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Abstrac
Background: Complications after injury, such as acute 
respiratory distress syndrome (ARDS), are common 
after traumatic brain injury (TBI) and associated 
with poor clinical outcomes. The mechanisms 
driving non-neurologic organ dysfunction after TBI 
are not well understood. Tissue inhibitor of matrix 
metalloproteinase-3 (TIMP-3) is a regulator of matrix 
metalloproteinase activity, inflammation, and vascular 
permeability, and hence has plausibility as a biomarker 
for the systemic response to TBI. 
Methods: In a retrospective study of 182 patients with 
severe isolated TBI, we measured TIMP-3 in plasma 
obtained on emergency department arrival. We used non-
parametric tests and logistic regression analyses to test 
the association of TIMP-3 with the incidence of ARDS 
within 8 days of admission and in-hospital mortality. 
Results: TIMP-3 was significantly higher among subjects 
who developed ARDS compared with those who did 
not (median 2810 pg/mL vs. 2260 pg/mL, p=0.008), 
and significantly higher among subjects who died 
than among those who survived to discharge (median 
2960 pg/mL vs. 2080 pg/mL, p<0.001). In an unadjusted 
logistic regression model, for each SD increase in plasma 
TIMP-3, the odds of ARDS increased significantly, OR 
1.5 (95% CI 1.1 to 2.1). This association was only 
attenuated in multivariate models, OR 1.4 (95% CI 1.0 
to 2.0). In an unadjusted logistic regression model, for 
each SD increase in plasma TIMP-3, the odds of death 
increased significantly, OR 1.7 (95% CI 1.2 to 2.3). 
The magnitude of this association was greater in a 
multivariate model adjusted for markers of injury severity, 
OR 1.9 (95% CI 1.2 to 2.8). 
Discussion: TIMP-3 may play an important role in the 
biology of the systemic response to brain injury in 
humans. Along with clinical and demographic data, early 
measurements of plasma biomarkers such as TIMP-3 may 
help identify patients at higher risk of ARDS and death 
after severe isolated TBI.
Level of evidence  III.

Introduction
Each year approximately 1.7 million people suffer a 
traumatic brain injury (TBI) in the USA, of whom 50 
000 die and greater than 800 000 are left with some 
form of permanent disability.1 Beyond the primary 
neurologic injury, two-thirds of patients with TBI 

have extracranial complications that contribute 
to their deaths, and pulmonary complications are 
common among patients with severe TBI.2–5 Acute 
respiratory distress syndrome (ARDS) is a form of 
severe, acute lung injury characterized by increased 
vascular permeability resulting in protein-rich 
edema fluid flooding the alveolar space. The devel-
opment of ARDS after TBI is associated with worse 
patient outcomes and higher healthcare costs.6–10 
Understanding the molecular pathways involved in 
the systemic response to brain injury could lead to 
targeted therapies or improvements in  supportive 
care  after injury. Furthermore, the discovery of a 
biomarker profile that identifies patients with TBI 
who are most likely to benefit from novel therapies 
to prevent and treat ARDS  could enhance study 
design and enrollment in future intervention trials.

Biomarker studies in observational cohorts of 
patients with TBI are needed to determine the 
clinical relevance and  biological mechanisms of 
vascular leak in murine models of TBI. One such 
biomarker of interest is tissue inhibitor of matrix 
metalloproteinase-3 (TIMP-3). TIMP proteins 
interact with matrix metalloproteinases (MMPs) 
to regulate the  extracellular matrix composition 
and play a key role in tissue remodeling and repair 
throughout the body.11 12 TIMP-3 is an appealing 
biomarker candidate for ARDS after TBI because 
it has been demonstrated to attenuate TBI-induced 
blood–brain barrier (BBB) permeability and is also 
abundant in the  lung tissue.13–16 TIMP-3 stabilizes 
the vascular endothelium and blocks the  vascular 
endothelial growth factor-A (VEGF-A) signaling 
by directly binding to VEGF receptor 2.17 Impor-
tantly, in animal models, TIMP-3 has been shown 
to promote normal endothelial barrier func-
tion,14 inhibit vascular endothelial permeability 
after injury,13 18 and regulate matrix degradation in 
the airspaces.13 Moreover, there are data to suggest 
that TIMP-3 is involved in neutrophil recruitment 
and regulation of inflammation in mouse models 
of acute lung injury.19 More recently, in rodent 
models of TBI treated with mesenchymal stem cells 
(MSCs) after injury, TIMP-3 was found to be a key 
soluble factor secreted by MSCs that mediated the 
protective effects of MSCs on the BBB. High doses 
of recombinant TIMP-3, administered acutely after 
TBI, attenuated BBB compromise, reduced neuroin-
flammation, and reduced cerebral edema.18 20

http://gut.bmj.com
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Although TIMP-3 appears to play an important role in cere-
bral edema after TBI, the association of TIMP-3 with ARDS after 
TBI has not been studied. Given murine studies demonstrating 
that TIMP-3 is a critical mediator of vascular endothelial barrier 
function in the brain and the lungs, we hypothesized that plasma 
levels of TIMP-3 may be altered and  may be associated with 
ARDS and mortality after severe TBI. We tested this hypothesis 
by measuring TIMP-3 concentration in plasma obtained imme-
diately after severe isolated TBI in subjects enrolled in a prospec-
tive cohort study of severely injured trauma patients.

Patients and methods
Patients
We retrospectively studied 182 patients with isolated severe 
TBI who were enrolled in a larger, prospective, observational 
cohort study at Zuckerberg San Francisco General Hospital 
between 2005 and 2014. Adult subjects meeting the criteria for 
the highest level trauma activation are eligible for enrollment in 
the larger cohort study. All subjects included in this retrospec-
tive study required mechanical ventilation and survived at least 
6 hours from time of admission. Subjects suffered severe isolated 
TBI defined by an Abbreviated Injury Scale (AIS) Head  score ≥3 
with confirmed findings of TBI on head CT scans. Subjects were 
excluded if there were other serious injuries defined as AIS 
score  ≥3 in any other body region. Plasma samples were not 
available for 30 of the 212 subjects (14%) who otherwise met 
the study inclusion criteria. Eleven healthy volunteers donated 
blood samples for TIMP-3 measurements.

Sample collection and TIMP-3 measurements
The method of sample collection has been described previously 
in detail.21 Briefly, a 10 mL sample of blood was drawn within 
10 minutes of arrival in the emergency department (ED). The 
median time elapsed from emergency medical services (EMS) 
dispatch to ED blood draw was 34 minutes in this cohort (IQR 
28–48 minutes). The samples were immediately centrifuged and 
the plasma was stored at −80°C. Blood samples from healthy 
volunteers were processed and stored in a similar fashion. TIMP-3 
levels were measured in duplicate using Milliplex MAP Human 
TIMP Magnetic Bead Panel 2  - Immunology Multiplex Assay 
(EMD Millipore) on the Luminex platform using a Labscan 200 
analyzer (Luminex, Austin, Texas) and Bio-Plex manager V.6.1 
software  (Bio-Rad, Hercules, California). A 5-point logistic 
regression curve was used to calculate the concentration from 
the fluorescence intensity of the bead measurements. The stan-
dards ranged from 97 pg/mL  to 100 000 pg/mL. During  the 
3-year study period, the intra-assay reproducibility was 5% coef-
ficient of variablity and the interplate variability at the range of 
sample detection was 15%. Samples that were below the level 
of detection were assigned half the lowest detectable value for 
that analyte. The mean value of the two measurements was used 
for data analysis. Three extreme outlier values identified on the 
first round of measurements were measured a second time in 
duplicate, and the mean of the four assay results was used for 
data analysis.

Data collection and outcome measures
Data were collected prospectively on patient demographics, 
mechanism of injury and severity, and subsequent hospital 
course. Patients were monitored until hospital discharge or 
death. As previously described, a rigorous two-physician ARDS 
adjudication protocol was used to identify cases according to 
the Berlin definition in the first 8 days of admission.22 23 Two 

physician investigators reviewed all chest radiographs from 
the first 8 days of admission for each patient with at least one 
PaO2 in the arterial blood to fraction of inspired oxygen ratio 
(PaO2: FiO2) of <300 and adjudicated ARDS cases by consensus. 
A monitoring board of clinicians in the hospital’s Division of 
Infectious Diseases identified patients with ventilator-associated 
pneumonia (VAP) using clinical, radiographic, and microbiologic 
data.

Statistical analysis
Data are presented as mean±SD, median (IQR), or n (percentage). 
Univariate comparisons were made using Student’s t-test for 
normally distributed data and Wilcoxon rank-sum for skewed 
data. A non-parametric test for trend across ordered groups 
was used to test the association between the  TIMP-3 quartile 
and the incidence of ARDS and mortality rates. In exploratory 
univariate analyses, α<0.2 was considered significant for further 
investigation with regression models. In all other analyses, 
α<0.05 was considered significant. All models were repeated 
after excluding the extreme outlier value for one subject with 
plasma TIMP-3 concentration of 19 450 pg/mL.

Multivariate logistic regression models were used to adjust 
for potential confounding and to illustrate that TIMP-3 contains 
additional predictive information compared with other markers 
of severity of injury or worse clinical outcomes (age,  AIS 
Head  score, arrival Glasgow Coma Scale (GCS)  score, trans-
fusion of blood products, vasopressor use, and shock identi-
fied by arrival base deficit, a measurement of a decrease in the 
total concentration of blood buffer base). Multivariable logistic 
regression models were tested with appropriate model checking. 
Initial models included race, sex, age, body mass index, AIS in 
the  head and chest categories, crystalloid administration, base 
deficit, vasopressor use, massive transfusion (>10 units of 
packed red blood cells  in 24 hours), and transfusion or indi-
vidual blood products in the first 12 hours. These variables 
were selected a priori based on biological plausibility. Age was 
included as a dichotomous variable to satisfy linearity assump-
tions of the regression models. Individuals in the highest quartile 
of age, >60 years old, were compared with younger subjects. 
Difference of fitted beta coefficient (DFBETA) statistics were 
calculated to check for influential points. The influence of 
outliers was assessed by comparing the regression model results 
including all data with the  regression models that excluded 
outliers identified by DFBETA statistics. Some covariates were 
serially eliminated using likelihood ratio testing. Multivariable 
logistic regression model fit was checked with the link test and 
Hosmer-Lemeshow test. Because  TIMP-3 is not a commonly 
measured biomarker or clinically available laboratory value, it 
was scaled using the SD (2090 pg/mL) of the TIMP-3 measure-
ments from the entire cohort excluding the extreme outlier of 19 
450 pg/mL. To evaluate for possible misclassification of the 16 
subjects who underwent massive transfusion and therefore may 
have had more significant injuries beyond TBI, we performed 
a chart review. The bleeding among the subjects who required 
massive transfusion was attributable to a combination of gunshot 
wounds (GSW) to the head, associated vascular, facial, or scalp 
injuries (including lacerations and degloving), and/or large 
estimated blood loss related to coagulopathy that developed 
during craniotomy procedures. Only one subject may have had 
a more significant injury in another body region that may not 
have been captured by the AIS scoring, a GSW to the clavicle 
and shoulder. To address limitations of the retrospective data 
analysis and concerns about misclassification of patients with 
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Table 1   Demographic and clinical features of subjects with isolated severe traumatic brain injury by ARDS outcome and vital status at discharge

Patient characteristics
Without ARDS
(n=132)

With ARDS
(n=50) P values*

Alive
(n=111)

Dead
(n=71) P values*

Age (years) 46±22 44±20 0.78 40±18 53±24 <0.001

Male sex 92 (70) 42 (84) 0.051 85 (77) 49 (69) 0.26

BMI 25 (22–29) 26 (23–28) 0.54 25 (23–29) 25 (22–28) 0.56

Blunt injury 111 (84) 44 (88) 0.51 99 (89) 56 (79) 0.056

SBP <90 mm Hg in the first 12 hours 12 (9) 4 (8) 0.82 5 (5) 11 (15) 0.011

Any vasopressor on admit day 66 (54) 32 (73) 0.031 49 (48) 49 (77) <0.001

Admit base deficit <−4 38 (29) 26 (52) 0.003 32 (29) 32 (45) 0.025

ED arrival GCS score 7 (3–10.5) 6 (3–10) 0.84 8 (4–13) 3 (3–7) <0.001

Head AIS 5 (4–5) 5 (5–5) 0.033 5 (4–5) 5 (5–5) <0.001

Head AIS score >3 110 (83) 47 (94) 0.062 87 (78) 70 (99) <0.001

Craniotomy or craniectomy 44 (33) 24 (48) 0.068 37 (33) 31 (44) 0.16

Any chest injury (AIS score >0) 17 (13) 7 (14) 0.84 11 (10) 13 (18) 0.10

VAP† 5 (3) 7 (14) 0.038 16 (14) 5 (7) 0.13

TIMP-3 (pg/mL)‡ 2260 (970–3460) 2810 (1820–4380) 0.008 2080 (950–3090) 2960 (1850–4650) <0.001

Findings presented as n (%), mean±SD, and median (IQR) as appropriate.
Statistically significant results are shown in bold.
*P values refer to unpaired t-test for age, Wilcoxon rank-sum test for all other continuous variables, and unordered χ2 tests for dichotomous predictors.
†Patients with VAP identified before ARDS or in the first 8 days for subjects who did not develop ARDS.
‡Plasma sample obtained on arrival to the ED.
AIS, Abbreviated Injury Scale or; ARDS, acute respiratory distress syndrome; BMI, body mass index; ED, emergency department; GCS, Glasgow Coma Scale; SBP, systolic blood 
pressure; TIMP-3,  tissue inhibitor ofmatrix metalloproteinase 3; VAP, ventilator-associated pneumonia.

Table 2   Plasma TIMP-3* in healthy volunteers and subjects after 
traumatic injury

Clinical phenotype TIMP-3 (pg/mL)

Healthy volunteers (n=11) 290 (70–810)
Isolated traumatic brain injury* (n=182) 2350 (1230–3610)

Findings presented as mean (IQR).
*Plasma sample obtained on arrival to the emergency department.
TIMP-3, tissue inhibitor of matrix metalloproteinase 3.

more significant injuries beyond TBI, a sensitivity analysis of 
the multivariate models was performed, excluding 16  (9%) of 
182 subjects who received massive transfusion. To address the 
possible influence of at-risk  time and censorship by death on 
the association between TIMP-3 and ARDS, we used regression 
models with an exposure parameter by creating a variable indi-
cating at-risk time. These models include time at risk as an offset 
variable. All analyses were performed using STATA V.13.

Results
Demographic and clinical features of the cohort
The median age of the subjects in this cohort with was 42 years 
(IQR 27–60 years). The distribution of race was Asian (20%), 
black (18%), Pacific Islander (1%), and white (60%), and race 
was not specified for 2% of the subjects. The cohort was 20% 
Latino. Subjects were predominantly male (74%) and most 
suffered blunt injuries (85%). Head injury in this cohort was 
severe; 157 (86%) subjects had an AIS Head score  >3, 156 
(86%) had a GCS score <14 on ED arrival, and 122 (67%) had a 
GCS score ≤8 on ED arrival. Overall mortality was 39% and the 
incidence of ARDS in the first 8 days of hospitalization was 27%. 
In this cohort, mortality rates did not differ between those who 
developed ARDS and those who did not (46% vs. 36%, p=0.23). 
Race and ethnicity did not differ by ARDS or vital status at 
discharge. Compared with subjects who did not develop ARDS, 
subjects with ARDS were more likely to have shock defined by 
a base deficit of <−4 on ED arrival arterial blood gas (51% vs. 
29%, p=0.004) and to be treated with vasopressors on the day of 
admission (73% vs. 54%, p=0.003) (table 1). There was a trend 
toward more severe head injury (AIS Head  score  >3) among 
those who developed ARDS (94% vs. 83%, p=0.062). There 
was a trend toward a higher proportion of male subjects among 
those who developed ARDS compared with those who did not 
(84% vs. 70%, p=0.052). Compared with subjects who survived 
to discharge, subjects who died were older (mean age 53±24 vs.  
40±18, p<0.001), had lower admission GCS score (median 3 

vs. 8, p<0.001), were more likely to have a more severe head 
injury (AIS Head score >3) (99% vs. 78%, p<0.001), and were 
more likely to have shock defined by a base deficit <−4 on ED 
arrival arterial blood gas, systolic blood pressure <90 mm Hg in 
the first 12 hours after ED arrival, or treated with vasopressors 
on the day of admission (table 1).

Plasma TIMP-3 measurements
The range of TIMP-3 among 11 healthy subjects was 20  pg/
mL to 3700 pg/mL, with a median of 290 pg/mL (IQR 70–810 
pg/mL). The range of TIMP-3 among 182 subjects with severe 
TBI was 5 pg/mL to 19 450 pg/mL, with a median of 2350 pg/
mL (IQR 1230–3610 pg/mL) (table 2). TIMP-3 measured on ED 
arrival was significantly higher among patients who subsequently 
developed ARDS compared with those who did not develop 
ARDS in the first 8 days of admission (median 2810 pg/mL 
vs. 2260 pg/mL, p=0.008) (table 1, figure 1). Among subjects 
who survived beyond the first week after injury, TIMP-3 on ED 
arrival was significantly higher among those who developed 
ARDS compared with those who did not (median 2540 pg/mL 
vs. 1860 pg/mL, p=0.033). The incidence of ARDS significantly 
increased across TIMP-3 quartiles (non-parametric test for trend 
across ordered groups, p=0.013) (figure 2). TIMP-3 measured 
on ED arrival was significantly higher among patients who died 
compared with those who survived to discharge (median 2960 
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Figure 1   Early plasma tissue inhibitor of matrix metalloproteinase-3 (TIMP-3) levels are higher among subjects who developed acute respiratory 
distress syndrome (ARDS) and among subjects who died compared with those who did not. Box plots of plasma TIMP-3 levels on emergency 
department (ED) arrival by ARDS status (left) and vital status (right). P values refer to Wilcoxon rank-sum tests.

Figure 2   Higher incidence of acute respiratory distress syndrome (ARDS) and mortality rate among subjects with higher levels of plasma tissue 
inhibitor of matrix metalloproteinase-3 (TIMP-3) levels. There is a significant trend of ARDS incidence and mortality rates across increasing quartiles of 
TIMP-3. The results of non-parametric tests for trend across ordered groups are indicated by the p values. ED, emergency department.
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Table 3   Association of TIMP-3* and clinical outcomes after 
traumatic brain injury in univariate and full logistic regression models

Independent variables in model

For each SD change 
in TIMP-3
OR (95% CI)† P values

ARDS

TIMP-3 1.5 (1.1 to 2.1) 0.006

TIMP-3, AIS Head score, age>60 years, 
male sex, crystalloid*, platelet*, pRBC*, 
plasma* transfusion, shock by arrival base 
deficit

1.4 (1.0 to 2.0) 0.036

Sensitivity analysis: multivariate model‡ 
excluding subjects requiring massive 
transfusion§

1.5 (1.0 to 2.3) 0.033

Sensitivity analysis: multivariate model‡ 
excluding subjects who developed VAP 
before ARDS

1.5 (1.0 to 2.2) 0.036

Death

TIMP-3 1.7 (1.2 to 2.3) 0.002

TIMP-3, AIS Head score, age>60 years, male 
sex, crystalloid*, platelet *, blood*, plasma* 
transfusion, shock by arrival base deficit§

1.9 (1.2 to 2.8) 0.002

Sensitivity analysis: multivariate model‡ 
excluding subjects requiring massive 
transfusion

1.9 (1.2 to 3.1) 0.005

Crystalloid infusion included as a continuous variable indicating liters transfused in 
the first 12 hours of admission.
*Plasma sample obtained on arrival to the ED. 
†Regression model output for scaled predictor variable is interpreted as the change 
in the OR for outcome of interest for each SD (2090 pg/mL) increase in the plasma 
concentration of TIMP-3 on ED arrival, holding all other variables in the model 
constant. AIS, models exclude subjects with AIS Head score=6 (non-survivable 
injury). Platelet, pRBC, and plasma (fresh-frozen plasma) coded as binary variables 
indicating any transfusion of the specific products in the first 12 hours of admission. 
Crystalloid infusion included as a continuous variable indicating liters transfused in 
the first 12 hours of admission.
‡Multivariate model refers to full model with independent variables specified in 
the row above. Massive transfusion defined as requiring >10 units of pRBCs in 24 
hours. Sensitivity analyses excluded 16 (9%) of 182 patients in the full cohort who 
required massive transfusion.
§Base deficit of <−4 on ED arrival arterial blood gas analysis.
AIS,  Abbreviated Injury Scale; ARDS,  acute respiratory distress syndrome; ED,  
emergency department; pRBCs,  packed red blood cells; TIMP-3, tissue inhibitor 
of matrix metalloproteinase 3; VAP, ventilator-associated pneumonia.

Table 4   Association of TIMP-3* and clinical outcomes after 
traumatic brain injury in univariate and multivariate logistic regression 
models

Independent variables in model

For each 1000 pg/
mL increase in 
TIMP-3
OR (95% CI)† P values

ARDS

TIMP-3 1.5 (1.1 to 2.1) 0.006

TIMP-3, shock by arrival base deficit‡ 1.4 (1.0 to 1.9) 0.031

TIMP-3, vasopressor on day of admission 1.6 (1.2 to 2.2) 0.004

TIMP-3, age>60 1.5 (1.1 to 2.1) 0.005

TIMP-3, GCS score 1.5 (1.1 to 2.1) 0.006

TIMP-3, AIS Head score 1.5 (1.1 to 2.0) 0.009

TIMP-3, platelet transfusion§ 1.5 (1.1 to 2.1) 0.006

TIMP-3, pRBC transfusion§ 1.5 (1.1 to 2.1) 0.007

TIMP-3, plasma transfusion§ 1.6 (1.1 to 2.1) 0.005

TIMP-3, AIS Head score, male sex, age>60, 
crystalloid, platelet, blood, plasma 
transfusion§, shock‡

1.4 (1.0 to 2.0) 0.036

Death

TIMP-3 1.7 (1.2 to 2.3) 0.002

TIMP-3, shock by arrival base deficit‡ 1.6 (1.2 to 2.2) 0.005

TIMP-3, vasopressor on day of admission 1.7 (1.2 to 2.4) 0.002

TIMP-3, age>60 years 1.7 (1.2 to 2.3) 0.002

TIMP-3, GCS score 1.6 (1.2 to 2.3) 0.005

TIMP-3, AIS Head score 1.7 (1.2 to 2.5) 0.001

TIMP-3, platelet transfusion§ 1.7 (1.2 to 2.3) 0.002

TIMP-3, pRBC transfusion§ 1.7 (1.2 to 2.3) 0.002

TIMP-3, plasma transfusion§ 1.7 (1.3 to 2.4) 0.001

TIMP-3, AIS Head score, age>60 years, 
crystalloid,
platelet, blood, plasma transfusion§, 
shock‡

1.9 (1.2 to 2.8) 0.002

Models exclude subjects with AIS Head score=6 (non-survivable injury).
*Plasma sample obtained on arrival to the ED.
†Regression model output for scaled predictor variable is interpreted as the change 
in the OR for outcome of interest for each 1000 pg/mL increase in the plasma 
concentration of TIMP-3 on ED arrival, holding all other variables in the model 
constant.
‡Base deficit of <−4 on ED arrival arterial blood gas analysis.
§Adjusted models control for transfusion of blood products in the first 12 hours of 
admission.
AIS, Abbreviated Injury Scale; ARDS, acute respiratory distress syndrome; 
ED, emergency department; GCS, Glasgow Coma Scale score on ED arrival; 
pRBCs, packed red blood cells; TIMP-3, tissue inhibitor of matrix metalloproteinase 
3.

pg/mL vs. 2080 pg/mL, p<0.001) (table 1, figure 1). Compared 
with subjects who survived, TIMP-3 on ED arrival was signifi-
cantly higher among subjects who died after 24 hours (median 
3030 pg/mL vs. 2080 pg/mL, p=0.0005) and among subjects 
who died after 48 hours (median 3410 pg/mL vs. 2080 pg/mL, 
p=0.0007). These differences remained significant when the 
extreme outlier value of measured TIMP-3 was excluded from 
the analyses. The mortality rate significantly increased across 
TIMP-3 quartiles (non-parametric test for trend across ordered 
groups, p=0.001) (figure 2).

Logistic regression models
Analysis with regression models showed that higher concen-
trations of plasma TIMP-3 on ED arrival were significantly 
associated with ARDS after severe isolated TBI. For each SD 
increase in plasma TIMP-3 measured on ED arrival, the unad-
justed odds of ARDS increased significantly, OR 1.5 (95% CI 
1.1 to 2.1, p=0.006) (table 3). This association was only mildly 
attenuated in models adjusted for important covariates: severity 
of head injury, base deficit, male sex, crystalloid infusion, and 

early transfusion of blood products, OR 1.4 (95% CI 1.0 to 2.0, 
p=0.036) (tables  3 and 4). The magnitude of association was 
unchanged in sensitivity analyses excluding patients who received 
massive transfusion, OR 1.5 (95% CI 1.0 to 2.3, p=0.033), and 
excluding patients who developed VAP before ARDS, OR 1.5 
(95% CI 1.0 to 2.3, p=0.027) (table 3). Similarly, this associ-
ation was not attenuated after adjusting for additional covari-
ates associated with severity of illness including vasopressor use 
and GCS score on ED arrival (table 4).24–26 Furthermore, models 
that accounted for follow-up time did not substantively change 
the association between TIMP-3 and ARDS.

Analysis with regression models showed that higher concen-
trations of plasma TIMP-3 on ED arrival were significantly 
associated with death after severe isolated TBI. For each SD 
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increase in plasma TIMP-3, the unadjusted odds of death 
increased significantly, OR 1.7 (95% CI 1.2 to 2.3, p=0.002) 
(table 3). The magnitude of this association was increased in a 
multivariate model adjusted for important covariates: severity 
of head injury, age, crystalloid infusion, early transfusion of 
blood products, base deficit, and in a sensitivity analysis of the 
multivariate model excluding patients who received massive 
transfusion (table  3). The association was not attenuated in 
several bivariate models adjusting for other markers of injury 
severity, such as vasopressor use and GCS score on ED arrival 
(table 4). In an unadjusted logistic regression analysis, subjects 
with the highest quartile of TIMP-3 concentrations, greater 
than 3610 pg/mL on ED arrival, had significantly greater odds 
of death. Specifically, the OR for death was 3.1 (95% CI 1.5 to 
6.1, p=0.002) among subjects in the highest quartile of plasma 
TIMP-3 concentration compared with subjects in the lower 
three quartiles of plasma TIMP-3 concentration. Including 
TIMP-3 in the full multivariate logistic regression models with 
clinical and demographic characteristics improved the accuracy 
of predicting the outcomes of ARDS and death after TBI (area 
under the receiver operator curve (AUROC) 0.74 vs. 0.72 and 
0.83 vs. 0.79, respectively).

Discussion
In this observational cohort study, we have shown for the first 
time that among patients with severe isolated TBI, plasma 
TIMP-3 levels measured on ED arrival are associated with a 
higher risk of ARDS and a higher risk of death. This association 
was not attenuated in multivariate logistic regression models 
that controlled for covariates such as severity of head injury, 
vasopressor use, shock, volume of crystalloid infused, and trans-
fusion of blood products. Importantly, higher levels of plasma 
TIMP-3 on ED arrival were associated with death occurring 
later than 24 hours and 48 hours from the time of admission. 
The association of TIMP-3 levels with outcomes at these later 
time points suggests that elevated TIMP-3 may identify early 
differences in the pathophysiologic response to injury that have 
durable effects on patient outcomes beyond identifying patients 
who are so severely injured they die shortly after presentation. 
Collectively, these findings suggest that TIMP-3 is a potentially 
important biomarker for predicting ARDS and death after severe 
TBI. The biological role, if any, of elevated TIMP-3 levels on 
arrival in the ED is unknown and requires further investigation.

Although  complications after injury  such as ARDS are 
common after TBI, mechanisms mediating these effects are not 
well understood. Although there is a growing body of evidence 
from animal models describing the molecular and physiologic 
mechanisms underpinning the  brain–lung crosstalk after TBI, 
little is known about these mechanisms in humans.27–35 Identi-
fying biomarkers for ARDS after isolated TBI is a relatively novel 
line of investigation. Most biomarker studies in ARDS exclude 
patients with TBI or do not distinguish isolated TBI as a distinct 
clinical phenotype within the general trauma population. As in 
other at-risk populations, it is likely that multiple biological path-
ways drive the pathophysiology of ARDS after TBI.36–39 Recently, 
in a cohort study of 200 patients with severe TBI, Aisiku et al40 
found an association between ARDS and an elevation in early 
inflammatory plasma cytokines, interleukin (IL)-6 and IL-8, and 
anti-inflammatory cytokine, IL-10.  Our study builds on these 
findings by testing the association of a biomarker of vascular 
stability with ARDS after TBI. The association between TIMP-3 
and worse clinical outcomes after isolated TBI supports the 
hypothesis that the vascular endothelium has an important 

biological role in the pathogenesis of complications after injury, 
such as ARDS and death.

Identifying patients at the  highest risk for ARDS after TBI 
would be clinically useful. For example, those at the highest risk 
for ARDS might benefit from the implementation of early lung 
protective ventilation protocols, closer monitoring for oxygen-
ation deficits, or screening for evidence of  cardiopulmonary 
volume overload with directed bedside ultrasound in the inten-
sive care unit. Given an increased interest in the prevention and 
early treatments for acute lung injury, the development of reli-
able methods for identifying patients at the highest risk of ARDS 
is an important line of future investigations.41 42

Although TIMP-3 has not been studied in ARDS, it plays an 
important role in the mouse models of postinjury brain edema, 
and its role in vascular leak and localization in the  lung tissue 
supports the biological plausibility for a role in ARDS.18 20 The 
association between TIMP-3 and poor clinical outcomes after 
isolated TBI is consistent with the hypothesis that dysregulated 
MMP activity may be involved in vascular endothelial stability 
and play an important role in the pathogenesis of complications 
after injury,  such as ARDS and death, in patients with TBI. It 
is notable that the direction of the association between higher 
TIMP-3 levels and worse outcomes was unexpected. Since 
TIMP-3 administration has been shown to have a therapeutic 
effect in animal models of TBI,18 20 it is interesting that in this 
clinical study we found that elevated levels of TIMP-3 after TBI 
are associated with poor outcomes. We speculate that the differ-
ences between our findings and previously published data from 
mouse models may be explained by one of three hypotheses: (1) 
increased plasma TIMP-3 could be a surrogate marker for injury 
severity through either passive release of TIMP-3 from injured 
tissue or from an active homeostatic mechanisms to maintain 
the MMP:TIMP balance; (2) increased plasma levels of TIMP-3 
may represent movement of endogenous and beneficial TIMP-3 
activity into the systemic vascular compartment, away from the 
injured brain and lung tissue, impeding recovery from injury in 
these organs; and (3) the plasma levels of TIMP-3 in the patients 
are far lower than the therapeutic range tested in mice. The 
levels of TIMP-3 found in the plasma of injured patients (median 
of 2350 pg/mL) are 400-fold lower than the amount used for 
therapeutic purposes in preclinical models.18 20 It is also possible 
that TIMP-3 biology is fundamentally different between humans 
and mice.

Our study has some limitations. This is a retrospective, single-
center study and may have limited generalizability. Larger 
follow-up studies would be needed to validate the use of TIMP-3 
as a biomarker for ARDS and mortality after TBI. Although 
the AIS and GCS are widely used in trauma research, AIS Head 
and GCS scores  do not capture much information about the 
nature of brain injury in these subjects and do not account for 
location or volume of injury; therefore, our adjusted analyses 
may not fully capture the effect of severity of head injury on 
ARDS or mortality outcomes. Because we studied patients with 
severe brain injuries that required intubation, our findings may 
not be generalizable to patients with less severe injuries and 
higher GCS scores. Furthermore, using AIS classifications to 
define isolated TBI has limitations. To address possible misclas-
sification of subjects who underwent massive transfusion and 
therefore may have had more significant injuries beyond TBI, 
we performed chart review and sensitivity analyses excluding 
these subjects (table  3). This study did not measure TIMP-3 
activity, and it is unclear if we are measuring displaced and inac-
tive protein from tissue disruption or active protein released 
from tissue stores or platelet degranulation. Because the protein 
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is measured immediately on arrival to the ED, the short time 
interval between injury and sampling makes it less likely that 
we are measuring newly synthesized protein. We are not able 
to comment on the origin of circulating TIMP-3 protein in 
the plasma. We also acknowledge that the range of TIMP-3 in 
this study has significant overlap between subjects who devel-
oped ARDS and those who did not, as well as subjects who 
survived and those who died. However the biological plausibility 
for the role of MMPs in the pathogenesis of complications after 
injury and the robust association between TIMP-3 and clinical 
outcomes in adjusted multivariate models support the hypothesis 
that TIMP-3 may be useful as one of a panel of biomarkers that 
could improve clinical prediction models of poor outcomes after 
TBI. Furthermore, we found that the  incidence of ARDS and 
mortality rates significantly increased across TIMP-3 quartiles, 
suggesting that there may be a threshold above which plasma 
TIMP-3 levels may be particularly informative in clinical studies 
of postinjury complications after TBI. Further studies are needed 
to better understand the role of TIMP-3 in the biological path-
ways involved in the response to brain injury.

Our study has several strengths. Our cohort is designed for 
early plasma sample collection, allowing us to capture informa-
tion on patients before confounding interventions and before the 
development of ARDS. The differences in plasma TIMP-3 levels 
occurred soon after injury, and measurements were unlikely to 
be altered by administration of fluids or blood products. The 
median time from EMS dispatch to ED blood draw was 34 
minutes, and only 15 (8%) subjects received more than 500 mL 
of crystalloids prior to ED arrival. We use a rigorous adjudi-
cation protocol for ARDS, minimizing misclassification bias.23 
Our adjusted models accounted for several measures of severity 
of injury. The association between TIMP-3 levels and clinical 
outcomes was not attenuated by measures of severity of brain 
injury or shock on arrival to the ED. In a multivariate model that 
includes clinical predictors strongly associated with the outcome, 
the degree of change we observed in the AUROC tests suggests 
that, although TIMP-3 alone is inadequate for the prediction of 
ARDS and death after TBI, it meaningfully improves the ability 
of the model to predict ARDS and death after TBI in this cohort.

Conclusion
Our study is one of the few studies to test the association of a 
plasma biomarker and ARDS after isolated TBI. Our findings 
suggest TIMP-3 may play an important role in the biology of 
the systemic response to brain injury in humans. Specifically, the 
findings support the hypothesis that early endothelial injury and 
vascular permeability may be important in the pathogenesis of 
ARDS after TBI. Furthermore, early plasma TIMP-3 levels, in 
combination with clinical information and other biomarkers, 
could be useful in future studies to identify patients at highest 
risk of ARDS and death after isolated TBI.

Acknowledgements  We thank Dr Nareg Roubinian for assistance and critical 
review of the article.

Contributors  CMH made substantial contributions to the conception and 
study design of the work, the data acquisition and analysis, the interpretation 
of data, and drafting and critical revisions of the article. SLG made substantial 
contributions to the conception and study design of the work, the data acquisition 
and analysis, the interpretation of data, and drafting and critical revisions of the 
article. BYM made substantial contributions to the study design of the work, the 
data acquisition, the interpretation of data, and critical revisions of the article. 
SMK made substantial contributions to the data acquisition and analysis, the 
interpretation of data, and critical revisions of the article. ER made substantial 
contributions to the data acquisition, the interpretation of data, and critical 
revisions of the article. ASC made substantial contributions to the data acquisition, 

the interpretation of data, and critical revisions of the article. CSC made 
substantial contributions to the study design of the work, the data acquisition, the 
interpretation of data, and drafting and critical revisions of the article. SP made 
substantial contributions to the conception and study design of the work, the 
data acquisition and analysis, the interpretation of data, and drafting and critical 
revisions of the article. MJC made substantial contributions to the conception and 
study design of the work, the data acquisition and analysis, the interpretation 
of data, and drafting and critical revisions of the article. All of the above listed 
authors of this project have provided approval of the submitted article and agree 
to be accountable for all aspects of the work, ensuring that questions related to 
the accuracy or integrity of any part of the work are appropriately investigated and 
resolved. CMH and SLG are joint first authors and contributed equally to the study 
design, data acquisition and analysis, and drafting and critical revisions of the 
article. CMH is the corresponding author. 

Funding  This study was funded by the National Institute of Health (NIH) General 
Medical Sciences (grant numbers NIH GM-085689) and National Heart, Lung, 
and Blood Institute (R01 110969, T32 HL007185-37, F32 HL124911, and K23 
HL133495), and the US Department of Defense (grant number W911NF-10-1-0384). 
This publication was supported by the National Center for Advancing Translational 
Sciences, National Institutes of Health (NIH), through UCSF-CTSI Grant Number 
UL1 TR001872. Its content is solely the responsibility of the authors and does not 
necessarily represent the official views of the NIH.

Competing interests  None declared.

Patient consent  Not required.

Ethics approval  The University of California San Francisco IRB approved this study.

Provenance and peer review  Not commissioned; externally peer reviewed.

Open access  This is an Open Access article distributed in accordance with the 
terms of the Creative Commons Attribution (CC BY 4.0) license, which permits 
others to distribute, remix, adapt and build upon this work, for commercial use, 
provided the original work is properly cited. See: http://​creativecommons.​org/​
licenses/​by/​4.​0/

© Article author(s) (or their employer(s) unless otherwise stated in the text of the 
article) 2018. All rights reserved. No commercial use is permitted unless otherwise 
expressly granted.

References
	1.	 Injury Prevention & Control. Traumatic brain injury: center for disease control and 

prevention. http://www.​cdc.​gov/​traumaticbraininjury/​get_​the_​facts.​html
	2.	 Zygun DA, Kortbeek JB, Fick GH, Laupland KB, Doig CJ. Non-neurologic organ 

dysfunction in severe traumatic brain injury. Crit Care Med 2005;33:654–60.
	3.	 Gaddam SS, Buell T, Robertson CS. Systemic manifestations of traumatic brain injury. 

Handb Clin Neurol 2015;127:205–18.
	4.	 Kemp CD, Johnson JC, Riordan WP, Cotton BA. How we die: the impact of 

nonneurologic organ dysfunction after severe traumatic brain injury. Am Surg 
2008;74:866–72.

	5.	 Demling R, Riessen R. Pulmonary dysfunction after cerebral injury. Crit Care Med 
1990;18:768–74.

	6.	 Holland MC, Mackersie RC, Morabito D, Campbell AR, Kivett VA, Patel R, Erickson VR, 
Pittet JF. The development of acute lung injury is associated with worse neurologic 
outcome in patients with severe traumatic brain injury. J Trauma 2003;55:106–11.

	7.	 Navarrete-Navarro P, Rivera-Fernández R, Rincón-Ferrari MD, García-Delgado M, 
Muñoz A, Jiménez JM, Ortega FJ, García DM, GITAN multicenter project. Early markers 
of acute respiratory distress syndrome development in severe trauma patients. J Crit 
Care 2006;21:253–8.

	8.	 Rincon F, Ghosh S, Dey S, Maltenfort M, Vibbert M, Urtecho J, McBride W, 
Moussouttas M, Bell R, Ratliff JK, et al. Impact of acute lung injury and acute 
respiratory distress syndrome after traumatic brain injury in the United States. 
Neurosurgery 2012;71:795–803.

	9.	 Salim A, Martin M, Constantinou C, Sangthong B, Brown C, Kasotakis G, Demetriades 
D, Belzberg H. Acute respiratory distress syndrome in the trauma intensive care unit: 
Morbid but not mortal. Arch Surg 2006;141:655–8.

	10.	 Thurman DJ, Alverson C, Dunn KA, Guerrero J, Sniezek JE. Traumatic brain injury in the 
United States: a public health perspective. J Head Trauma Rehabil 1999;14:602–15.

	11.	 Brew K, Dinakarpandian D, Nagase H. Tissue inhibitors of metalloproteinases: 
evolution, structure and function. Biochim Biophys Acta 2000;1477:267–83.

	12.	 Brew K, Nagase H. The tissue inhibitors of metalloproteinases (TIMPs): an 
ancient family with structural and functional diversity. Biochim Biophys Acta 
2010;1803:55–71.

	13.	 Schrimpf C, Xin C, Campanholle G, Gill SE, Stallcup W, Lin SL, Davis GE, Gharib SA, 
Humphreys BD, Duffield JS. Pericyte TIMP3 and ADAMTS1 modulate vascular stability 
after kidney injury. J Am Soc Nephrol 2012;23:868–83.

	14.	 Arpino V, Mehta S, Wang L, Bird R, Rohan M, Pape C, Gill SE. Tissue inhibitor of 
metalloproteinases 3-dependent microvascular endothelial cell barrier function is 
disrupted under septic conditions. Am J Physiol Heart Circ Physiol 2016;310:H1455–.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.cdc.gov/traumaticbraininjury/get_the_facts.html
http://dx.doi.org/10.1097/01.CCM.0000155911.01844.54
http://dx.doi.org/10.1016/B978-0-444-52892-6.00014-3
http://www.ncbi.nlm.nih.gov/pubmed/18807680
http://dx.doi.org/10.1097/00003246-199007000-00019
http://dx.doi.org/10.1097/01.TA.0000071620.27375.BE
http://dx.doi.org/10.1016/j.jcrc.2005.12.012
http://dx.doi.org/10.1016/j.jcrc.2005.12.012
http://dx.doi.org/10.1227/NEU.0b013e3182672ae5
http://dx.doi.org/10.1001/archsurg.141.7.655
http://dx.doi.org/10.1097/00001199-199912000-00009
http://dx.doi.org/10.1016/S0167-4838(99)00279-4
http://dx.doi.org/10.1016/j.bbamcr.2010.01.003
http://dx.doi.org/10.1681/ASN.2011080851
http://dx.doi.org/10.1152/ajpheart.00796.2015


8 Hendrickson CM, et al. Trauma Surg Acute Care Open 2018;3:e000171. doi:10.1136/tsaco-2018-000171

Open access

	15.	 Ryu J, Vicencio AG, Yeager ME, Kashgarian M, Haddad GG, Eickelberg O. Differential 
expression of matrix metalloproteinases and their inhibitors in human and mouse 
lung development. Thromb Haemost 2005;94:175–83.

	16.	 Macgregor AM, Eberhart CG, Fraig M, Lu J, Halushka MK. Tissue inhibitor of matrix 
metalloproteinase-3 levels in the extracellular matrix of lung, kidney, and eye increase 
with age. J Histochem Cytochem 2009;57:207–13.

	17.	 Qi JH, Ebrahem Q, Moore N, Murphy G, Claesson-Welsh L, Bond M, Baker A, 
Anand-Apte B. A novel function for tissue inhibitor of metalloproteinases-3 (TIMP3): 
inhibition of angiogenesis by blockage of VEGF binding to VEGF receptor-2. Nat Med 
2003;9:407–15.

	18.	 Menge T, Zhao Y, Zhao J, Wataha K, Gerber M, Zhang J, Letourneau P, Redell J, Shen L, 
Wang J, et al. Mesenchymal stem cells regulate blood-brain barrier integrity through 
TIMP3 release after traumatic brain injury. Sci Transl Med 2012;4:161ra50.

	19.	 Gill SE, Huizar I, Bench EM, Sussman SW, Wang Y, Khokha R, Parks WC. Tissue 
inhibitor of metalloproteinases 3 regulates resolution of inflammation following acute 
lung injury. Am J Pathol 2010;176:64–73.

	20.	 Gibb SL, Zhao Y, Potter D, Hylin MJ, Bruhn R, Baimukanova G, Zhao J, Xue H, 
Abdel-Mohsen M, Pillai SK, et al. TIMP3 attenuates the loss of neural stem cells, 
mature neurons and neurocognitive dysfunction in traumatic brain injury. Stem Cells 
2015;33:3530–.

	21.	 Brohi K, Cohen MJ, Ganter MT, Matthay MA, Mackersie RC, Pittet JF. Acute traumatic 
coagulopathy: initiated by hypoperfusion: modulated through the protein C pathway? 
Ann Surg 2007;245:812–8.

	22.	 Howard BM, Kornblith LZ, Hendrickson CM, Redick BJ, Conroy AS, Nelson MF, Callcut 
RA, Calfee CS, Cohen MJ. Differences in degree, differences in kind: characterizing 
lung injury in trauma. J Trauma Acute Care Surg 2015;78:735-41.

	23.	 Hendrickson CM, Dobbins S, Redick BJ, Greenberg MD, Calfee CS, Cohen MJ. 
Misclassification of acute respiratory distress syndrome after traumatic injury: the cost 
of less rigorous approaches. J Trauma Acute Care Surg 2015;79:417–24.

	24.	 Hendrickson CM, Howard BM, Kornblith LZ, Conroy AS, Nelson MF, Zhuo H, 
Liu KD, Manley GT, Matthay MA, Calfee CS, et al. The acute respiratory distress 
syndrome following isolated severe traumatic brain injury. J Trauma Acute Care Surg 
2016;80:989–97.

	25.	 Contant CF, Valadka AB, Gopinath SP, Hannay HJ, Robertson CS. Adult respiratory 
distress syndrome: a complication of induced hypertension after severe head injury. J 
Neurosurg 2001;95:560–8.

	26.	 Fletcher JJ, Bergman K, Blostein PA, Kramer AH. Fluid balance, complications, and 
brain tissue oxygen tension monitoring following severe traumatic brain injury. 
Neurocrit Care 2010;13:47–56.

	27.	 Chhabra G, Sharma S, Subramanian A, Agrawal D, Sinha S, Mukhopadhyay AK. 
Coagulopathy as prognostic marker in acute traumatic brain injury. J Emerg Trauma 
Shock 2013;6:180–5.

	28.	 de Oliveira Manoel AL, Neto AC, Veigas PV, Rizoli S. Traumatic brain injury associated 
coagulopathy. Neurocrit Care 2015;22:34–44.

	29.	 Epstein DS, Mitra B, Cameron PA, Fitzgerald M, Rosenfeld JV. Acute traumatic 
coagulopathy in the setting of isolated traumatic brain injury: Definition, incidence 
and outcomes. Br J Neurosurg 2014:1–5.

	30.	 Epstein DS, Mitra B, O’Reilly G, Rosenfeld JV, Cameron PA. Acute traumatic 
coagulopathy in the setting of isolated traumatic brain injury: a systematic review and 
meta-analysis. Injury 2014;45:819–24.

	31.	 Kumar MA. Coagulopathy associated with traumatic brain injury. Curr Neurol 
Neurosci Rep 2013;13:391.

	32.	 McCully SP, Schreiber MA. Traumatic brain injury and its effect on coagulopathy. 
Semin Thromb Hemost 2013;39:896–901.

	33.	 Ploplis VA, Donahue DL, Sandoval-Cooper MJ, MorenoCaffaro M, Sheets P, Thomas 
SG, Walsh M, Castellino FJ. Systemic platelet dysfunction is the result of local 
dysregulated coagulation and platelet activation in the brain in a rat model of isolated 
traumatic brain injury. J Neurotrauma 2014;31:1672–5.

	34.	 Sillesen M, Rasmussen LS, Jin G, Jepsen CH, Imam A, Hwabejire JO, Halaweish I, 
DeMoya M, Velmahos G, Johansson PI, et al. Assessment of coagulopathy, endothelial 
injury, and inflammation after traumatic brain injury and hemorrhage in a porcine 
model. J Trauma Acute Care Surg 2014;76:12–20.

	35.	 Tian Y, Salsbery B, Wang M, Yuan H, Yang J, Zhao Z, Wu X, Zhang Y, Konkle BA, 
Thiagarajan P, et al. Brain-derived microparticles induce systemic coagulation in a 
murine model of traumatic brain injury. Blood 2015;125:2151–9.

	36.	 Fremont RD, Koyama T, Calfee CS, Wu W, Dossett LA, Bossert FR, Mitchell D, 
Wickersham N, Bernard GR, Matthay MA, et al. Acute lung injury in patients with 
traumatic injuries: utility of a panel of biomarkers for diagnosis and pathogenesis. J 
Trauma 2010;68:1121–7.

	37.	 Agrawal A, Matthay MA, Kangelaris KN, Stein J, Chu JC, Imp BM, Cortez A, Abbott J, 
Liu KD, Calfee CS. Plasma angiopoietin-2 predicts the onset of acute lung injury in 
critically ill patients. Am J Respir Crit Care Med 2013;187:736–42.

	38.	 Skibsted S, Jones AE, Puskarich MA, Arnold R, Sherwin R, Trzeciak S, Schuetz P, 
Aird WC, Shapiro NI. Biomarkers of endothelial cell activation in early sepsis. Shock 
2013;39:427–32.

	39.	 Yang KY, Liu KT, Chen YC, Chen CS, Lee YC, Perng RP, Feng JY. Plasma soluble 
vascular endothelial growth factor receptor-1 levels predict outcomes of pneumonia-
related septic shock patients: a prospective observational study. Crit Care 
2011;15:R11.

	40.	 Aisiku IP, Yamal JM, Doshi P, Benoit JS, Gopinath S, Goodman JC, Robertson CS. 
Plasma cytokines IL-6, IL-8, and IL-10 are associated with the development of acute 
respiratory distress syndrome in patients with severe traumatic brain injury. Crit Care 
2016;20:288.

	41.	 National Heart L, and Blood Institute. National Institue of Health. Prevention and early 
treatment of acute lung injury (PETAL Network). http://​petalnet.​org/

	42.	 Spragg RG, Bernard GR, Checkley W, Curtis JR, Gajic O, Guyatt G, Hall J, Israel E, Jain 
M, Needham DM, et al. Beyond mortality: future clinical research in acute lung injury. 
Am J Respir Crit Care Med 2010;181:1121–7.

http://dx.doi.org/10.1160/TH04-10-0656
http://dx.doi.org/10.1369/jhc.2008.952531
http://dx.doi.org/10.1038/nm846
http://dx.doi.org/10.1126/scitranslmed.3004660
http://dx.doi.org/10.2353/ajpath.2010.090158
http://dx.doi.org/10.1002/stem.2189
http://dx.doi.org/10.1097/01.sla.0000256862.79374.31
http://dx.doi.org/10.1097/TA.0000000000000583
http://dx.doi.org/10.1097/TA.0000000000000760
http://dx.doi.org/10.1097/TA.0000000000000982
http://dx.doi.org/10.3171/jns.2001.95.4.0560
http://dx.doi.org/10.3171/jns.2001.95.4.0560
http://dx.doi.org/10.1007/s12028-010-9345-2
http://dx.doi.org/10.4103/0974-2700.115332
http://dx.doi.org/10.4103/0974-2700.115332
http://dx.doi.org/10.1007/s12028-014-0026-4
http://dx.doi.org/10.3109/02688697.2014.950632
http://dx.doi.org/10.1016/j.injury.2014.01.011
http://dx.doi.org/10.1007/s11910-013-0391-y
http://dx.doi.org/10.1007/s11910-013-0391-y
http://dx.doi.org/10.1055/s-0033-1357484
http://dx.doi.org/10.1089/neu.2013.3302
http://dx.doi.org/10.1097/TA.0b013e3182aaa675
http://dx.doi.org/10.1182/blood-2014-09-598805
http://dx.doi.org/10.1097/TA.0b013e3181c40728
http://dx.doi.org/10.1097/TA.0b013e3181c40728
http://dx.doi.org/10.1164/rccm.201208-1460OC
http://dx.doi.org/10.1097/SHK.0b013e3182903f0d
http://dx.doi.org/10.1186/cc9412
http://dx.doi.org/10.1186/s13054-016-1470-7
http://petalnet.org/
http://dx.doi.org/10.1164/rccm.201001-0024WS

	Elevated plasma levels of TIMP-3 are associated with a higher risk of acute respiratory distress syndrome and death following severe isolated traumatic brain injury
	Abstrac
	Introduction
	Patients and methods
	Patients
	Sample collection and TIMP-3 measurements
	Data collection and outcome measures
	Statistical analysis

	Results
	Demographic and clinical features of the cohort
	Plasma TIMP-3 measurements
	Logistic regression models

	Discussion
	Conclusion
	References




