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Dynamics of cerebrospinal fluid 
levels of matrix metalloproteinases 
in human traumatic brain injury
Karolina Minta1*, Gunnar Brinkmalm1,2, Faiez Al Nimer3, Eric P. Thelin3,4, Fredrik Piehl3, 
Mats Tullberg5, Anna Jeppsson5, Erik Portelius1,2, Henrik Zetterberg1,2,6,7, Kaj Blennow1,2 & 
Ulf Andreasson1,2

Matrix metalloproteinases (MMPs) are extracellular enzymes involved in the degradation of 
extracellular matrix (ECM) proteins. Increased expression of MMPs have been described in traumatic 
brain injury (TBI) and may contribute to additional tissue injury and blood–brain barrier damage. 
The objectives of this study were to determine longitudinal changes in cerebrospinal fluid (CSF) 
concentrations of MMPs after acute TBI and in relation to clinical outcomes, with patients with 
idiopathic normal pressure hydrocephalus (iNPH) serving as a contrast group. The study included 
33 TBI patients with ventricular CSF serially sampled, and 38 iNPH patients in the contrast group. 
Magnetic bead-based immunoassays were utilized to measure the concentrations of eight MMPs 
in ventricular human CSF. CSF concentrations of MMP-1, MMP-3 and MMP-10 were increased in TBI 
patients (at baseline) compared with the iNPH group (p < 0.001), while MMP-2, MMP-9 and MMP-12 
did not differ between the groups. MMP-1, MMP-3 and MMP-10 concentrations decreased with time 
after trauma (p = 0.001–0.04). Increased concentrations of MMP-2 and MMP-10 in CSF at baseline were 
associated with an unfavourable TBI outcome (p = 0.002–0.02). Observed variable pattern of changes 
in MMP concentrations indicates that specific MMPs serve different roles in the pathophysiology 
following TBI, and are in turn associated with clinical outcomes.

Traumatic brain injury (TBI) is a complex disorder that comprises different types of pathophysiological disease 
processes, often resulting in life-long cognitive, behavioural and physical disabilities1,2. Annually, almost 70 
million people worldwide are affected by TBI3. The traumatic impact may cause stretching and tearing of axons, 
leading to microtubule disruption and impaired axonal transport4. In severe TBI, where structural lesions are 
apparent and the patient is unconscious, blood–brain barrier (BBB) disruption, mitochondrial dysfunction, 
oxidative stress and inflammation are common pathophysiological processes4. Early diagnosis of brain injury 
severity is important to prevent or reduce the gradually evolving secondary damages to the brain and thus 
improve patient recovery5. There are several scoring systems used to assess TBI severity. These include, among 
others, assessments of consciousness [Glasgow Coma Scale (GCS)6 and Reaction Level Scale-85 (RLS-85)7], 
consciousness in combination with structural injuries [Abbreviated Injury Scale (AIS)8], structural injuries on 
computed tomography (CT) scans of the brain (Marshall-CT9 classification, Rotterdam-CT score10, Helsinki CT 
score11 and Stockholm CT score12) and structural injuries on magnetic resonance imaging (MRI) (e.g. Firsch-
ing MRI score13). Prognosis of outcome following TBI is very important for the correct estimation of medical 
care and treatment, resulting in research endeavours like the International Mission for Prognosis and Analysis 
of Clinical Trials (IMPACT) in TBI consortium, establishing independent outcome predictors14. The Glasgow 
Outcome Scale (GOS) is the most commonly used assessment (5-point) of functional outcome following TBI15.

The extracellular matrix (ECM) surrounds cells in the central nervous system (CNS) and occupies approxi-
mately 20% of the brain tissue volume16. It is a highly dynamic structure that continuously undergoes controlled 
remodelling. The balance between the synthesis, development and degradation of ECM components is important 
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to ensure normal physiology17. However, in cases of altered expressions of matrix proteases, this homeostasis 
can be dysregulated, leading to various pathological conditions17.

Owing to its close contact with the brain, cerebrospinal fluid (CSF) is a relevant compartment for studies of 
biological and pathological processes that affect the brain and spinal cord. To date, there are several promising 
CSF biomarkers for brain tissue injury, e.g., neurofilament light (NFL)18,19, total tau (t-tau)18–22, S100 calcium-
binding protein B (S100B)19,23,24 and neuron-specific enolase (NSE)24. Even though NFL, NSE and S100B as blood 
biomarkers are used for brain injury25–28, there is a growing interest in CSF measurements of these proteins, 
mainly due to their higher abundance in CSF compared with blood. Several studies indicate that CSF concentra-
tions of NFL, t-tau, S100B and NSE are acutely elevated in TBI patients and progressively decrease over time18–24. 
However, still there is a great need to develop more neurochemical indicators reflecting additional pathological 
processes in TBI.

Matrix metalloproteinases (MMPs) belong to a multigene family of 23 extracellular endopeptidases29, and 
are involved in ECM turnover and degradation of its constituents. Changes of MMPs expression after TBI are 
implicated in the pathogenesis of more severe TBI30. For example, MMP-331 and MMP-932 gene knock-out mice 
show reduced BBB disruption, while MMP-7 and MMP-9 immunoreactivity is induced in active demyelinating 
human CNS lesions33.

MMPs can be detected and quantified in CSF and some studies have investigated their levels in CSF from 
TBI patients34,35. CSF levels of MMP-9 have been the most investigated in TBI and the studies consistently show 
increased CSF concentrations of MMP-9 following TBI34,35. Moreover, CSF MMP-9 concentrations have been 
shown to reflect TBI severity, with higher levels reported in patients with severe, compared with moderate, TBI34. 
Previous reports concerning other MMPs have shown increased CSF concentrations of MMP-3 in TBI patients 
compared with normal pressure hydrocephalus (NPH) group35, whereas CSF MMP-2 gave conflicting results, 
being either elevated34 or unchanged35 in TBI.

Thus, the most extensively investigated MMPs in TBI are MMP-2, MMP-3 and MMP-9. However, looking 
at wider array of MMPs is necessary to fully understand the dynamics of the individual MMPs on underlying 
pathophysiological processes in TBI and assist in the development of novel therapeutic targets to improve the 
outcome following TBI.

We hypothesized that the CSF concentrations of MMPs would be increased in TBI patients compared with 
the contrast group and that elevated levels would reflect the extent of damage to the ECM, and thus an unfa-
vourable outcome following TBI. To test the hypothesis we measured concentrations of eight different MMPs, 
combing unexplored in CSF MMPs (MMP-1, MMP-7, MMP-10 and MMP-12) and previously investigated 
MMPs (MMP-2, MMP-3 and MMP-9) in relation to TBI and iNPH, as the latter MMP set showed a potential 
to reflect the pathological processes in CSF.

Results
MMP CSF levels.  Comparisons of MMP CSF levels between TBI and iNPH patients.  Since there was an 
age difference between iNPH and TBI groups (Table 1), an age adjustment is needed. When corrected for age, 
CSF MMP-1, MMP-3 and MMP-10 concentrations were elevated in TBI patients at baseline (TP1) compared 
with iNPH patients (p < 0.001), while CSF MMP-2, MMP-9 and MMP-12 concentrations did not differ (Fig. 1). 
When age adjustment was not applied, CSF MMP-1, MMP-3, MMP-9 and MMP-10 concentrations were sig-
nificantly elevated in TBI group compared with iNPH patients (p = 0.001–0.01), while CSF MMP-2 showed a 
different change, being significantly decreased in TBI group compared with iNPH patients (p = 0.005). MMP-7 
was excluded from the analysis due to its high inter-variability (CV = 27%). MMP-13 was not detectable in CSF.

Longitudinal levels of MMP CSF levels in TBI patients.  Longitudinally, CSF concentrations of MMP-1 decreased 
significantly from TP 1 to TP 2 (p = 0.01), while MMP-3 and MMP-10 decreased from TP 1 to TP 2 and from TP 
1 to TP 3 (p = 0.001–0.04) (Fig. 2). There were no intra-individual changes in CSF MMP-2, MMP-9 and MMP-12 
concentrations in longitudinal samples (Fig. 2).

Table 1.   Participant demographics. Outcome prediction is dichotomized as unfavourable (GOS = 1–3) and 
favourable (GOS = 4–5). A total score of 3–8 for GCS or 4–6 for AIS indicates severe TBI. AIS abbreviated 
injury scale, GCS Glasgow Coma Scale, iNPH idiopathic normal pressure hydrocephalus, TBI traumatic brain 
injury.

Characteristic TBI (n = 33) iNPH (n = 38)

Gender, n (%)

Male 24 (73%) 28 (74%)

Female 9 (27%) 10 (26%)

Age, median (interquartile interval) 53 (42–63) 67 (59–70)

Outcome (favourable/unfavourable) 52%/48%

Trauma severity scoring, median (interquartile interval), % severe TBI

GCS 4 (3–9), 73%

AIS 5 (4–5), 87%
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Associations between MMP CSF levels and outcome.  Nearly half of the TBI patients (48%) included in this study 
were assessed with unfavourable outcome at 12 months after trauma (Table 1). The CSF MMP-2 (AUC = 0.77, 
p = 0.02) and MMP-10 (AUC = 0.85, p = 0.002) concentrations were significantly increased in TBI patients with 
unfavourable outcome compared with favourable (Fig. 3, Table 2). For MMP-1, MMP-3, MMP-9 and MMP-12 
there was no statistical difference in CSF concentrations between outcome groups (Fig. 3). Even though CSF 
MMP-1 and MMP-3 concentrations were not significantly different between the groups, they were increased 
in the unfavourable group at a trend level (AUC = 0.68–0.71) (Table 2). There are two clear subgroups in the 
unfavourable outcome of CSF MMP-2 measurements, where patients with higher concentrations were older 
(median = 65) compared with patients with lower concentrations (median = 50), that in turn are at the same age 
as patients in favourable group (median = 50). CSF MMP-9 and MMP-12 also exhibit two subgroups in favour-
able and/or unfavourable outcome. However, there is no clear age-dependence within these subgroups.

Association between MMP CSF levels and extracranial trauma.  Five TBI patients having the baseline meas-
urement (TP1) also suffered from extracranial trauma (Supplementary Fig. 1). There was no difference in CSF 
MMPs concentrations between patients with additional extracranial injuries and those with intracranial injuries 
only (Supplementary Fig. 1).

Interactions between CSF MMP levels and clinical variables.  The concentrations of MMP-1, MMP-2, MMP-3 
and MMP-10 correlated with each other in the TBI group (AUC = 0.62–0.95, p < 0.001) (Fig. 4). These MMPs also 
correlated significantly with each other in the iNPH group, but correlations were weaker (0.39–0.65, p = 0.001–
0.02) (Fig. 4). There was no or very weak correlation between MMP-9 or MMP-12 and other MMPs in the TBI 
group (AUC = − 0.13 to 0.31) (Fig. 4). In the iNPH group, MMP-12 correlated with MMP-1 and MMP-2, while 
MMP-9 correlated with MMP-1 and MMP-10 (AUC = 0.37–0.58, p = 0.001–0.02). However, MMP-1, MMP-2 
and MMP-10 correlated negatively with GOS (rho = − 0.41 to − 0.66, p = 0.001–0.04) (Fig. 5), thus higher MMP 
levels indicated a more unfavourable long-term functional outcome. None of the MMPs correlated with any of 
the severity scores such as GCS, AIS, Rotterdam CT or Marshall CT (Fig. 5).

Other biomarkers for brain injury.  The ROC analysis showed an excellent ability for the CSF NFL bio-
marker to discriminate between favourable and unfavourable outcome groups (AUC = 0.97, p = 0.002) (Table 2). 

Figure 1.   CSF concentrations for the measured MMPs for the iNPH and TBI groups. The horizontal lines 
represent the median and interquartile ranges. Statistical significance in CSF MMP concentrations between TBI 
group (time point 1; TP 1) and contrast (iNPH) group: ***p < 0.001. Analysis of covariance was used to examine 
the differences between the groups, accounting for the effect of age. N (number of patients): n = 38 for iNPH, 
n = 25 for TBI (TP1).
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Other brain injury biomarkers, CSF S100B and NSE, showed good, but not significant, separation between the 
two outcome groups (AUC = 0.67–0.77).

NFL correlated significantly with all MMPs, except MMP-9 (rho = 0.43–0.80, p ≤ 0.05) (Fig. 5). S100B and NSE 
correlated significantly with most of the MMPs, except MMP-9 and MMP-12 (rho = 0.53–0.81, p ≤ 0.05) (Fig. 5).

Discussion
The results indicate significant changes in the CSF concentrations of several MMPs following TBI, where main 
findings are that CSF MMP-1, MMP-3 and MMP-10 concentrations are increased in TBI patients compared 
with the contrast group and gradually decrease with time following brain injury. To our knowledge, this is the 
first report describing MMP-2 and MMP-10 as potential CSF biomarkers for clinical outcome prediction in TBI.

Biochemical processes implicated in TBI are complex and depend both on type of trauma and individual fac-
tors. While primary injury processes are closely associated with the type of trauma suffered and therefore difficult 
to avoid, subsequent secondary tissue disease processes represent a potential target for therapeutic interventions.

MMPs are known to be involved in secondary brain injury cascades that results in BBB disruption, haem-
orrhage and neuroinflammation36. However, the mechanisms and functional consequences of these proteases 
following TBI are largely unexplored. An improved understanding of the dynamics of the individual MMPs fol-
lowing brain injury would shed light on their role in TBI and potential as targets for therapeutic interventions.

The variability in the dynamic changes among MMPs following TBI and between the groups might indicate 
that various types of MMPs not only reflect different disease specific pathophysiological mechanisms but also 
play different roles in the same disease.

For instance, elevated CSF MMP-1, -3 and -10 concentrations in the TBI group could reflect increased deg-
radation of proteoglycans in this group and, hence, stimulate axonal recovery and synaptogenesis to create an 
open, accessible environment for reconnection in the injured brain. While some MMPs might be beneficial in 
restoring the homeostatic ECM following the brain injury, others can impose detrimental effects37. For instance, 
the increase of MMP-10 in TBI is also associated with unfavourable outcome following TBI. However, it is also 
possible that MMP elevation is initially beneficial, but when over-increased it becomes deleterious37. Moreover, 
it cannot be excluded that increased MMPs levels in CSF might be rather a result of their increased leakage from 
the brain tissue into the CSF in TBI than their increased production following TBI, or both.

As CSF MMP-2 and -12 levels are comparable in both the iNPH and the TBI groups, they might be more 
specific to the pathological processes that are common for iNPH and TBI, e.g., neuroinflammation, rather than 
stimulation of neurite outgrowth.

Figure 2.   Repeated measurements of MMPs in TBI patients at three time points (TPs). Repeated measures of 
six different MMPs (MMP-1, MMP-2, MMP-3, MMP-9, MMP-10 and MMP-12) in CSF, obtained at three TPs 
following TBI. Statistical significance: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. The differences between the longitudinal 
measurements were analysed using linear mixed effects model. The dashed lines represent the longitudinal 
median changes.
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The differential association of individual MMPs with specific pathological processes in TBI, could help to 
identify the targets for therapeutic interventions, depending on the observed pathology. However, it cannot be 
excluded that MMP production is a side effect of more complex processes in TBI, and therefore targeting them 
will not necessarily improve the outcome. Thus, further studies are needed to evaluate the role of individual 
MMPs in the pathophysiology of TBI. At this point, the CSF MMP-2 and MMP-10 concentrations presented in 
this study are proposed to improve the quality of clinical outcome prediction, and help clinicians to understand 
the patient’s condition and proceed with suitable treatment.

Figure 3.   Association between MMPs in CSF and outcome in TBI patients (at time point 1). The horizontal 
lines represent the median and interquartile ranges. Statistical significance in CSF MMP concentrations between 
favourable (GOS = 4–5) and unfavourable (GOS = 1–3) outcomes at the baseline following TBI: *p ≤ 0.05. 
Analysis of covariance was used to examine the differences between the groups, accounting for the effect of age. 
N (number of patients): n = 12 for favourable, n = 13 for unfavourable.

Table 2.   Summary of Receiver Operating Characteristic (ROC) analysis, favourable vs unfavourable 
outcome following TBI, of MMPs and brain injury biomarkers in CSF. Statistical significance in the CSF 
analyte concentrations between favourable and unfavourable outcomes in TBI: *p ≤ 0.05. Receiver Operating 
Characteristic analysis was performed to predict the unfavourable outcome following TBI. AUC​ area under 
the curve, MMP matrix metalloproteinase, NFL neurofilament light, NSE neuron-specific enolase, S100B S100 
calcium-binding protein B.

MMP AUC​ Cut off (pg/mL) Sensitivity (%) Specificity (%)

MMP-1 0.705 85.3 91.7 61.5

MMP-2 0.769* 2380 83.3 69.2

MMP-3 0.679 114 100 46.2

MMP-9 0.468 133 75.0 38.5

MMP-10 0.846* 166 83.3 76.9

MMP-12 0.635 9.75 66.7 69.2

Biomarker AUC​ Cut off (ng/mL) Sensitivity (%) Specificity (%)

NFL 0.969** 3480 100 87.5

S100B 0.766 22.8 100 50.0

NSE 0.672 43.0 100 50.0
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Prior studies have documented increased expression of several MMPs in the context of experimental models 
of TBI as well as in humans (reviewed in Ref.36). Under normal physiological conditions, MMPs have been shown 
to be expressed at low background levels that increase under pathological conditions36. The exception is MMP-2, 
which is continuously expressed in the brain38.

This study shows that MMP-1, MMP-3 and MMP-10 were increased in the TBI group compared with iNPH, 
representing a more chronic disease condition with less intense pathophysiology. Even though MMP-9 showed 
a clear trend to be increased in the TBI, lack of significant differences between iNPH and TBI groups might be 
partially explained by its association with age (since the difference between the groups lost its significance after 
age-adjustment). It is important to highlight that the iNPH group does not represent healthy individuals. Previ-
ous studies indicate that iNPH involves several pathophysiological changes including microglia and astroglial 
activation as well as axonal damage indicated by elevated CSF NFL levels39,40. Thus, it remains unclear if MMP-2 
is increased or unchanged compared with the non-pathological state in the iNPH group.

The decrease in CSF MMP-1, MMP-3 and MMP-10 over time after TBI is likely due to clearance mechanisms 
after an injury-induced initial increase, e.g., by endocytosis of α2-macroglobulin/MMP complexes41. MMP-2 
and MMP-9 showed no change in longitudinal data, which is in line with a previous study34.

Since most of the MMPs correlate with age, adding age as a co-variate in the LMM models is necessary. 
However, there could be hidden confounders when adjusting for age as age itself might be associated to the type 
of trauma the patient suffered from, e.g. younger patients usually have more diffuse brain injury. Nonetheless, 
when removing age from the LMM models, the longitudinal differences in CSF MMP-1, MMP-3 and MMP-10 
concentrations remained significant.

To our knowledge, this is the first report describing CSF MMP concentrations in relation to TBI outcome 
prediction. The results presented show that both MMP-2 and MMP-10 in CSF predict clinical outcome in TBI 
to a similar degree as S100B and NSE. Interestingly, there are two clear subgroups in the unfavourable outcome 
of CSF MMP-2 measurements. The association of CSF MMP-2 concentrations to age might explain this. The 

Figure 4.   Correlation matrix between the CSF concentrations of MMPs within TBI and iNPH groups 
separately. The correlation matrix displays Spearman’s correlation coefficients (rho) between the CSF MMP 
concentrations in TBI (lower-left part) and iNPH (upper-right part) groups. The darker and more red the box, 
the closer the correlation is to positive 1.

Figure 5.   Correlation matrix between the CSF concentrations of MMPs and biomarker for brain injury and 
severity/outcome scores. The correlation matrix contains Spearman’s correlation coefficients (rho) between each 
variable. GOS is used as an ordinal scale (GOS = 1–5) in correlation matrix. Statistical significance: *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001. AIS abbreviated injury scale, CT computerized tomography, GCS Glasgow Coma Scale, 
GOS Glasgow Outcome Scale, MMP matrix metalloproteinase, NFL neurofilament light, NSE neuron-specific 
enolase, S100B S100 calcium-binding protein B.
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patients with unfavourable outcome and lower CSF MMP-2 concentrations were younger compared with the 
subgroup with higher CSF MMP-2 concentrations, but similar in age when compared with favourable group.

Although CSF MMP-9 and MMP-12 concentrations also exhibit two subgroups in favourable and/or unfa-
vourable outcomes, there is no evident age-dependence within these subgroups. In support to that, there is no 
correlation between age and CSF MMP-9 or MMP-12 concentrations in the TBI group. The rest of the MMPs 
have even distribution within the same outcome group. However, since CSF MMP-2, -3 and -10 concentrations 
have significant correlations with age in the TBI group, it cannot be excluded that their levels generally increase 
with age, independently on outcome. Thus, the age-adjustment is necessary and was applied when investigating 
the group differences. Additionally, MMP-1 and MMP-3 were elevated at a trend level in unfavourable compared 
with favourable outcome. It is also important to note that NFL showed to be a superior marker for TBI outcome 
prognosis. Thus, a surrogate marker for axonal degeneration in CSF seems to illustrate the pathophysiology 
which is the primary determinant of outcome following TBI.

Even though MMP-1, MMP-2, MMP-3 and MMP-10 belong to different subgroups categorized based on 
MMP structure and substrate specificity, the significant correlations between them indicate that they might be 
regulated in similar ways and perhaps also exhibit related functions. Interestingly, their correlations are much 
higher in the TBI group compared with iNPH, suggesting that they reflect comparable biological and/or patho-
logical processes specific to TBI. Moreover, they highly correlate to other biomarkers reflecting brain injury, 
i.e., NFL, S100B and NSE, suggesting that they might be suitable biomarkers for both neuronal and astroglial 
damage. The lack or weak correlations of MMP-9 and MMP-12 to other MMPs and to brain injury biomarkers 
(NFL, S100B, NSE) indicate that they might measure different pathological changes.

The findings in this study show that individual MMPs have different dynamics in TBI. This might be due 
to the fact that MMPs are regulated by a wide variety of factors. For example, the activity of MMP-9 is mainly 
controlled by tissue inhibitor of metalloproteinases (TIMP)-1, while TIMP-2 is an important inhibitor for MMP-
242,43. Also, the binding affinities vary for different TIMP/MMP pairs44. For example, TIMP-2 and TIMP-3 are 
weaker inhibitors than TIMP-1 for MMP-3, contrasting with their affinities for other MMPs45. MMPs might 
also have different substrate preferences, e.g., MMP-2, but not MMP-9, degrades two brain-specific extracellular 
matrix proteins—brevican and neurocan46,47. The differential regulation and substrate preferences of individual 
MMPs can lead to variable pattern of changes in MMP concentrations, and thus, different dynamics in TBI.

A previous study using western blot methodology was unable to detect CSF levels of MMP-12 in both TBI 
and iNPH cohorts and CSF levels of MMP-3 and MMP-9 in the iNPH patients35. Our method could detect all 
studied MMPs in CSF, except MMP-13, which showed consistently low levels in all CSF samples. Furthermore, 
a previous study, investigating MMP levels in multiple sclerosis patients reported that CSF MMP-13 was present 
only in a small percentage of patients48. Moreover, to our knowledge, this is the first report describing human 
CSF levels of MMP-1, MMP-10 and MMP-12 in relation to TBI.

Lack of correlations between CSF MMP concentrations and trauma severity scoring systems suggest that 
MMPs might reflect pathologic changes in the brain other than those visualized using standard CT scans. 
Previously observed lack of association between CSF ECM protein concentrations and injury severity scores in 
TBI49 suggests that ECM-related proteins/enzymes in CSF may act as markers for different pathophysiological 
processes in TBI than currently used serum protein biomarkers which show good correlations to available CT 
scoring systems50.

Since the MMPs are not CNS specific, extracranial sources could contribute to the total CSF levels through 
the release of MMPs to CSF following other tissue injuries than brain. However, CSF MMP concentrations in 
the studied cohort are not influenced by extracranial trauma.

Among the strengths of this study are the well-characterized material based on brain injury biomarker data 
and clinical examination as well as access to ventricular CSF as EVD is a rare procedure and ventricular CSF 
probably better reflects brain pathological changes compared with lumbar CSF.

Finally, there are some limitations to the study that should be considered, the most important of which are 
some missing repeated measures for TBI patients and the lack of ventricular CSF from healthy controls. The 
study had a mainly exploratory aim, in which it was difficult to address the issue of multiple comparisons. It is 
also important to point out that MMP CSF levels act as a surrogate for cerebral MMP dynamics and might not 
express how these proteins are up/down-regulated or expressed throughout the brain. Additionally, the limited 
sample size prevented us from conducting multivariable analysis, which could confirm if MMPs in CSF are 
independent outcome predictors in TBI.

In conclusion, this study demonstrates significant changes in the CSF concentrations of several MMPs follow-
ing TBI. Different MMPs show different patterns in TBI suggesting that individual MMPs have different roles in 
the pathophysiology following brain injury. CSF MMP-2 and MMP-10 concentrations are able to discriminate 
clinical outcomes in TBI, similarly as other CSF biomarkers, i.e., S100B and NSE, which makes them promising 
candidate biomarkers for TBI outcome prognosis.

Materials and methods
Ethics.  The study was conducted according to the Declaration of Helsinki and ethical approvals were pro-
vided by the regional ethical board in Stockholm (#2005/1526/31/2) and in Gothenburg (154-05). Assent or 
written informed consent was acquired by the patients or next-of-kin.

Patient characteristics.  The study included 33 TBI patients requiring neuro-intensive care prospectively 
recruited at the Karolinska University Hospital (#2005/1526/31/2) (Table 1). The measurements of conscious-
ness levels, as defined by GCS6 assessed at admission to the hospital25, indicate that the majority of the patients 
(73%) suffered from severe TBI (GCS = 3–8) (Table 1), but all were deemed to require neuro-intensive care for 
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their injuries. Additionally, as determined by AIS8 assessed using data acquired during the first days of hospital 
stay25, 87% patients were severely or critically injured (AIS = 4–6) (Table 1). GOS was assessed by a questionnaire 
including key interview questions for GOS at approximately 12 months post injury25. In outcome prediction 
models, GOS scores were commonly dichotomized15 into favourable (GOS 4, 5), indicating moderate or full 
recovery and unfavourable (GOS 1–3) specifying death or severe disability. The cohort did not contain patients 
with GOS 2, representing persistent vegetative state. Multitrauma was defined according to the Advanced 
Trauma Life Support (ATLS) guidelines, and indicated significant extracranial trauma as previously described51. 
In the TBI cohort, CSF samples were collected through external ventricular drains (EVD) inserted in either the 
lateral ventricles or the third ventricle at three time points (TP) after TBI: TP 1 (1–6 days), TP 2 (5–10 days) and 
TP 3 (7–14 days) (Table 3). Samples were centrifuged for 15 min at 2000g, aliquoted and stored at − 80 °C. The 
samples underwent a total of two freeze–thaw cycles.

For ethical reasons, ventricular CSF is not possible to acquire from healthy individuals; instead 38 patients 
with iNPH were included in the study as a contrast group. Here, CSF samples were collected through a catheter 
entered into the right lateral ventricle at the time for shunt surgery.

Biochemical analyses.  MMPs were quantified using two Milliplex MAP Human MMP magnetic bead 
panels, HMMP1MAG-55K and HMMP2MAG-55K (EMD Millipore Corp., Billerica, MA, USA), following the 
manufacturer’s instructions. The human MMP Magnetic Bead panel 1 (HMMP1MAG-55K) was used for simul-
taneous quantification of MMP-3, MMP-12 and MMP-13, while MMP Magnetic Bead panel 2 (HMMP2MAG-
55K) measures MMP-1, MMP-2, MMP-7, MMP-9 and MMP-10. In brief, calibrators/quality controls/CSF sam-
ples, all diluted 1:2 in assay buffer, were incubated with antibody-magnetic beads mix on the pre-washed 96-well 
plate for 2 h. After repeated washes of the plate, biotinylated detection antibody was added to the plate and 
incubated for 1 h, followed by the addition of streptavidin–phycoerythrin concentrate for 30 min. After repeated 
washes of the plate, the beads were resuspended on a plate shaker using drive fluid (Luminex Corp., Austin, TX, 
USA) for min 5 min prior to reading. All washing steps were performed with the wash buffer using an automated 
magnetic 96-well plate washer (Bio-Plex Pro Wash Station, Bio-Rad, Mississauga, ON, Canada). All incubations 
were performed in the dark at room temperature on a plate shaker (600 rpm). The fluorescence was read in a 
Luminex Magpix xMAP 200 instrument (Luminex Corp., Austin, TX, USA) and analysed with the Luminex 
xPONENT Software version 4.2 (Luminex Corp., Austin, TX, USA).

The assays for the detection of NFL, S100B and NSE in CSF have been previously described25.
The data was not blinded to the researchers. The repeatedly measured samples, collected at different TPs from 

the same individual, were analysed adjacent to each other to reduce the within-subject variation of the meas-
urements. The contrast samples were randomly placed across a plate to reduce the impact of spatial systematic 
errors. All samples were run in duplicates.

Two quality controls (with low and high MMP concentrations) provided in the kits (EMD Millipore Corp., 
Billerica, MA, USA) were run in duplicates at the beginning and end of each plate. The analytical coefficients 
of variation (CV) of quality controls were ≤ 12% for repeatability and ≤ 15% for intermediate precision in all 
measured analytes.

Samples having a low net Median Fluorescent Intensity (MFI), below the limit of quantification, or samples 
having a high MFI, above the highest calibration point, were replaced with the values of the lowest or highest 
calibration point, respectively.

Statistical analyses.  Analysis of covariance was used to examine the differences between the two inde-
pendent groups, such as iNPH and TBI groups as well as favourable and unfavourable outcome groups, account-
ing for the effect of age. The differences between the longitudinal measurements obtained from TBI patients were 
analysed using linear mixed effects model. Repeated MMP measures were included in the model as dependent 
variables, time as fixed factor, individuals as random factors and age as a covariate. The selection of the covari-
ance matrix in the mixed model analysis was made using Akaike Information Criterion (AIC) index. Correla-
tions were assessed using Spearman’s rank correlation. Receiver Operating Characteristic (ROC) analysis was 
performed to predict unfavourable outcome of TBI patients based on the CSF MMP concentrations at baseline 
and to evaluate their prognostic ability when compared with other brain injury biomarkers (NFL, S100B and 

Table 3.   CSF MMP concentrations between TBI (three time points) and iNPH groups. iNPH idiopathic 
normal pressure hydrocephalus, MMP matrix metalloproteinase, TP time point, TBI traumatic brain injury.

MMP concentration median (interquartile 
interval)

TBI

iNPHTP 1 (n = 25) TP 2 (n = 22) TP 3 (n = 14)

MMP-1 (pg/mL) 162 (22.9–365) 22.8 (9.16–67.3) 39.0 (11.2–221) 6.31 (4.19–12.2)

MMP-2 (pg/mL) 2820 (617–12,300) 2860 (806–5,720) 2750 (1210–10,600) 7830 (545–10,800)

MMP-3 (pg/mL) 2300 (126–469) 349 (89–640) 297 (110–753) 202 (134–278)

MMP-9 (pg/mL) 246 (127–719) 221 (99.1–463) 179 (95.2–334) 24.8 (19.4–39.7)

MMP-10 (pg/mL) 179 (10.6–268) 35.3 (8.48–64.3) 41.9 (18.6–93.5) 8.17 (6.10–11.9)

MMP-12 (pg/mL) 9.32 (6.10–26.2) 12.3 (6.10–30.9) 17.9 (6.10–33.3) 6.10 (6.10–14.1)
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NSE). Areas under the curve (AUC) together with sensitivities and specificities were obtained as measures of 
performance for the tests.

All statistical analyses were performed using GraphPad Prism, version 7.03 (GraphPad Software, Inc., San 
Diego, CA, USA) and SPSS software, version 26 (IBM Corp., Armonk, NY, USA). All tests were two-sided and 
the probability of p ≤ 0.05 was considered statistically significant.

Data availability
The data supporting the findings in this study are available from the corresponding author, upon reasonable 
request.
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