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Abstract

Objective—Prior studies have suggested that traumatic brain injury (TBI) may affect cardiac 

function. Our study aims were to determine the incidence, longitudinal course, and admission risk 

factors for systolic dysfunction in patients with moderate-severe TBI.

Design—Prospective cohort study

Setting—Level 1 trauma center

Measurements—Transthoracic echocardiogram (TTE) within 1 day and over the first week 

after moderate-severe TBI; TTE within 1 day after mild TBI (comparison group).

Measurements and Main Results—Systolic function was assessed by TTE, and systolic 

dysfunction was defined as fractional shortening (FS) < 25%. Multivariable Poisson regression 

models examined admission risk factors for systolic dysfunction. Systolic function in 32 patients 
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with isolated moderate-severe TBI and 32 patients with isolated mild TBI (comparison group) was 

assessed with TTE. Seven (22%) moderate-severe TBI and 0 (0%) mild TBI patients had systolic 

dysfunction within the first day after injury (p<0.01). All patients with early systolic dysfunction 

recovered in one week. Younger age (RR 0.87, 95% CI 0.79 – 0.94, for one year increase in age) 

and lower admission GCS score (RR 0.34, 95% CI 0.20 – 0.58, for one unit increase in GCS) were 

independently associated with the development of systolic dysfunction among moderate-severe 

TBI patients.

Conclusions—Early systolic dysfunction can occur in previously healthy patients with 

moderate-severe TBI, and it is reversible over the first week of hospitalization. Younger age and 

lower admission GCS score are independently associated with the development of systolic 

dysfunction after moderate-severe TBI.
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Introduction

Traumatic brain injury (TBI) is sustained by more than 1.7 million individuals annually, and 

contributes to 30% of all injury-related deaths in the United States(1). Patients with 

moderate-severe TBI experience hypotension [defined commonly as systolic blood pressure 

(SBP) < 90 mmHg] early after hospitalization(2), which can lead to poor blood flow to an 

injured brain(3, 4) and worse mortality and functional outcomes following TBI(5, 6). 

Experimental studies and clinical observations in other non-TBI neurologic disease 

paradigms, such as subarachnoid hemorrhage (SAH), suggest that acute systolic cardiac 

dysfunction may be responsible for the early hypotension that is often associated with 

catastrophic neurologic processes(7, 8).

The approach to fluid management and selection of vasoactive agents should be directed by 

the status of cardiac function in TBI. For example, current data suggests that intravenous 

phenylephrine is the most commonly used vasopressor following severe TBI (9). However, 

without knowledge of the status of the heart, it is difficult to examine which vasoactive agent 

will best improve cerebral perfusion in an individual TBI patient. Currently, outside of a 

retrospective study (10) and case reports (11), there is little prospective data on what 

happens to cardiac function after TBI. To increase our understanding of brain-heart 

interactions and to provide information that would guide the management of systemic and 

cerebral hemodynamics following TBI, we aimed to determine the incidence, longitudinal 

course, and admission risk factors for systolic dysfunction in patients hospitalized with 

isolated moderate-severe TBI. We hypothesized that systolic dysfunction would be relatively 

common after moderate-severe TBI and greater TBI severity would result in more systolic 

dysfunction.

Materials and Methods

We conducted a prospective cohort study among moderate-severe TBI patients, using mild 

TBI patients as a comparison group, at Harborview Medical Center, a 413-bed tertiary care 
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center and the only Level 1 adult and pediatric trauma center for a 4-state region in the 

United States (Washington, Alaska, Montana, and Idaho). The study was approved by the 

University of Washington Institutional Review Board.

Study Population

Patients were screened for a diagnosis of mild TBI and moderate-severe TBI within 24 hours 

of injury. TBI was defined according to the Centers for Disease Control and Prevention(12), 

and TBI severity was based on the admission Glasgow Coma Scale score (GCS) after 

resuscitation(13, 14). Mild TBI was defined by a GCS score ≥ 13, and moderate-severe TBI 

was defined by a GCS score ≤ 12. We excluded patients older than 65 years and any patient 

with a documented history of ischemic heart disease, congenital heart disease, moderate or 

severe valvular heart disease, and systolic or diastolic heart failure. We excluded patients 

with severe systemic comorbidities (liver cirrhosis, greater than stage 2 chronic kidney 

disease, human immunodeficiency virus infection, a history of chemotherapy, greater than 

stage 2 chronic obstructive pulmonary disease, pulmonary hypertension, or a history of 

cerebrovascular disease). Furthermore, we excluded patients with a body region Abbreviated 

Injury Scale (AIS) score of greater than 2 in the chest or abdomen, patients with spinal cord 

injuries, patients who sustained a cardiac arrest prior to enrollment, and any patients 

requiring greater than 2 units of packed red blood cells as part of their initial resuscitation in 

the emergency department and (if required) operating room.

Study Procedures

Following recruitment, a transthoracic echocardiogram (TTE) was performed within the day 

following injury. For patients with mild TBI, a single TTE exam was performed; and for 

patients with moderate-severe TBI, the initial TTE was performed, along with a repeat TTE 

exam within 2–4 days and 7–9 days following injury. Among patients in whom clinical 

instability or medical procedures (i.e. surgery) precluded a research TTE within the specified 

time frame, the TTE was performed as early as possible after clinical stability was achieved. 

Data were collected from clinical records for demographic, clinical, radiographic, and 

hemodynamic data.

Transthoracic Echocardiography

All TTE examinations were performed by an anesthesiologist-intensivist (VK) with 

certification in echocardiography, using a Philips iE-33 ultrasound system (Bothell, WA) and 

utilizing two-dimensional and Doppler imaging technology according to the American 

Society of Echocardiography guidelines(15). The focused exam consisted of evaluation of 

left ventricular systolic and diastolic function, primarily assessed in the parasternal, apical, 

and subcostal windows. As many moderate-severe TBI patients had labile intracranial 

pressures, especially with changes in position, all research TTE exams were performed in 

the supine position; therefore, systolic function was primarily assessed in the parasternal 

long-axis window (basal fractional shortening) rather than in the apical windows (ejection 

fraction, which requires adequate imaging of the cardiac apex without foreshortening(16), 

and is best obtained in the left lateral decubitus position). The study cardiologist (EG), 

blinded to the patient status or clinical details of patient management, reviewed all 

echocardiogram examinations offline for data quality, and any exams with inadequate 
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imaging windows for assessment of systolic function were excluded from analysis. The 

study certified cardiac sonographer (CP), also blinded to patient exposure status or clinical 

details, performed all cardiac measurements offline, including left ventricular diameters, 

areas, and Doppler measurements of mitral inflow and septal tissue velocity. A randomly 

selected group of images, representing approximately 15% of the patient population, was 

selected for repeated ventricular diameter measurement by CP (6 weeks after the initial 

measurements) and EG for determination of intraobserver and interobserver variability, 

respectively.

Echocardiographic Outcomes

Systolic function was assessed using endocardial fractional shortening [(left ventricular 

internal diameter in diastole – left ventricular internal diameter in systole) / (left ventricular 

internal diameter in diastole)], a highly reproducible and validated method for linear 

assessment of left ventricular function that has been used in multiple clinical studies(15). In 

comparing the mild versus moderate-severe TBI groups, our primary outcome was systolic 

dysfunction, defined as a fractional shortening less than 25%(15), recorded on the first 

echocardiogram after injury. Secondary outcomes included diastolic dysfunction, defined as 

a mitral annular septal tissue velocity [e′(s)] < 8 cm/s(17), and change in systolic and 

diastolic function over the first week of hospitalization in patients with moderate-severe 

TBI.

Statistical Analysis

Sample size calculations were based on the expected incidence of systolic dysfunction in 

moderate-severe TBI versus mild TBI derived from retrospective studies from our research 

group(10, 18) and previous literature from other neurologic injury paradigms (approximately 

20% versus <1%, respectively). We calculated that 62 patients (31 patients in each group) 

would be required to reject the null hypothesis of no difference in systolic function between 

groups with mild and moderate-severe TBI, with an alpha level of 0.05 and power of 0.8. 

Assuming that approximately 10% of patients would not have adequate echocardiographic 

windows to assess fractional shortening, we aimed to recruit 35 patients per group. 

Descriptive statistics examined the demographic, clinical, radiographic, and 

echocardiographic characteristics of the cohort. The incidence of systolic dysfunction within 

the day after injury was calculated. For comparison of echocardiographic parameters 

between groups with mild and moderate-severe TBI, a Student’s t-test or a Fisher’s exact 

test was used. A Fisher’s exact test was used to examine the differences in the proportions of 

patients with systolic and diastolic dysfunction in the moderate-severe (exposed) and mild 

(comparison) TBI groups. Univariate and multivariable Poisson regression models (with 

adjustment for age, gender, intracranial lesion, Glasgow Coma Scale score, systolic blood 

pressure, fluid balance, sedative use, vasopressor use, osmotherapy use, and need for 

intracranial surgery) with robust standard errors were used to calculate the relative risk of 

factors present on admission for the development of systolic dysfunction among patients 

with moderate-severe TBI. Interobserver and intraobserver variability was evaluated using 

Bland-Altman analysis(19), and expressed as a mean difference (bias) and limits of 

agreement. All analyses were performed using Stata version 13.0 statistical software 

(StataCorp, Texas, USA).
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Results

During June to August 2015, 99 TBI patients were met criteria for screening and 29 patients 

were excluded, primarily due to refusal to participate in the study, the presence of 

polytrauma, and the presence of underlying cardiac disease. A total of 70 patients were 

recruited, with 64 patients (32 with moderate-severe TBI and 32 with mild TBI) having 

adequate echocardiographic windows for final analysis. In eight patients, a research TTE 

within the first day following injury was unable to be performed due to clinical 

circumstances (prolonged transport time, resuscitation, clinical procedures, or surgery) and 

the initial TTE was performed within 2 days after injury.

Baseline demographic and clinical characteristics in the patients with mild and moderate-

severe TBI are shown in Table 1. Both groups were relatively young (mean age 36.2 and 

36.5 years, respectively), primarily male (69% and 84%, respectively), and mainly free from 

medical comorbidities. A greater proportion of the moderate-severe TBI group had 

intracranial hemorrhage on initial head CT than in the mild TBI group, with the majority of 

moderate-severe TBI patients (66%) having multiple types of hemorrhage on initial head 

CT. Mean admission systolic blood pressure (SBP) was greater in the moderate-severe TBI 

than the mild TBI group (132.3 mmHg vs. 125.5 mmHg), although a greater proportion of 

moderate-severe TBI than mild TBI patients (34% vs. 13%, respectively) experienced 

hypotension (SBP ≤ 90 mmHg) within 24 hours of admission, with 19% requiring 

vasopressors.

Initial echocardiogram findings are shown in Table 2. The incidence of early systolic 

dysfunction in patients with mild TBI was 0%, compared to 22% in patients with moderate-

severe TBI (p<0.01). Patients with moderate-severe TBI had a greater left ventricle area in 

diastole and systole, as well as greater left ventricle internal diameter at end-systole. Mean 

fractional shortening was significantly lower in moderate-severe TBI patients, compared to 

mild TBI patients (p=0.01). The mild and moderate-severe TBI groups both had similar 

values of most diastolic parameters, although moderate-severe TBI patients had a 

significantly lower mean deceleration time compared to mild TBI patients (122.5 versus 

162.6 msec).

Among available echocardiograms within the day after injury all patients with moderate-

severe TBI, the median (IQR) fractional shortening was 29% (25% – 34%), with 

improvement to 33% (30% – 36%) by 7–9 days after injury. Figure 1 describes the change in 

fractional shortening over the first week of hospitalization in moderate-severe TBI patients 

with early systolic dysfunction. Among available echocardiograms with the day after injury, 

the median (IQR) fractional shortening was 20% (16% – 21%), with improvement to 32% 

(29% – 34%) by 7–9 days after injury.

Clinical care during the first 24 hours after injury in patients with moderate-severe TBI is 

shown in Table 3. Vasopressors were used in 29% of patients with systolic dysfunction, 

compared to 16% of patients without systolic dysfunction. The use of mannitol (57% versus 

40%, respectively) and hypertonic saline (43% versus 16%, respectively) was more common 

in patients with systolic dysfunction than patients without systolic dysfunction. In-hospital 
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mortality occurred in 3 (43%) patients with systolic dysfunction and 1 (4%) patient without 

systolic dysfunction. Table 4 shows admission risk factors that are associated with the 

development of systolic dysfunction in the moderate-severe TBI cohort. On multivariable 

analysis, age (RR 0.87, 95% CI 0.79 – 0.94, p=0.001) and GCS score on admission (RR 

0.34, 95% CI 0.20 – 0.58, p < 0.0001) were independently associated with the development 

of systolic dysfunction following moderate-severe TBI.

Interobserver reliability determined the mean difference (bias) in left ventricular internal 

diameter in diastole measurements between observers to be 0.15 cm, with all observations 

falling within the 95% limits of agreement (−0.80 – 0.50). Intraobserver reliability 

determined the mean difference (bias) in left ventricular internal diameter in diastole 

measurements within the same observer (6 weeks apart) to be 0.12 cm, with all observations 

falling within the 95% limits of agreement (−0.43 – 0.18).

Discussion

In this study, we aimed to provide information on the incidence, trajectory and risk factors 

associated with cardiac dysfunction after TBI. The primary findings of our study are that: 1) 

Early systolic dysfunction can occur in previously healthy patients following moderate-

severe TBI, 2) Systolic function recovers within the week following injury, and 3) Younger 

age and greater TBI severity (as measured by admission GCS score) are independently 

associated with the development of systolic dysfunction early after TBI. To our knowledge, 

this is the first study to prospectively document and examine the trajectory of systolic 

function after moderate-severe TBI.

Very little and methodologically limited data exists on cardiac function following TBI. A 

retrospective study documented the occurrence of systolic dysfunction among TBI patients 

who underwent echocardiography(10), but TTE was performed at the discretion of the 

clinical team and the study findings may have been limited by selection bias. In contrast, our 

current study evaluated cardiac function in all moderate-severe TBI patients meeting 

stringent criteria (which excluded patients with a high probability of pre-existing cardiac 

disease or non-TBI induced cardiac dysfunction) – this approach limited selection bias and 

improved the ability to the isolate the effect of TBI on the heart. Another prospective 

study(20) demonstrated troponin elevation in 31% of patients following moderate-severe 

TBI; while echocardiographic dysfunction was not demonstrated in that study, the majority 

of echocardiograms were performed several days after injury, a period by which most 

patients in our study had recovered normal systolic function. Acute systolic dysfunction has 

also been observed after several severe acute non-TBI neurologic diseases including acute 

emotional distress(21) (classic Takotsubo’s cardiomyopathy), SAH(22), ischemic stroke(23, 

24), epilepsy(25, 26), and brain death(27).

In this study, we observed that patients with systolic dysfunction showed marked 

improvement in cardiac function over their first week of hospitalization. This pattern of 

improvement is faster than observed following SAH(22), and potentially mirrors the 

improvement in cerebral edema over the first 2–3 days of injury, rather than the more 

protracted course of SAH, which includes both the initial hemorrhage and delayed cerebral 
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ischemia from vasospasm(28). It is also possible that the most intense early treatments for 

cerebral perfusion (i.e. sedation to control ICP, vasopressors, and aggressive resuscitation) 

are generally de-escalated by 3–7 days after injury, accounting for improved cardiac loading 

conditions and improved systolic function. Future studies should use more load-independent 

measures of systolic function, such as the utilization of cardiac MRI or myocardial 

deformation imaging(29), to better measure intrinsic myocardial dysfunction versus changes 

in loading conditions.

We found younger age and lower GCS score as the only independent admission risk factors 

for the development of systolic dysfunction among moderate-severe TBI patients. Our 

findings also suggested that lower admission systolic blood pressure may be associated with 

systolic dysfunction, and future studies should examine the hemodynamic implications of 

systolic dysfunction in more detail. Furthermore, mechanistic studies should better elucidate 

whether hypotension is a cause or effect of systolic dysfunction following TBI. While 

systolic dysfunction following neurologic injury is postulated to occur secondary to both 

dysregulated systemic inflammation and a catecholamine-excess state(30), myocardial 

catecholamine responsiveness decreases with age(31, 32) and may represent one possible 

explanation for our finding of a greater risk of systolic dysfunction with younger age. The 

relationship between initial severity of neurologic injury and systolic dysfunction has been 

described in other neurologic diseases. For example, in subarachnoid hemorrhage, greater 

myocardial injury is associated with worse admission clinical symptoms and greater blood 

load on the initial CT scan(33). Our study findings further contribute to the understanding of 

the relationship between severity of neurologic injury and the development of systolic 

dysfunction in neurocritically ill patients.

Apart from a lower deceleration time (a suggestion of restrictive filling independent of 

elevated E/e′ ratio), we did not observe worse diastolic function in moderate-severe TBI 

patients, compared to mild TBI patients. One possible reason for this is that the traditional 

definitions of diastolic dysfunction have been derived in patients with chronic cardiac 

disease, and these definitions may be inadequate to identify patients with acute diastolic 

dysfunction secondary to brain-heart interactions or acute changes in loading conditions due 

to fluid resuscitation. While most studies in the neurocardiac literature have focused mainly 

on systolic dysfunction, diastolic dysfunction may be a clinically important finding, and 

future studies should evaluate diastolic function following TBI in more detail.

The findings of our study have clinical relevance. Currently, the approach to early 

hemodynamic management after TBI does not involve evaluation of the heart, and 

abnormalities are assumed to be a result of the physiologic stress of brain injury(34), fluid 

shifts, and/or effects of sedatives(35, 36). Knowledge of early systolic function may allow a 

more rational use of fluids and vasopressors to optimize cerebral blood flow following TBI. 

For example, international guidelines(37) suggest maintenance of a cerebral perfusion 

pressure (CPP) of 50–70 mmHg, given a high risk of the acute respiratory distress syndrome 

(ARDS) at CPP > 70 mmHg(38). Unfortunately, data informing this recommendation are 

devoid of the consideration of cardiac function, as presumed ARDS may have been the 

result of cardiogenic edema in patients with undiagnosed systolic dysfunction who required 

high doses of vasopressors and fluid infusions in an attempt to reach CPP targets. Thus, 
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knowledge of cardiac function may add to the multimodal data that could help inform 

rational vasopressor choices and individualize CPP targets in this patient population. 

Furthermore, as adequate cardiac output is critical for maintenance of cerebral blood 

flow(39), prevention of the development systolic dysfunction (for example, through the use 

of low-dose beta-blockade) may also represent a therapeutic target; interestingly, through 

mechanisms which have not been delineated, early exposure to beta-blockers have been 

shown to be associated with a survival benefit following TBI(40).

There are some limitations to our study. First, patient care interventions such as sedation, 

vasopressors, or fluid resuscitation make it impossible to tease out the natural effect of brain 

injury from subsequent clinical management in causing systolic dysfunction; while we did 

control for these variables to the best extent possible, there remains the possibility of 

residual confounding. Thus, the mechanistic underpinnings of our findings require further 

studies. Second, we chose fractional shortening as our main measure of systolic function 

rather than the more traditional measure of ejection fraction – the reason for this choice 

centers around the difficulty in placing many patients in a left lateral decubitus position (due 

to labile intracranial pressures with patient movement), thus limiting imaging of the true 

cardiac apex. Fractional shortening may overestimate systolic function in patients with 

regional wall motion abnormalities beyond the cardiac base, and may lead to an 

underestimation of the burden of systolic dysfunction in the TBI population. However, 

calculation of fractional shortening has a strong record of reproducibility and has been used 

successfully in many clinical studies(41). Third, it is impossible to fully establish that none 

of our patients had systolic dysfunction prior to their TBI, but this would be unlikely as we 

sampled a population that was young and had no history of cardiovascular disease prior to 

their injury. Furthermore, patients with systolic dysfunction recovered to normal function 

over the first week, suggesting a stress (rather than pre-existing) cardiomyopathy. Lastly, due 

to the small sample size of our study, our findings should be confirmed in larger and 

heterogeneous TBI populations.

Conclusions

We found that systolic dysfunction occurred in 22% of previously healthy patients following 

moderate-severe TBI; furthermore, younger age and lower admission GCS score were 

independently associated with the development of systolic dysfunction after injury. Our 

findings provide new information, and suggest that TBI severity adversely impacts cardiac 

function. Future research should correlate cardiac function with cardiac biomarker changes, 

examine underlying mechanisms, examine factors associated with improvement in cardiac 

function, and test therapies to optimize cardiac function following TBI.
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Figure 1. Change in Fractional Shortening Over the First Week of Hospitalization in Patients 
with Moderate-Severe Traumatic Brain Injury and Initial Systolic Dysfunction a,b

aIn above boxplots, solid line represents median value, box represents interquartile range, 

and whiskers represent adjacent values
bEchocardiograms at approximately 3 days and 1 week after injury were performed in the 

majority to patients, although some exams are missing secondary to clinical procedures, 

patient death, or patient discharge from the hospital
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