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Introduction: Trauma is the leading cause of death in persons under the age of

45. Recovery in patients who survive initial trauma are frequently complicated

by sequelae of injury that increases susceptibility to infection and inflammation.

Uncontrolled inflammation can advance into life-threatening organ failure,

including acute respiratory distress syndrome (ARDS). Similarities exist

between biomarkers established in the etiology of acute respiratory distress

syndrome and those identified in the acute inflammatory and healing phase of

bone fractures. This study investigates the impact of long bone fractures on the

development of acute respiratory distress syndrome where it is hypothesized

that patients with long bone fractures would have different biomarker profiles

and increased development of lung injury compared to patients without long

bone fractures.

Methods: This is a retrospective data analysis of patients from an observational

data repository from three trauma centers. Trauma patients with and without

long bone fractures were matched and analyzed for the presence of known

biomarkers of acute respiratory distress syndrome and for the development of

acute respiratory distress syndrome.

Results: There were no differences in overall acute respiratory distress

syndrome development or hospital outcomes, however long bone fracture

patients had a 2.35-fold higher hazard ratio of acute respiratory distress

syndrome in the first 10 hospital days. There was a statistically significant

increase in the levels of IL-6 in patients with long bone fractures (p =

.0007). Structural equations modeling demonstrated that IL-6 was positively

influenced by long bone fractures and IL-8.

Conclusion: The presence of long bone fractures did not result in differences in

the overall development of acute respiratory distress syndrome or hospital

outcomes, though was found to have an increased hazard ratio for acute

respiratory distress syndrome development in the first 10 days. Further

research is needed to better characterize the relationship between varying
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cytokine profiles and the development of acute respiratory distress syndrome in

a trauma population.
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1 Introduction

In the United States, trauma is the leading cause of death in

persons under the age of 45 with over 150,000 deaths per year

(Centers for Disease Control and PreventionNational Center for

Injury Prevention and Control, 2017). Moreover, trauma is the

leading cause of nearly all deaths in modern military conflict. In

those wounded in combat, more than half sustain a

musculoskeletal injury to the extremities (Belmont et al.,

2016). Recovery in patients who survive initial trauma is

frequently complicated by sequelae of injury that renders

patients susceptible to infection and inflammation due to the

activation of innate immunity and production of intracellular

inflammatory mediators (Lord et al., 2014). Uncontrolled

inflammation in the setting of critical injury can advance into

life-threatening organ failure, such as acute respiratory distress

syndrome (ARDS; Matthay et al., 2012).

ARDS, a form of acute lung injury (ALI), is a progressive

inflammatory condition of the lungs that can be defined by acute

onset, bilateral lung infiltrates, absence of left atrial hypertension,

and hypoxemia (Ranieri et al., 2012). Central to ARDS

pathogenesis is dysregulated inflammation and increased

alveolar epithelial permeability (Huppert et al., 2019).

Prolonged and uncontrolled inflammation following injury

causes an accumulation of neutrophils and inflammatory cells

within the alveoli and eventual infiltration of proteinaceous fluid

and hyaline membranes, resulting in the pulmonary edema and

decreased oxygenation characteristic of ARDS (Xu and Song,

2017). Several studies identify specific biomarkers that are

associated with trauma and the development of ARDS from

systemic inflammation, including mitochondrial DNA

(mtDNA), IL-1, IL-6, IL-8, IFN-α, TNF-α, among others

(Calfee et al., 2007; Han and Mallampalli, 2015; Xu and Song,

2017).

Similarities exist between these biomarkers established in the

etiology of ARDS and those identified in the acute inflammatory

response and healing phases of bone fractures. The initial acute

phase relies on local and systemic mediators to promote

inflammatory reactions primarily through the activation of

TNF-α, IL-1b, IL-6, IL-11, and IL-18 (Mountziaris and Mikos,

2008; Maruyama et al., 2020). This is followed by repair and

remodeling phases characterized by vascular remodeling and

lamellar bone deposition, the latter of which has been shown to

express high levels of IL-1, IL-6, and TNF-α (Maruyama et al.,

2020).

Given the substantial number of long bone fractures within

military combat and the high incidence of trauma related injuries

in the general population, this study investigates the impact of

long bone fractures on ARDS development. It is hypothesized

that given the similarities between cytokines produced in bone

fractures and those that are implicated in the development of

ARDS, patients with long bone fractures in this trauma

population would have different biomarker profiles and

increased risk of lung injury that differ from patients without

long bone fractures.

2 Patients and methods

2.1 Study design and population

This was a retrospective data analysis of patients from a large

observational data repository of three trauma centers, the

Surgical Critical Care Initiative Tissue and Data Acquisition

Protocol (TDAP; Vicente et al., 2021; Gelbard et al., 2019).

TDAP is a prospective longitudinal evaluation of patients with

established injury requiring surgical management or

management within a surgical critical care setting. Inclusion

criteria were adult patients aged 18–80 who presented to the

hospital for trauma with acute or initially stabilized severe

injuries. Stable patients included those who have suffered a

traumatic injury as the reason for initial visit, but who have

been medically treated and stabilized. Acute patients included

those with acute traumatic injury recognized upon admission to

the emergency department or surgical intensive care setting.

Trauma patients were further classified based on the presence

or absence of long bone fractures (femur, tibia, fibula, humerus,

radius, ulna) and pelvic fracture. Exclusion criteria included

pregnancy or any condition that would place the patient at

undue risk by participating.

Following written informed consent, biospecimen samples

were collected from patients including blood, effluent,

cerebral spinal fluid, and/or urine. Blood samples were

collected on Day 0 (first 24 h after hospital presentation,

injury, or qualifying event), Day 1, Day 3, Day 7, and every

7 days (±24 h). Samples were also collected in the event of any

change in a patient’s condition requiring surgical operative

intervention or decompensation requiring resuscitative

measures. All biospecimen collection data were entered into

a Clinical REDCap Event.
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TABLE 1 Baseline characteristics.

Characteristics Total With long bone fracture Without long bone fracture p-value

N 562 281 281 —

Age (SD) 39.4 (15.5) 39.8 (15.5) 39.1 (15.5) .63

Male (%) 72.6 70.1 75.1 .22

Injury Type (%)

Blast 3.7 3.2 4.3 .66

Blunt 60.9 67.6 54.1 .0014*

Burn .7 1.1 .4 .62

Crush 4.1 5 3.2 .39

Penetrating 26.7 20.3 33.1 .0008*

Injury Mechanism (%)

Fall <15 ft 5.2 4.6 5.7 0.7

Fall >15 ft 2 3.2 .7 .07

GSW 25.3 19.6 31 .0026*

MCC 8.2 11 5.3 .02*

MVC 43.6 46.6 40.6 .17

Pedestrian struck 5.5 8.5 2.5 .0031*

Stab 1.2 0 2.5 .02*

Comorbidities (%)

No Comorbidities 29.9 28.5 31.3 .52

Respiratory Disease 5.2 5.3 5 1

Unknown PMHx 14.1 13.5 14.6 .81

ARDS (%) 9.8 11.4 8.2 .26

EISS (SD) 25.5 (14.2) 27.5 (14.9) 23.5 (13.3) .0009*

APACHE (SD) 8.5 (8.3) 9 (8.6) 8 (7.8) .16

Vitals O2 Saturation (SD) 97.6 (3.8) 97.6 (3.4) 97.6 (4.1) .92

Vitals ABG PaO2 (SD) 221.5 (84.2) 214.4 (80.2) 228.7 (87.5) .04*

Vitals ABG pH (SD) 7.3 (.1) 7.3 (.1) 7.3 (.1) .94

Vitals Albumin (SD) 3.6 (.6) 3.6 (.6) 3.6 (.6) .34

N 562 281 281 —

Age (SD) 39.4 (15.5) 39.8 (15.5) 39.1 (15.5) .63

Male (%) 72.6 70.1 75.1 .22

Race (%)

Hispanic 2.1 1.8 2.5 .77

White 50.2 55.9 44.5 .0089*

Black 45.6 40.6 50.5 .02*

Asian 1.2 0.7 1.8 .45

Injury Type (%)

Blast 3.7 3.2 4.3 .66

Blunt 60.9 67.6 54.1 .0014*

Burn .7 1.1 .4 .62

Crush 4.1 5 3.2 .39

Penetrating 26.7 20.3 33.1 .0008*

Injury Mechanism (%)

Fall <15 ft 5.2 4.6 5.7 0.7

Fall >15 ft 2 3.2 0.7 .07

Flying Debris 1.1 1.1 1.1 1

GSW 25.3 19.6 31 .0026*

MCC 8.2 11 5.3 .02*

MVC 43.6 46.6 40.6 .17

Pedestrian struck 5.5 8.5 2.5 .0031*

Stab 1.2 0 2.5 .02*

(Continued on following page)
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2.2 Data collection

Demographic and clinical data collected included age, race, sex,

comorbidities, injury type, injury mechanism, extended injury

severity score (EISS), acute physiology, age, chronic health

evaluation (APACHE) score, sequential organ failure, and fluid

and blood transfusion requirements. Biomarkers collected included

mtDNA, TNF-a, IFN-α, IFN-γ, IL-1a, IL-1b, and IL-1 receptor

antagonist (IL-1RA), IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, and iCAM.

Outcomes included the development of ARDS/ALI, intensive care

unit (ICU) days, hospital days, and hospital mortality. ARDS

diagnosis was based on the accepted Berlin Criteria: hypoxemic

respiratory failure; acute onset or new or worsening respiratory

symptoms; bilateral opacities not fully explained by effusions, lobar

or lung collapse; respiratory failure not fully explained by heart

failure or fluid overload (Ranieri et al., 2012).

TABLE 1 (Continued) Baseline characteristics.

Characteristics Total With long bone fracture Without long bone fracture p-value

Injury Location (%)

Head 26.3 28.1 24.6 .39

Neck 9.3 10.3 8.2 .47

Left arm 9.4 10.3 8.5 .56

Right arm 10.1 11 9.3 .58

Left forearm 9.8 12.1 7.5 .09

Right forearm 9.3 10.7 7.8 .31

Left hand 5 5.3 4.6 .85

Right hand 5.7 5 6.4 .58

Abdomen 56.4 58 54.8 0.5

Back 20.3 21 19.6 .75

Chest 44.7 48.4 40.9 .09

Pelvis 21.7 26.3 17.1 .01*

Perineum .9 .7 1.1 1

Buttocks 2.1 1.4 2.8 .38

Left thigh 19.2 22.4 16 .07

Right thigh 17.1 17.8 16.4 .74

Left leg 16.5 21 12.1 .0064*

Right leg 20.1 25.3 14.9 .0032*

Left foot 5.2 7.8 2.5 .0076*

Right foot 7.5 10.3 4.6 .02*

Comorbidities (%)

Bleeding Disorder .4 .7 0 .48

Chronic Renal Failure 1.4 1.4 1.4 1

Cirrhosis .7 1.1 .4 .62

CHF 1.6 1.4 1.8 1

CVA 1.4 2.1 .7 .29

History Of MI 2.1 1.4 2.8 .38

HTN on Medication 10.7 8.5 12.8 .13

No Comorbidities 29.9 28.5 31.3 .52

Respiratory Disease 5.2 5.3 5 1

Steroid Use .4 .4 .4 1

Unknown PMHx 14.1 13.5 14.6 .81

ARDS (%) 9.8 11.4 8.2 .26

EISS (SD) 25.5 (14.2) 27.5 (14.9) 23.5 (13.3) .0009*

APACHE (SD) 8.5 (8.3) 9 (8.6) 8 (7.8) .16

Vitals O2 Saturation (SD) 97.6 (3.8) 97.6 (3.4) 97.6 (4.1) .92

Vitals ABG PaO2 (SD) 221.5 (84.2) 214.4 (80.2) 228.7 (87.5) .04*

Vitals ABG pH (SD) 7.3 (.1) 7.3 (.1) 7.3 (.1) .94

Vitals Albumin (SD) 3.6 (.6) 3.6 (.6) 3.6 (.6) .34

GSW, gunshot wound; MCC, motorcycle crash; MVC, motor vehicle collision; PMHx, past medical history; ARDS, acute respiratory distress syndrome; EISS, expanded injury severity

score; APACHE, acute physiology, age, chronic health evaluation; ABG, arterial blood gas, PaO2 partial pressure of oxygen.
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2.3 Statistical analysis

Patients with and without long bone fractures underwent

one-to-one propensity score matching based on demographic

information and analyzed for pathogenic biomarkers of ARDS

and for the development of ARDS and other hospital

outcomes. Chest injuries (rib, clavicle, and sternum

fractures) were examined as possible confounding variables.

Analyses were performed using structural equations modeling

(SEM) and Cox survival models for time to onset of ARDS,

both overall and early (10 days) in the hospital course, when

ARDS most frequently develops. SEM was used to test and

evaluate the relationships between multiple variables. Using

this method allowed for greater statistical power to detect

pathways between the many correlated variables as compared

to conventional multiple regression analyses (Beran and

Violato, 2010). Multiple imputations based on random

forest were used to fill in missing data. Numerical variables

were compared by t-tests, while categorical variables were

compared by chi-square tests.

3 Results

3.1 Patient demographics

From 2015 to 2020, 857 trauma patients were enrolled in the

study. After propensity score matching, 281 patients in each

cohort, with and without long bone fractures, were identified and

utilized for analysis. The matched groups did not differ

substantially in demographic characteristics (Table 1). There

were no statistically significant differences in comorbidities

between groups. Injuries that resulted in long bone fractures

were more likely to be blunt, while injuries that did not sustain

long bone fractures were more likely to be penetrating. The

primary mechanism of trauma in those with long bone fractures

was motor vehicle collisions (MVC), while the primary

mechanisms of trauma in those without long bone fractures

were penetrating injuries–gunshot or stab wounds. Patients with

long bone fractures were more likely to have a higher EISS as

compared to patients without long bone fractures (27.5 vs. 23.5,

p = .0009).

3.2 Early ARDS is associated with long
bone fractures

In total, 9.8% of patients developed ARDS with no

statistically significant difference between patients with and

without long bone fractures (11.3% vs. 8.2%, p = .26). Time to

the onset of ARDS was assessed with Cox survival analysis

models. Due to the small number of ARDS cases (N = 55), only

long bone fractures were considered as a predictor variable in

order to isolate their effect on ARDS development. We

determined that 48 out of all 55 ARDS cases (87%)

occurred within the first 10 days. Upon analysis of the first

10 days following injury, when the vast majority of ARDS

cases occurred, long bone fracture patients had a 2.35-fold

higher hazard ratio of ARDS (p = .0053; Figure 1). However,

following the initial 10 days, there was no difference in the

probability of ARDS development between the two groups.

Overall, there was no significant difference in the risk of ARDS

when considering the entire time span, where patients stayed

up to 216 days in the hospital.

There was a statistically significant increase in the levels of IL-

6 in patients with long bone fractures (p = .0007). No significant

differences were found among other biomarkers (Table 2). When

analyzed by race, Black patients had statistically significant

increases in IL-1a,, IL-1RA, IL-08, and IL-10 and a statistically

significant decrease in IL-12 when compared to White patients

(Table 3). Separate survival models were fit for Black and White

patients during the first 10 days and similar effect sizes for long

bone fractures were found. Black patients had a hazard ratio of

1.26 (p = .03) while White patients had a hazard ratio of

.85 (p = .03).

Patients with long bone fractures had lower arterial blood

gas partial pressure of oxygen (PaO2) with an average of

214 mmHg vs. 229 mmHg (p = .04), with no difference

identified in oxygen saturation or blood pH regardless of

ventilation status. No significant differences were found in

hospital outcomes between patients with and without long

bone fractures. Mortality was seen in 6% of patients with

fractures as compared to 2.5% of patients without long bone

fractures (p = .06). Total ICU days were equivalent with an

average of 7.8 days vs. 7.9 days (p = .94), and total hospital

days of 20.6 days vs. 19.4 days (p = .54) in patients with and

without long bone fractures, respectively (Table 4).

FIGURE 1
Cox survival model demonstrates a 2.35-fold higher hazard
ratio of ARDS development in the first 10 days in patients with long
bone fractures.
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3.3 Structural equations modeling
demonstrates relationship between ARDS
and IL-6

SEM demonstrated that the presence of long bone

fractures was not directly related to ARDS development

(Figure 2). However, the SEM demonstrated that IL-6, IFN-

α and blood transfusions had positive associations with ARDS

development (coefficient = .03, .03, .10, respectively). IL-6, a

proinflammatory cytokine, was positively influenced by both

long bone fractures (coefficient = .33) and IL-8, a key

neutrophil recruiter (coefficient = .45). ARDS development

was also weakly negatively influenced by IFN-γ, albumin, and

IL-8 (coefficient = −.03, −.04, −.04, respectively).

4 Discussion

ARDS is a serious and potentially fatal consequence of

polytrauma, occurring in up to 25% of traumatically injured

TABLE 2 Biomarkers.

Biomarkers (SD) Total (Log10 pg./mL) With long bone fracture Without long bone fracture p-value

TNF-α .4 (.4) .4 (.4) .4 (.4) .22

IFN-α 1.1 (.3) 1.1 (.3) 1.2 (.3) .35

IFN-γ .7 (.4) .6 (.4) .7 (.3) .11

IL-01a .6 (.4) .6 (.4) .6 (.4) .44

IL-01b .6 (.4) .5 (.4) .6 (.4) .08

IL-01ra 2.4 (.6) 2.4 (.6) 2.4 (.6) .38

IL-02 .4 (.4) .3 (.4) .4 (.5) .77

IL-04 .7 (.4) .7 (.4) .7 (.5) .38

IL-06 1.8 (.6) 1.9 (.7) 1.7 (.5) .0007*

IL-08 2.2 (.8) 2.2 (.7) 2.2 (.8) .69

IL-10 1.2 (.6) 1.2 (.6) 1.2 (.6) .72

IL-12 1.8 (.3) 1.8 (.2) 1.7 (.3) .27

*A statistical significant difference (P < .05).

TABLE 3 Biomarkers by Race.

Biomarkers (SD) Total (Log10 pg./mL) White Black p-value

TNF-α .4 (.4) .4 (.37) .39 (.41) .81

IFN-α 1.1 (.3) 1.14 (.32) 1.14 (.31) .9

IFN-γ .7 (.4) .65 (.32) .66 (.38) .62

IL-01a .6 (.4) .56 (.39) .63 (.36) .04*

IL-01b .6 (.4) .57 (.35) .55 (.43) .7

IL-01ra 2.4 (.6) 2.34 (.57) 2.45 (.59) .03*

IL-02 .4 (.4) .32 (.4) .35 (.45) .49

IL-04 .7 (.4) .71 (.37) .73 (.47) .66

IL-06 1.8 (.6) 1.77 (.56) 1.85 (.6) .09

IL-08 2.2 (.8) 2.01 (.67) 2.37 (.82) <.0001**

IL-10 1.2 (.6) 1.03 (.53) 1.34 (.6) <.0001**

IL-12 1.8 (.3) 1.78 (.26) 1.7 (.22) <.0001**

*A statistical significant difference (P < .05).
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patients (Watkins et al., 2012; Kasotakis et al., 2021). Though the

incidence of ARDS after trauma has been declining in recent

years, mortality remains high at rates ranging from 13% to 20%

(Watkins et al., 2012; van Wessem and Leenen, 2018; Kasotakis

et al., 2021). The use of commonly used trauma injury indices

(Injury Severity Score [ISS], Glascow Coma Scale [GCS],

APACHE) to predict ARDS development in trauma

populations has been well studied (Afshar et al., 2016).

However, the isolated effect of fractures in the development of

ARDS has not yet been elucidated. With information collected

from three trauma centers in the United States in the context of a

prospective clinical trial, we found the incidence of ARDS to be

9.8%, slightly lower than incidences observed in other studies

which may be a result of modern resuscitation and

cardiopulmonary support. In particular, the present study

found no difference in overall ARDS development between

patients with and without long bone fractures (11.4% vs.

8.2%, p = .26). However, patients with long bone fractures

were found to have a 2.35-fold higher hazard ratio of ARDS

(p = .0053) within the first 10 days as compared to patients

without long bone fractures with no significant difference in the

risk of ARDS when considering the entire hospital length of stay

(LOS) suggesting the presence of long bone fractures may place

patients at increased risk of early ARDS development. This

discrepancy makes intuitive sense, as early ARDS is thought

to result from the systemic and inflammatory sequelae of injury

and resuscitation, while late ARDS most likely reflects

downstream complications less directly related to initial injury.

Though time to ARDS resulted in a significant difference, no

differences in overall hospital outcomes between the cohorts

were observed. Mortality between patients with and without long

bone fractures was found to be 6% vs. 2.5% (p = .06). LOS was

similar between groups in both ICU days (7.8 days vs. 7.9 days,

p = .94) and number of hospital days (20.6 days vs. 19.4 days, p =

.54), suggesting that the presence of long bone fractures in a

trauma patient does not significantly impact long term hospital

outcomes. Recent studies of ARDS in trauma patients report ICU

LOS of 12–22 days and hospital LOS of 17–36 days in patients

with an ARDS diagnosis, which are significantly greater than

patients without ARDS (Salim et al., 2006; Afshar et al., 2016; van

Wessem and Leenen, 2018; Kasotakis et al., 2021).

When evaluated by race, Black patients were found to have

increased levels of IL-01a, IL-1RA, IL-08, and IL-10 and

decreased levels of IL-12 as compared to White patients.

However, when adjusted for long bone fracture status, race

was not found to significantly affect hazard ratio for ARDS

development during the first 10 days. This finding is similar

to previous studies that demonstrated no difference in the

development of ARDS/ALI between different racial groups

(Plurad et al., 2007; Brown et al., 2011).

Recent studies have documented higher average ISS among

trauma patients who develop ARDS, ranging on average from

23–30 (Watkins et al., 2012; Afshar et al., 2016; van Wessem and

Leenen, 2018; Kasotakis et al., 2021). Compared to other injury

severity markers such as APACHE, GCS, revised trauma score,

and abbreviated injury score of thorax, ISS has proven to be the

best predictor for ARDS development (Afshar et al., 2016). In our

current study, patients presenting with long bone fractures were

found to have a significantly higher EISS at 27.5 vs. 23.5 (p =

.0009), though this difference was not found to be related to the

development of ARDS.

TABLE 4 Outcomes.

Outcomes With long bone fractures Without long bone fracture p-value

Number of Operations (SD) .9 (.8) .9 (.9) .83

Crystalloid Given (SD) 2263.7 (1885.5) 2272.1 (1971.4) .96

Total ICU Days (SD) 7.8 (11.6) 7.9 (13.8) .94

Total Ventilator Days (SD) 4.5 (9) 4.6 (10.9) .94

Total Hospital Days (SD) 20.6 (20.8) 19.4 (24.3) .54

Mortality (%) 6 2.5 .06

FIGURE 2
SEM demonstrates a direct relationship between IL-6 and
ARDS development, where IL-6 is positively influenced by long
bone fractures and IL-8.
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The hallmark of injury central to ARDS is dysregulated

inflammation and increased alveolar epithelial permeability

(Huppert et al., 2019). Previous studies have identified specific

biomarkers involved in the acute immune activation and

inflammatory cascade that leads to ARDS (Calfee et al., 2007;

Han and Mallampalli, 2015; Xu and Song, 2017). In particular,

cytokines such as IL-1β, TNF-α, IL-6, and IL-8 have been

elevated in both plasma and bronchoalveolar lavage fluid in

patients with ARDS (Meduri et al., 2009). While the majority

of cytokines displayed no significant difference between patients

with and without long bone fractures, the production of IL-6 was

significantly increased in patients with long bone fractures

(p < .0007).

There is strong evidence that supports the role of IL-6 in the

context of the acute inflammatory response. Secreted by T cells,

macrophages and endothelial cells, IL-6 is a critical pro-

inflammatory factor that activates a cascade of inflammatory

mediators (Qin and Qiu, 2019). IL-6 promotes the differentiation

of B cells, activation of additional T cells, as well as the synthesis

of various acute phase reactants including C-reactive protein and

fibrinogen (Maggio et al., 2006). IL-6 additionally plays a

particular role in mediating the cytokine excess in lung tissue

that precipitates microvascular injury resulting in diffuse alveolar

damage, the hallmark of acute lung injury (Severgnini et al.,

2004). One possible mechanism for this reaction is through IL-6

activation of the Janus tyrosine kinase (JAK), which leads to

further activation via phosphorylation of signal transducer and

activator of transcription (STAT) family of transcription factors

(Čokić et al., 2015). JAK/STAT signaling induces alveolar

macrophage polarization to a pro-inflammatory state which

ultimately contributes to tissue destruction (Chen and Hua,

2020; Wang et al., 2020). In various animal models and

human tissue models, STAT transcription factors were found

to be activated prior to evidence of acute lung injury suggesting

that STAT plays a role in the initial pulmonary inflammatory

response (Severgnini et al., 2004). Type I interferons, including

IFN-α, have also been implicated in the initiation of lung

inflammation through its recruitment and activation of

immune cells and cytokines. While typically seen in response

to viral infections, this proinflammatory function of Type I IFNs

may further contribute to the initiation and maintenance of lung

inflammation (Makris et al., 2017).

While IL-6 is a pro-inflammatory mediator involved in the

pathogenesis of diffuse alveolar damage, it also plays a role in

inflammation suppression through its activation of IL-1RA, a key

anti-inflammatory mediator (Steensberg et al., 2003). IL-1RA is a

potent suppressor of IL-1, an additional pro-inflammatory cytokine

primarily produced by monocytes and activated macrophages

(Dinarello, 2018). The role of IL-6 in both inducing and

suppressing pulmonary inflammation illustrates the delicate

interplay between pro-inflammatory reactions responsible for

responding to acute injury and anti-inflammatory processes

necessary to mitigate prolonged tissue catabolism.

Although the present study did not show any relationship

between overall ARDS development and long bone fractures, the

process of bone repair and the pathogenesis of ARDS share a

similar cytokine profile. The ultimate healing of fractured bones

relies on acute inflammation affected by both local and systemic

mediators. During this acute phase, which typically occurs

24–48 h from injury, activated macrophages both directly

contribute to host defense and promote further inflammatory

reactions through the activation of TNF-α, IL-1b, IL-6, IL-11,
and IL-18 (Maruyama et al., 2020). The acute inflammatory

phase is followed by a repair phase, characterized by vascular

remodeling and collagen deposition, and a remodeling phase,

characterized by lamellar bone deposition resulting from an

interplay of osteoblasts and osteoclasts. In particular, IL-1, IL-

6, and TNF-α have been found to be highly expressed during the

final remodeling phase (Maruyama et al., 2020). Patients with

long bone fractures were found to have both an increased level of

IL-6 as well as an increased probability of ARDS in the first

10 days, which suggests a possible association between varying

cytokine profiles and onset of ARDS.

We recognize several limitations to our present study.

Primarily, this study resulted in a relatively small sample size

(n = 281) within each cohort after propensity score matching.

Of note, we report a nearly 40% increased risk (11.4% vs.

8.2%) of ARDS throughout the entire hospital stay and a 240%

increased risk of death (6% vs. 2.5%) in patients with long

bone fractures, but neither of these findings was statistically

significant. Additionally, the total incidence of ARDS

remained low (n = 55), which likely reflects the decreasing

ARDS rates with modern resuscitation and cardiopulmonary

support, but this may have contributed to limited statistical

power. Included in the study were patients who had

underlying respiratory conditions which may have

independently contributed to further lung injury, although

we did propensity score matching including co-morbidities.

Finally, we did not account for the clinical diagnosis of fat

embolism, specifically, within the population. Though

uncommon, fat emboli arising from long bone fractures

may also play an independent role in lung injury and the

development of ARDS (Kao et al., 2007).

In conclusion, although similarities exist between the

biomarkers involved in the pathogenesis of ARDS and

those involved in the inflammatory response of bone tissue

repair, the presence of long bone fractures did not result in a

difference in the overall development of ARDS or hospital

outcomes. However, long bone fractures were associated with

increased IL-6. Additionally, patients with long bone fractures

were found to have a higher hazard ratio for ARDS

development within the first 10 days without differences in

overall ARDS development or hospital outcome. Further

research is needed to better characterize the relationship

between varying cytokine profiles and the development of

ARDS in a trauma population.
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