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Abstract

Objective—To determine whether d-dimer would be increased in children with traumatic brain
injury (TBI), specifically mild abusive head trauma (AHT).

Study desigh—D-dimer was measured using multiplex bead technology in 195 children <4
years old (n=93 controls without TBI, n=102 cases with TBI) using previously collected serum. D-
dimer was then measured prospectively in a clinical setting in 44 children (n=24 controls, n=20
cases). Receiver operator curves (ROC) were generated for prospective data.
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Results—In both the retrospective and prospective cohorts, median (251-75™ percentile) d-
dimer was significantly higher in cases vs. controls. An ROC demonstrated an area under the
curve (AUC) of 0.91 (95% CI: 0.83 — 0.99) in the prospective cohort. At a cut-off of 0.59ug/L, the
sensitivity and specificity for identification of a case was 90% and 75%, respectively.

Conclusions—Our data suggest that serum d-dimer may be able to be used to identify which
young children at risk for AHT might benefit from a head computer tomography or other
additional evaluation. Additional data are needed in order to better identify the clinical scenarios
which may result in false positive or false negative d-dimer concentrations.
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Abusive head trauma (AHT) is the leading cause of death from traumatic brain injury (TBI)
in infants. Proper diagnosis of AHT is difficult even for experienced, discerning clinicians
because often no history of trauma is provided, children present with non-specific
symptoms, such as vomiting or fussiness, and the physical examination is normal. 23 As a
result, misdiagnosis is common and can result in catastrophic medical and social
consequences. The importance of timely diagnosis of AHT cannot be overemphasized: if
unrecognized, child abuse can be an escalating form of trauma that often ends in disability
or even death.* 5

The frequency with which AHT is misdiagnosed and the resulting morbidity and mortality
are compounded by the lack of a well-established screening test to help physicians identify
children who might benefit from evaluation with cranial computed tomography (CT). The

role of this screening test would, therefore, be to identify the subset of infants and toddlers
for whom the treating physician should ‘think brain’ and order a head CT.

Over the past 10 years, we have reported on the possible use of both brain and non-brain
specific serum biomarkers as screening tools for infants at increased risk of missed AHT.6-9
During the same period, considerable efforts have been made to develop a biomarker panel
for adults with TBI that could be used as diagnostic and/or prognostic adjuncts.10 11
Development of useful biomarkers or panels of biomarkers for clinical practice is, however,
a long and arduous process.1?

There are numerous serum biomarkers which are already part of clinical practice and are
United States Food and Drug Administration (FDA)-approved for other uses. D-dimer is a
fibrin degradation product which gets its name because it contains two cross-linked D
fragments of the fibrin protein. It was introduced into clinical practice in the 1990s,
primarily as a test to rule out deep vein thrombosis and pulmonary embolus!3:14 and to
diagnose disseminated intravascular coagulation.1> As early as 1982, it was recognized that
pediatric TBI could result in perturbations of the coagulation system, although this study did
not specifically look at d-dimer concentrations.18 Several studies have demonstrated that
increased serum d-dimer concentrations are associated with poor outcome after TBI in
adults.1718 There is only a single pediatric study evaluating serum d-dimer after pediatric
TBI. In that study, Swanson et al’® measured serum d-dimer concentrations in 57 children
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with a history of closed head injury who underwent a head CT to evaluate for intracranial
hemorrhage. Forty of the 57 children had a Glasgow Coma Scale (GCS) score of 15; 20 of
the 57 had an abnormal head CT. Increased serum d-dimer concentrations were strongly
associated with an abnormal head CT (p < .0001) and this association was stronger than the
association with the GCS score. The negative predictive value (NPV) of a serum d-dimer
concentration <0.50pg/L was 94% for intracranial hemorrhage. As a result, the authors
proposed that children with a serum d-dimer concentration <0.50ug/L could safely be
discharged without a head CT. Interestingly, despite the encouraging results and a
supportive accompanying editorial comment, there have been no follow-up studies.

The objective of the current study was, therefore, to determine whether a serum d-dimer
concentration could help discriminate between children with and without brain injury,
specifically mild AHT. In order to accomplish this objective, we used both retrospective and
prospective cohorts. We hypothesized that children with brain injury would have increased
serum d-dimer concentrations compared with controls.

D-dimer was measured first in a retrospective cohort using multiplex bead technology. The
use of the retrospective cohort allowed for d-dimer to be screened as a potential marker in a
large number of patients using a very small volume of serum for each patient. A prospective
cohort was then used to assess the feasibility of d-dimer measurement in clinical practice.
Given the young age of children at risk for AHT, the ability to collect an adequate amount of
blood for d-dimer measurement is an important consideration. In addition, translation of
normal versus pathologic concentrations of d-dimer from multiplex bead technology to a
clinical laboratory can only be done using samples measured in a clinical laboratory.
Previously processed and/or frozen samples cannot be used to measure d-dimer in a clinical
laboratory and therefore prospectively collected specimens were needed.

Retrospective Cohort

Subjects in the retrospective cohort were selected from a serum bank which has been
established at the Safar Center for Resuscitation Research. This serum bank contains
hundreds of serum samples from cases and controls which were collected prospectively as
part of several IRB-approved studies.

Controls were selected from the serum bank if they were less than 4 years old and did not
have brain injury. The majority of these subjects did not have a head CT because there was
no clinical indication for one. The head CT was normal in those children who did have one.
Cases were selected from the serum bank if they were less than 4 years of age and had an
abnormal head CT secondary to trauma (eg, children with atraumatic abnormalities such as
hydrocephalus or brain tumor were not included). All cases in the retrospective cohort were
evaluated by the Children’s Hospital of Pittsburgh of UPMC Child Protection Team for
concerns of abuse; some were determined to be the result of abuse and others were not.
Determining whether an injury is the result of abuse based on the conclusion of a Child
Protection Team is frequently used in studies of AHT.# 20. 21 |n each case of AHT, the time
of injury was defined as the time when the child’s symptoms started or the time when a
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caretaker sought medical care for the child, whichever came first; this is an approach we
have used previously.8: 9

cohort

Subjects were eligible for enrollment if they were less than 4 years of age and were enrolled
in a prospective, IRB-approved parent study of children at increased risk for AHT. Consent
was obtained for controls and for subjects in which there was no concern for abuse. An IRB
approved waiver of informed consent was used in cases of suspected AHT. Subjects were
classified as controls if the head CT was either normal or not done and were classified as
cases if the head CT was abnormal. Unlike in the retrospective cohort, in which all cases had
TBI, subjects in the prospective cohort were included as cases if they had an isolated skull
fracture, or if there was any intracranial abnormality, whether it was traumatic or not. This
distinction is important because, in clinical practice, children with brain abnormalities, such
as hydrocephalus or a brain tumor, may present with the same non-specific symptoms as
children with AHT. Prior to using a biomarker such as d-dimer in clinical practice, it is
imperative to evaluate what type of abnormalities can and cannot be identified by d-dimer.
AHT, as well as the time of injury, was defined in this cohort in the same way as in the
retrospective cohort.

For all subjects in both cohorts, demographic data including age, sex, and mechanism of
injury (abuse or not abuse) were collected. Race was classified as white or not-white. As
part of clinical care, a GCS score was assigned for all trauma patients. CT scans and/or brain
MRI were evaluated by a pediatric neuroradiologist as part of routine clinical care. Subjects
were designated as a case or control based on whether the neuroimaging was abnormal or
normal, respectively. For the prospective cohort, data were also collected about the presence
of any extra-cranial injuries as well as the reason for presentation for medical care.

Biomarker measurement

Retrospective cohort: Blood was collected as soon as possible after arrival to the hospital.
Blood samples were spun at 5,000 RPM for 10 minutes. Serum was then removed and stored
at —70°C until analysis. D-dimer concentrations were measured using a d-dimer single-plex
assay (Affymetrix, Inc., Santa Clara, CA) according to the manufacturer’s instructions.
Because of the recognized kit-to-kit variability, 5% of samples were overlapped between
kits and the values among kits were normalized using a scaling procedure which utilizes
both concentration standards (CS) and quality control (QC) samples duplicated across
plates.

Prospective cohort: Blood was collected in a 3.2% sodium citrate tube and processed in the
CLIA (Clinical Laboratory Improvement Amendments) -certified hospital laboratory at
Children’s Hospital of Pittsburgh of UPMC according to standard procedure. Normal d-
dimer concentrations are defined as less than 0.5pg/L Fibrinogen Equivalent Units (FEU).
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Statistical Analyses

Results

SPSS 21.0 was used for all analyses. Descriptive statistics were used to characterize the
sample. Mann-Whitney tests were used to evaluate the difference between groups. Spearman
correlations were used to assess the relationship between d-dimer concentrations and clinical
variables, including time after injury and GCS score. For all analyses, p < 0.05 was
considered significant. Receiver operator curves (ROC) were generated for the prospective
data. Area under the curve (AUC) was calculated. Coordinate points of each curve were
evaluated for various levels of sensitivity and specificity.

Retrospective cohort

Prospective

A total of 195 subjects (n=93 controls, n=102 cases) were enrolled retrospectively. These
subjects received medical care at CHP between April 2002 and September 2012. There was
no difference in the proportion of males (56% vs. 57%) or the proportion of white children
(83% vs. 75%) between cases and controls. Cases were slightly, although statistically
significantly, older than controls (Median [25"-75™ percentile] age in months 5.4 [2.6/16.1]
vs. 4.4 [2.1/8.1], p=0.01).

Of the 102 cases, 66 (64.5%) had AHT with a GCS score of 13-15, 18 (17.5%) had AHT
with a GCS score of less than 13, 12 (12%) had non-AHT with a GCS score of 13-15 and
the remaining 6 (6%) had non-AHT with a GCS score less than 13. Therefore, 82% of the
cases were children with AHT and 76% of the cases had a GCS score of 13-15. Of the
cases, 37 (36%) had an isolated skull fracture or a skull fracture with an underlying subdural
hemorrhage, but no intraparenchymal injury, 55 (54%) had a subdural hemorrhage not
associated with a skull fracture, and the remaining 10 (9.8%) had other abnormalities, such
as chronic subdural hemorrhages.

Median (251-75 percentile) d-dimer was higher in cases vs. controls 0.43 (0.15/0.89) vs.
0.15 (0.83/0.25)ug/L. The corresponding Mann-Whitney test was significant (p < 0.001)
(Figure 1). There was no correlation between d-dimer concentrations and age, between d-
dimer and GCS score, or between d-dimer and injury mechanism (AHT vs. non-AHT).

In cases, the median (range) time after injury (in hours) when blood was collected was 11.4
(0.6-184) hours.

cohort

A total of 44 subjects (n=24 controls, n=20 cases) were enrolled prospectively (Table I).
These subjects received medical care at CHP between April 2013 and February 2014. There
was no difference in the proportion of males, the proportion of white children or the mean
age between cases and controls. Of the 24 controls, all presented with non-specific
symptoms such as vomiting, fussiness, or a seizure. Of the 20 cases, 4 presented with a
history of trauma, 4 presented with soft tissue swelling of the scalp without a history of
trauma and 16 presented with non-specific symptoms and no history of trauma. Brain
injuries among the 20 cases included acute subdural hemorrhages and/or intraparenchymal
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injury consistent with AHT (n=9), isolated skull fracture (n=3), a skull fracture with a
underlying subdural or epidural hemorrhage without parenchymal injury (n=4), isolated
chronic subdural hemorrhage (n=2), findings consistent with Sturge-Weber syndrome (n=1)
and a skull fracture with an associated carotid artery tear and middle cerebral artery stroke
(n=1). Therefore of 20 cases, 14 (9 subjects with AHT, 4 subjects with a skull fracture and
underlying hemorrhage and one subject with a stroke) had an acute intracranial injury. Mean
(SD) GCS score was 12.4 (4.4) with a median of 15. Thirty-five percent (7/20) of cases had
extra-cranial fractures; 4% (1/24) of the controls had extra-cranial fractures.

Median (251-75th percentile)_d-dimer concentrations were higher in cases vs. controls
(1.25 [0.70/4.25] vs. 0.44 [0.29/0.60] pg/L) FEU. The corresponding Mann-Whitney was
significant at p < 0.000. Blood was collected at a mean (SD) of 25.2 (20.2) hours after injury
in cases. In univariate analyses, there was a strong relationship between d-dimer
concentrations and age (r = 0.41, p = 0.006), between GCS score and d-dimer concentration
(r =-0.62, p < 0.000) and between GCS score and age (r = —0.38, p = 0.012). Because of
the small sample size and skew of the data, it was not possible to evaluate further the
relationships between GCS score, age, and d-dimer concentrations.

There was no relationship between GCS score and the time after injury when samples were
collected. There was no difference between the d-dimer concentration and the presence or
absence of extra-cranial fractures.

An ROC demonstrated an area under the curve (AUC) of 0.91 (95% CI: 0.83 — 0.99). The
probability of correctly classifying a randomly chosen subject as a case or control based on
the serum d-dimer concentration score was, therefore, greater than 90%. At a cut-off of
0.59ug/L, the sensitivity and specificity for identification of a case was 90% and 75%,
respectively.

Discussion

This exploratory study suggests that d-dimer may be able to be used as a marker of brain
injury in infants and young children who are at high risk for AHT. The AUC of >0.90 in the
prospective sample demonstrates that d-dimer is able to discriminate cases from controls
with close to perfect accuracy and may be more accurate than many of the non-FDA
approved biomarkers that we have previously evaluated in this population.8: 9 22. 23 Because
d-dimer is FDA-approved, it can already be measured as part of clinical practice both in
both pediatric and adult hospitals. Although AHT is often treated at pediatric hospitals, the
majority of children with AHT are initially evaluated in adult hospitals; this is also where
they are most likely to be misdiagnosed.24 Furthermore, use of a CLIA-approved
microtainer allows for d-dimer measurement using less than 2 mL of blood, an important
consideration in infants and young children.

Although Swanson et al® suggested a cut-off of 0.50pg/L to maximize the NPV, the
positive predictive value (PPV) may be more clinically relevant for our clinical dilemma
because of the difference in the clinical challenge being addressed in the two studies. In the
Swanson study, all subjects underwent head CT as part of standard practice and the goal of
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the d-dimer was to determine which subjects might not need to undergo head CT. In
contrast, in our target population, the role of d-dimer would be to identify the subset of
infants and toddlers who should undergo head CT in order to evaluate for unsuspected brain
injury and who might otherwise be discharged from medical care without imaging (e.g. a
‘think brain’ scenario vs. a ‘rule out brain’ scenario). This is consistent with the fact that of
the 16 controls with a d-dimer concentration <0.5ug/L, only 7(44%) underwent
neuroimaging as part of clinical care. Similarly, when d-dimer is used clinically to determine
which patients do not need to undergo evaluation for pulmonary embolus or deep vein
thrombosis, 13- 14 the NPV is the relevant statistic, and the PPV is used when d-dimer is used
to identify disseminated intravascular coagulation.15

The PPV of d-dimer at a cut-off of 1.0ug/L was 87% in our small cohort. Interestingly, the
two false positives were in children with conditions known to cause increase d-dimer
concentrations: aortic stenosis 2° and sickle cell disease.26-28 The NPV at this cut-off was
88%); two false negative subjects included one with an isolated skull fracture without
intracranial injury and one with chronic subdural hemorrhages without evidence of acute
injury. Although both of these injuries can be seen in children with child abuse, it would be
surprising if a serum biomarker of brain injury were increased in these injuries; an isolated
skull fracture is not associated with brain injury and even a serum biomarker with a long
serum half-life would not be present in the serum for weeks after an injury. It is important to
recognize that d-dimer cannot be used to make a diagnosis of abuse, but only to alert the
treating physician to the possibility of brain injury.

In the current study, we measured d-dimer at a single time point. Because most of our
subjects had a GCS score of 15, only one blood sample was collected as part of clinical care.
Additional study is needed to determine whether serial measurement of d-dimer could be
useful in the cohort of children with initial borderline d-dimer concentrations which will not
provide a clear clinical direction. The feasibility of serial blood sampling in the emergency
department might be problematic even if research data were to suggest an advantage to
serial d-dimer measurement. There are no studies to our knowledge which have looked at
serial d-dimer concentrations after adult or pediatric TBI, although there are limited data
related to serial d-dimer in critically ill adult trauma patients.2°

Finally, we were surprised that in our prospective sample, there was a strong relationship
between d-dimer concentrations and age, between GCS score and d-dimer concentration and
between GCS score and age. This relationship was not seen in the larger, retrospective
cohort. The lack of a relationship is unlikely due to a type Il error given the large sample
size. Additional prospective data are needed to further evaluate these differences.

In summary, our data suggest that a single serum d-dimer may be able to identify infants and
toddlers who would benefit from neuroimaging to evaluate for brain injury. Although we
recognize that a combination of biomarkers will likely to be more accurate than a single
biomarker,® 30 d-dimer may have the ability to provide an interim solution until more
accurate markers are available for clinical use. In addition, d-dimer should be strongly
considered for inclusion in any biomarker panel which is being developed, either within the
panel, or as a separate assay, given its clinical availability. Additional data are needed in
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order to better identify those clinical scenarios in which false positive and false negative d-
dimer concentrations are likely and to assess whether a combination of d-dimer with certain

cli

nical variables might provide higher accuracy than d-dimer alone.
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Figure 1.
Serum d-dimer concentrations in the retrospective cohort

J Pediatr. Author manuscript; available in PMC 2016 February 01.

Case

Page 10



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Berger et al.

204

d-dimer concentration (ug/ml FEU)

1

N — ==
T T

Control Case

Group

Figure 2.
Serum d—dimer concentrations in the prospective cohort
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Figure 3.

Received operator characteristic curve demonstrating ability to discriminate cases from
controls. AUC = 0.91 (95% CI: 0.83 — 0.99)
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Demographics of the prospective cohort

Table 1

Controls (n=24) | Cases (n=20) | p-value
Age [mean (SD)] (in months) | 6.4 (8.24) 11.6 (8.3) NS
Race (% white) 75% (18/24) 85% (17/20) | NS
Sex (% male) 58% (14/24) 50% (10/20) | NS
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