepsis or septic shock (using
the then-current SEPSIS-2 definition[21]) admitted to a study ICU between October 2012
and November 2015. Patients had clinically suspected infection, two or more systemic
inflammatory response syndrome criteria and had either shock (systolic blood pressure <90
mmHg despite intravenous fluid challenge of = 20 ml/kg or infusion of vasopressors) or
severe sepsis (lactate > 4 mmol/L).[21, 22] Exclusion criteria included known pregnancy,
primary diagnosis of acute coronary syndrome or major cardiac dysrhythmia, or alternative
diagnosis for systemic inflammatory response syndrome (e.g., trauma, anaphylaxis,
hemorrhage). Comorbidities and risk factors for cardiac disease were extracted from the
electronic medical record,[23] as were demographic and clinical data, including APACHE
11[24], Elixhauser score[25], Charlson comorbidity index[26], source of infection,
vasopressor administration, and need for mechanical ventilation or renal replacement
therapy.

The relationship between abnormal cardiac contractility and short-term mortality has already
been established,[10, 27] which allows us to pose a related but distinct question.

Specifically, we are interested in long-term outcomes among patients discharged from the
ICU, after presumed resolution of the acute critical illness. These patients, if they suffer
long-term cardiovascular complications, may be candidates for, e.g., trials of
cardioprotective medications initiated at ICU discharge. Given prior work on short-term
outcomes and our interest in the fate of ICU survivors, we excluded patients who died at or
before ICU discharge.

The majority (>75%) of patients with severe sepsis or septic shock admitted to the study
ICU undergo clinical echocardiography within 24 hours of ICU admission per a standard
sepsis protocol; all study patients had an echocardiogram within 24 hours of ICU admission.
From clinical echocardiograms, we measured LVEF, LV GLS, and regional wall motion
abnormalities (RWA). Based on established precedent in septic patients, abnormal strain was
defined as LV GLS >-17% for purposes of illustration in survival curves.[27, 28] Left
ventricular GLS was measured using semi-automated speckle tracking on the Image-Arena
platform (Tomtec Imaging Systems, Unterschleissheim, Germany). Strain measurements
were performed by experienced sonographers or Level-1l echocardiographer physicians
using apical two- and four- chamber views and values were averaged among views. Patients
whose echocardiographic images had poor image quality were excluded. Unrelated results
from this study cohort related to short-term outcomes have been published elsewhere.[13,
27, 29]

Time from ICU discharge to MACE was collected until 24 months after hospital discharge.
Our definition of MACE included death, stroke, or myocardial infarction,[30, 31] based on
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established algorithms for International Classification of Disease coding (see appendix 1)
and prior studies.[32, 33] Mortality was determined from the Intermountain death record,
which incorporates vital status from hospital and Utah state records, and from the US Social
Security death master file.

Our primary interest was the relationship between LV GLS and MACE at 24 months. To
improve the accuracy of this analysis, we controlled for key covariates. Starting with 61
candidate covariates (see eTable 1), we used machine learning (a technique called XGboost;
details in online supplement) to define the most important covariates. In our primary
prespecified analysis, we used Cox proportional hazards regression to measure the
association between GLS and MACE, adjusting for the covariates identified by machine
learning.

Prior work has assumed a linear relationship between LV GLS and adverse cardiovascular
outcomes, which motivated our use of linear models.[34] Given the possibility that the
relationship between LV GLS and MACE is non-linear among septic patients, however, and
to explore the possibility that the association between LV GLS and MACE varies based on
the value of other variables, we performed a prespecified sensitivity analysis using nonlinear
models in the generalized additive model (GAM) framework (details in the online
supplement). Finally, we repeated the same modeling steps for time to death separately.

In exploratory analyses intended to assess whether preexisting cardiac morbidity affected
any observed associations, we included baseline chronic heart failure and/or myocardial
infarction (as defined by the Elixhauser and Charlson sub-scores[25]). Statistical analyses
were performed in R version 3.5.1 (R Foundation for Statistical Computing, Vienna,
Austria).[35]

The Intermountain Institutional Review Board approved this study with waiver of informed
consent.

The parent cohort included 393 sepsis patients; 59 of them died at or before ICU discharge
and were thus excluded from analysis. Poor image quality prevented LV GLS measurement
in 44 patients. We thus included 290 patients in our analytic dataset. We report demographic
and clinical information in Table 1 (see also eTable 2 in the online data supplement). On
average, LV GLS was abnormal: median LV GLS was —16.8% (I1QI —20.4% to —12.6%).
Median LVEF was 61.4% (1QI 53.8% to 68%). Regional wall motion abnormalities were
noted in only 26 (9%) patients, although approximately half (n=148) had a history of
myocardial infarction or chronic heart failure. Septic shock was defined by receipt of
vasopressors: 113 patients (39%) had septic shock; median LV GLS for patients with severe
sepsis vs. septic shock was similar (-16.6 vs. —=17.0, p=0.70). The primary outcome (MACE
after ICU discharge) occurred in 111 (38.3%) patients by 24 months (96 deaths, 7
myocardial infarctions, and 8 strokes). Median time to MACE was 112 (1QI 19.5 to 354)
days; 3 patients experienced MACE prior to hospital discharge (all deaths).

Crit Care Med. Author manuscript; available in PMC 2022 April 01.
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The machine learning variable selection (see eFigure 1a and Supplemental Results)
identified LV GLS, Charlson score, organ failure days at 28 days, ventilator free days in
ICU, hemoglobin on ICU admit, Elixhauser score, and age as the most important variables.
The proportional hazards regression suggested a possible association between GLS and
MACE (HR 1.03 for each 1-point increase in LV GLS, CI <1.00 to 1.07, £=0.08). A Kaplan
Meier plot (Figure 1) of time to MACE, based on whether patients were above or below the
LV GLS threshold of —17%, suggested consistent separation between the two groups. When
restricted to death as the outcome, the association was not significant (H/ 1.02, C/0.99 to
1.06, p=0.22).

In the secondary analysis exploring non-linear associations, LV GLS was significantly
associated with MACE (p<0.001) and death (p<0.001). The marginal effect plots (Figure 2)
demonstrated a U-shaped association between LV GLS and MACE: both high and low
values of LV GLS were associated with greater risk of MACE. The association between LV
GLS and MACE was especially pronounced among younger (age <65 years) patients with
more comorbidities (Charlson Comorbidity Index >5).

In the sensitivity analysis exploring the role of preexisting cardiac disease, the U-shaped
relationship between LV GLS and MACE was clearly present among patients with either
chronic heart failure or myocardial infarction. The relationship was absent among patients
with neither chronic heart failure nor myocardial infarction (Figure 3).

Discussion

In a large single-center cohort of septic patients with early formal echocardiograms
performed, we identified a substantial, non-linear association between a non-invasive marker
of septic cardiomyopathy (LV GLS) and long-term cardiovascular outcomes. Multiple
studies summarized in a meta-analysis demonstrate that abnormalities in LV GLS are
associated with hospital mortality.[10] We asked an important, complementary question:
among ICU survivors, does evidence of SCM during the ICU stay predict subsequent
cardiovascular complications? We identified an association between LV GLS and long-term
cardiovascular outcomes among ICU survivors. Ours is the first observation to our
knowledge suggesting that the relationship between LV GLS and clinical outcomes is U-
shaped rather than linear and to suggest that the effects may be largely if not wholly
restricted to patients with preexisting cardiac disease. These findings appear to represent
important new insights into long-term outcomes after sepsis and may identify a group of
patients suitable for targeted clinical trials of cardioprotective agents (e.g., anti-platelet
agents or beta-adrenergic antagonists).

Our observations contribute to evolving literature regarding the heightened risk of
cardiovascular complications among sepsis survivors.[18, 31, 36] The mechanisms for this
period of elevated risk are not yet clear, but may relate to age and antecedent cardiac disease
in combination with an inflammatory-infectious insult.[17, 37] Our observations suggest the
possibility that there may be cardiac-specific abnormalities that play a role in this heightened
vulnerability to cardiovascular complications. The observed effect is most prominent in
younger patients with a greater number of comorbidities. We hypothesize that the U-shaped

Crit Care Med. Author manuscript; available in PMC 2022 April 01.
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relationship may reflect two distinct processes. First, patients with higher than normal
contractility may be experiencing a more severe acute illness associated with high
catecholamine levels and severe afterload reduction, both of which may induce artificially
high contractility. Second, patients with lower than normal contractility may be suffering
more directly from cardiac toxicity or exacerbation of preexisting cardiac disease. The U-
shaped relationship may thus identify two groups of patients who may benefit from targeted
efforts to prevent cardiovascular complications among ICU survivors.

We acknowledge the possibility that our findings reflect the implications of baseline cardiac
dysfunction rather than a specific effect of septic cardiomyopathy. Although neither history
of chronic heart failure nor myocardial infarction was identified as an important predictor of
MACE, our regression models suggested that the observed relationship was restricted to
those with a history of cardiac dysfunction. Whether acute or chronic abnormalities in LV
GLS underlie the long-term effects we observed is not clear. A two-hit mechanism is
possible, whereby preexisting cardiac dysfunction makes a patient more susceptible to
sepsis-associated LV dysfunction. It may also be that the higher risk-adjusted hazard of
MACE among patients with more negative LV GLS represents greater acute severity of
illness though the association between hyperkinesis and MACE persisted even after control
for severity of illness measures like APACHE Il and persistence of organ dysfunction.
Future prospective studies should dissect the contributions of both acute and chronic cardiac
dysfunction, including the possible relevance of physiological stress associated with
hyperkinesis, to clinical outcomes. Our observations also contribute to knowledge in this
area, emphasizing the importance of measuring and controlling for baseline cardiac function,
as well as age and baseline comorbidities, in studies of cardiac dysfunction in sepsis.
Similarly, other studies evaluating mortality after sepsis and ICU admission have also
identified this group of patients as bearing increased risk for mortality.[38, 39]

Although our cohort size is large compared to many other studies in critical care
echocardiography, sample size nevertheless limits both the precision of our estimates and
our power to explore heterogeneity in the association between LV GLS and MACE.[40] We
note that non-mortality constituents of MACE were relatively uncommon in our cohort;
much of the effect was driven by post-discharge death. We are limited by the lack of specific
information on cause of death. An extended definition of MACE to include acute coronary
syndrome and heart failure exacerbations could be included in future work. Although the
study ICUs routinely perform clinical echocardiograms on septic patients admitted to the
ICU, selection bias may still distort our findings. The nature of such selection bias would
likely be toward more severely ill patients who are thus likely enriched somewhat for septic
cardiomyopathy. We did not include a non-septic cohort which limits our ability to compare
septic to non-septic patients; however, our core observation relates to LV GLS during sepsis
to longer term outcomes for this population. Additionally, we did not include serial
echocardiogram measurements that might further add to the understanding of the heart in
sepsis and reduce bias from missingness of echo data in the few cases where the LV GLS
was not able to be determined from the images. Our approach to missingness in these cases
was case wise deletion. We also acknowledge that we did not record information on mean
airway pressure or positive end expiratory pressure among patients undergoing mechanical
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beesley et al.

Page 7

ventilation, which may have influenced our estimates. However, LV GLS is relatively
insensitive to changes in ventilator settings.

Our observations are hypothesis-generating and point to several lines of future research
rather than immediate clinical application. First, follow-up cardiovascular evaluations should
be considered among sepsis survivors, especially those who experienced extremes of LV
GLS during the ICU admission. Second, prospective clinical trials of cardioprotection based
on abnormal LV GLS during sepsis—especially among younger patients with prior cardiac
comorbidity—may be indicated. Such therapies might include beta blockers, ACE inhibitors,
or anti-platelet agents. Third, mechanistic biomarkers both during and at the conclusion of
an ICU admission for sepsis may be fruitful topics for research. Fourth, additional
echocardiographic measures beyond LV GLS may also be associated with long-term
complications. In this current analysis, we did not repeat prior studies evaluating the
associations between LVEF and LV GLS and, while considered as a candidate variable,
LVEF was not significantly associated with MACE at 24 months.

Conclusion

Among survivors of an ICU admission for sepsis, LV GLS appears to be associated with
long-term adverse outcomes, with both high and low values associated with worse outcomes.
The association is most prominent among younger patients with comorbidities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Kaplan Meier plot of time to MACE based on normal vs abnormal GLS (abnormal
GLS >-17)
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Figure 3. Model of Strain and MACE by pre-existing cardiac disease
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Patient Information

Table 1.
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Variable

Full Cohort (N=290)

GLS < -17% (N=140)

GLS > -17% (N=150)

Age (years)

64 (IQ1 51-74.8)

63.5 (1Q1 51-74)

64 (1QI 51.2-75)

Female sex, % (N)

53.8% (n=156)

64.3% (n=90)

44% (n=66)

Body mass index (kg/m?)

27.4(1Q1 23.6-32.8)

26.9 (1Q1 23-32.8)

28.1 (1Q1 25-32.8)

Charlson Comorbidity Index 5 (IQ1 2-7) 4 (1QI 2-6) 5 (IQI 3-8)

Elixhauser Score 9 (IQl 6-12) 9 (IQl 6-12) 9 (IQI 7-12)
History of coronary artery disease 17.6% (n=51) 10% (n=14) 24.7% (n=37)
History of cerebrovascular accident 7.9% (n=23) 6.4% (n=9) 9.3% (n=14)

History of atrial fibrillation

14.5% (n=42)

8.6% (n=12)

20% (n=30)

History of statin use on ICU admit

32.4% (n=94)

28.6% (n=40)

36% (n=54)

Betablocker therapy on ICU admit

25.2% (n=73)

15.7% (n=22)

34% (n=51)

Antiplatelet therapy on ICU admit

27.2% (n=79)

24.3% (n=34)

30% (n=45)

Anticoagulation on ICU admit

16.9% (n=49)

14.3% (n=20)

19.3% (n=29)

Tobacco use, ever

38.6% (n=112)

43.6% (n=61)

34% (n=51)

SOFA on ICU day 1 9 (1Q1 6-12) 8 (1QI 6-12) 9 (1QI 7-12)
APACHE Il at ICU admission 23 (IQ1 16.5-30) 23 (IQI 16-30) 23 (IQ1 18-31)
New atrial fibrillation in ICU 10% (n=29) 5.7% (n=8) 14% (n=21)
New dialysis in ICU 6.9% (n=20) 5% (n=7) 8.7% (n=13)
Cerebrovascular accident in ICU 1.4% (n=4) 0.7% (n=1) 2% (n=3)
Myocardial infarction in ICU 4.8% (n=14) 2.1% (n=3) 7.3% (n=11)

Sepsis source

Pulmonary 40% (n=116) 37.9% (n=53) 42% (n=63)
Urinary 20.7% (n=60) 17.9% (n=25) 23.3% (n=35)
Intraabdominal 15.9% (n=46) 18.6% (n=26) 13.3% (n=20)
Skin or soft tissue 12.4% (n=36) 11.4% (n=16) 13.3% (n=20)
Other 11% (n=32) 14.3% (n=20) 8% (n=12)
Lactate, Initial in ICU (mmol/L) 3.2 (IQI 1.9-5.4) 2.9 (IQI 1.8-4.6) 3.5 (IQ1 2-6)
Lactate, Peak in ICU (mmol/L) 3.6 (1QI 2.2-6) 3.3 (IQl 2.1-4.9) 4.2 (1Q1 2.4-7)
Troponin, Initial in ICU (ng/ml) 0(1Q10-0.2) 0(1Q10-0.1) 0 (1Q10-0.3)
Troponin, Peak in ICU (ng/ml) 0.1 (1Q10-0.7) 0.1 (IQ10-0.3) 0.1 (IQ10-0.8)
Glasgow coma scale on ICU admit 13 (IQI 8-15) 14 (1QI 8.8-15) 13 (1QI 8-14)

Vasopressors at time of echo

39% (n=113)

40.7% (n=57)

37.3% (n=56)

Vasopressors anytime in ICU

71.4% (n=207)

73.6% (n=103)

69.3% (n=104)

Norepinephrine equivalent, max dose in ICU (mcg/kg/

min) 0.1 (1Q1 0-0.2) 0.1 (1Q1 0-0.2) 0.1 (1Q1 0-0.2)
Mechanical ventilation while in ICU 32.8% (n=95) 30% (n=42) 35.3% (n=53)
Ventilator free days in ICU 28 (1Q1 22-28) 28 (1Q1 20.8-28) 28 (1Q1 24-28)

P/F Ratio at time of echo

248.2 (1QI 151-335.6)

262.6 (1QI 189.2-350.2)

230 (1QI 138.1-318.2)
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Variable

Full Cohort (N=290)

GLS < -17% (N=140)

GLS > -17% (N=150)

Total intravenous fluid given within 12 hours of echo (ml)

1812.5 (1QI 7-3007.9)

1385 (1QI 5.9-3550)

1999 (1QI 13.2-3000)

Organ failure free days at 28 days

-16.8 (IQI —20.4--12.6)

-20.7 (1QI —23--18.8)

-12.7 (1Q1 -15.1--10.6)

ICU Length of stay (days)

2.7 (1Q1 1.9-4.5)

2.6 (1Q1 1.9-4.6)

2.7 (1Q11.9-4.4)

SOFA: Sequential Organ Failure Assessment; APACHE: Acute Physiology and Chronic Health Evaluation
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