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Abstract
Correct management of infants after minor head trauma is crucial to minimize the risk to miss clinically important traumatic
brain injury (ciTBI). Current practices typically involve CT or in-hospital surveillance. Cranial ultrasound (CUS) provides
aradiation-free and fast alternative. This study examines the accuracy of radiologist-performed CUS to detect skull fracture
(SF) and/or intracranial hemorrhage (ICH). An inconspicuous CUS followed by an uneventful clinical course would allow
exclusion of ciTBI with a great certainty. This monocentric, retrospective, observational study analyzed CUS in infants
(< 12 months) after minor head trauma at Bern University Children’s Hospital, between 7/2013 and 8/2020. The primary
outcome was the sensitivity and specificity of CUS in detecting SF and/or ICH by comparison to the clinical course and to
additional neuroimaging. Out of a total of 325 patients, 73% (n=241) had a normal CUS, 17% (n=54) were found with SF,
and ICH was diagnosed in 2.2% patients (n="7). Two patients needed neurosurgery and three patients deteriorated clini-
cally during surveillance. Additional imaging was performed in 35 patients. The sensitivity of CUS was 93% ([0.83, 0.97]
95% CI) and the specificity 98% ([0.95, 0.99] 95% CI). All false-negative cases originated in missed SF without clinical
deterioration; no ICH was missed.

Conclusion: This study shows high accuracy of CUS in exclusion of SF and ICH, which can cause ciTBI. Therefore, CUS
offers a reliable method of neuroimaging in infants after minor head trauma and gives reassurance to reduce the duration of
in-hospital surveillance.

What is Known:

e Minor head trauma can cause clinically important traumatic brain injury in infants, and the management of these cases is a challenge for the
treating physician.

o Cranial ultrasound (CUS) is regularly used in neonatology, but its accuracy after head trauma in infants is controversial.

What is New:

o CUS performed by a trained radiologist can exclude findings related to clinically important traumatic brain injury (ciTBI) with high sensitivity
and specificity. It therefore offers reassurance in the management of infants after minor head trauma.
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Abbreviations

ciTBI Clinically important traumatic brain injury

CT Computer tomography

CUS Cranial ultrasound

ED Emergency department

ICH Intracranial hemorrhage

MRI Magnetic resonance imaging

PECARN Pediatric Emergency Care Applied Research
Network

SF Skull fracture

TBI Traumatic brain injury

Introduction

Head trauma is a common reason for emergency department
(ED) visits of infants [1, 2]. Most infants show no or only
minor symptoms and recover without consequences [3, 4].
However, 3—10% of infants with apparently minor blunt head
trauma have traumatic brain injury (TBI) such as intracranial
hemorrhage (ICH) or skull fracture (SF) on neuroimaging
[3]. One percent of them even have clinically important TBI
(ciTBI) requiring prolonged intensive care and/or neurosur-
gical intervention (as defined in the PECARN criteria by
Kuppermann et al. (2009)) [3]. Furthermore, while neuro-
logical assessments provide an indication on the severity
of the head trauma in older children and adults, they are
unreliable in infants [5—7]. Thus, it is very important to have
specific tools for ciTBI detection in infants.

The gold standard imaging modality to diagnose TBI is
head computer tomography (CT) [7]. However, CT exposes
patients to ionizing radiation, to which the developing brain
of children is particularly vulnerable [8—12]. To reduce the
number of CTs, the Pediatric Emergency Care Applied
Research Network (PECARN) introduced head injury pre-
diction rules in 2009 [3]. These guidelines recommend close
observation instead of CT in the absence of certain criteria
[3]. However, while PECARN criteria are useful to identify
patients not requiring CT, they lack specificity [13]. There-
fore, in clinical reality, the decision to order a CT is still
based on individual clinical judgment [14].

An alternative imaging modality without radiation is ultra-
sound. In infants, the open fontanel and the bone structure
allow for cranial ultrasound (CUS) to diagnose intracranial
hemorrhage [15, 16]. While routinely used in neonatology,
international guidelines do not currently recommend CUS
for diagnosis of TBI, claiming insufficient sensitivity [17].

CUS is regularly ordered in the Pediatric Emergency
Department at Inselspital University Hospital (Bern,
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Switzerland) after infant head trauma to assess for the pres-
ence of SF and ICH, which both correlate with a higher risk
for ciTBI [3, 18]. It is assumed that findings related to ciTBI
would show in CUS when performed by a trained radiolo-
gist. Yet, this has not been assessed previously. Furthermore,
to date, the management of infants with normal CUS is not
standardized. Most infants with a normal CUS are observed
for up to 24 h as per local guidelines. This allows for a direct
comparison of CUS-based diagnoses with the clinical course,
as well as additional neuroimaging in certain cases.

The aim of the presented study is to determine the diag-
nostic accuracy of CUS in detecting SF and/or ICH among
infants with minor head trauma. With the hypothesized high
accuracy, CUS could give reassurance to reduce the time of
clinical observation because of the decreased risk of ciTBI.

Material and methods
Study design

This study is a monocentric, retrospective, diagnostic accu-
racy analysis among infants referred to a pediatric radiol-
ogy department for CUS after head trauma. The study was
approved by the Local Ethics Committee of Bern, Switzer-
land. Consent was obtained from the parents of all partici-
pants included in the study according to ethics proposal.

Participants

Children younger than 12 months of age referred to the Pedi-
atric Radiology Department of the University Children’s
Hospital Bern between July 2013 and August 2020 for CUS
after head trauma were included. Eligible infants were iden-
tified through a search in the radiology information system.
Out of all subjects, those with head trauma as indication for
the CUS were selected. Head trauma included falls on the
head, blows to the head, high velocity trauma, and unclear
events possibly involving trauma to the head. Patients receiv-
ing CUS for different reasons, such as suspected meningi-
tis, and patients with known neurological diseases, such as
hydrocephalus, were excluded.

Demographic and clinical information was collected from
the clinical information system, including PECARN criteria,
time interval since the accident, neurological exam, duration
of hospitalization (surveillance over 6 h was regarded equal
to overnight admission [19, 20]), and final discharge diag-
nosis. The latter was categorized as concussion (if CUS was
normal), SF, ICH, SF with ICH, or other diagnosis.
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Index test

All CUS studies were performed or supervised by a board-
certified pediatric radiologist. Siemens Acuson S3000 with a
10-MHz sector transducer and a 9—18-MHz linear transducer
was used. The examination included thorough scans in coro-
nal planes starting in the frontal lobes progressing in poste-
rior direction, followed by sagittal and parasagittal planes. In
multiple cases, further images were added through axial, tran-
stemporal planes and coronal planes with a linear transducer.

Reference test

The clinical course during in-hospital surveillance was
regarded as reference and considered conspicuous in case of
vital sign instability or abnormalities in neurological exami-
nation. The rationale is that a ciTBI would show a conspicu-
ous clinical course, respectively ciTBI could be ruled out
when an inconspicuous CUS was followed by an uneventful
clinical surveillance [3]. Furthermore, where available, CUS
findings were compared to CT, MRI, skull radiographs, or
follow-up CUS and evaluated for additional information.

Analysis

The primary outcome was the sensitivity and specificity of
CUS as a method to detect abnormalities, which can lead to
ciTBI. These included SF and ICH as well as unclear find-
ings with recommendation for further investigation.

Data were collected in REDcap (Nashville, TN, USA).
After anonymization, statistical analyses were conducted
with Microsoft Excel (Redmond, WA, USA) and R 4.0.2
(Indianapolis, IN, USA). The data does not follow a nor-
mal distribution according to the Shapiro test for normality.
Therefore, the median values with 25th and 75th quantiles
are reported. The Kolmogorov—Smirnov test was used for
statistical comparison between different diagnoses, and cor-
responding p-values are indicated. Categorical variables are
presented in frequencies and percentages.

For primary outcomes, sensitivity and specificity with
confidence interval (CI) [21] and positive and negative pre-
dictive values as well as positive and negative likelihood
ratios were calculated, respectively.

Results

Between July 2013 and August 2020, a total of 734 CUS
in infants were accounted for, whereof 325 patients met
the inclusion criteria (Fig. 1).

Patient characteristics

The characteristics of the study population are listed in Table 1.
Additional characteristics can be found in supplementary
table 3. To facilitate a comparison between different final diag-
noses, columns with the corresponding subdivision were added.

Out of a total of 325 patients, 73% (n=241) had a normal
CUS and were diagnosed with concussion. SF was found in
17% (n=54), and ICH was diagnosed in seven patients, five
of whom showed both ICH and SF. SF was most often pari-
etal (n=25), followed by (parieto-)occipital (n=21), (pari-
eto-)temporal (n =6), and (parieto-)frontal (n=2). ICH were
classified as epidural (n=4), subdural (n=2), and intracer-
ebral (n=1). Accordingly, the majority (60%, n=3) of the
combined injuries had a parietal fracture with epidural hem-
orrhage. In 28 cases, a different diagnosis was found. These
included cases of suspected non-accidental injury (n=3), as
they required special management and neuroimaging (see
supplements for complete list of different diagnoses).

The median age of all patients was 3 months. No signifi-
cant difference in patient age was found for patients with
a normal CUS compared to patients with SF and/or ICH
(Kolmogorov—Smirnov test, p =0.23). The mechanism of
injury was most often a fall from a median height of 70 cm
(IQR 49-100 cm). The height of fall in patients with SF
and/or ICH was significantly higher (p =0.041). However,
the range was remarkable: five SFs were caused by falls
from less than 50 cm, and 59 falls from heights over 100 cm
caused no SF or ICH. In falls from height, there was a 19%
probability (45/248) for SF and/or ICH. This was lower for
other mechanisms of injury (10/77 =13%). Symptoms were
rarely reported (22%, 70/325), independent of the diagnosis.
On clinical examination, all patients were found to have a
GCS score of 14 to 15, and two-thirds of the total sample
showed skull hematoma. In cases with SF and/or ICH, skull
hematoma was always present, mostly non-frontal.

Additional imaging modalities were rarely ordered: four
CT and six MRI examinations were performed. The most
often used modality was skull radiography (n=22). Follow-
up CUS was performed in 12 cases. Additional neuroimag-
ing was more often performed in patients with SF and/or
ICH (23/56 vs. 7/241 in patients with normal CUS).

Neurosurgical intervention was necessary in only two
cases, both including impression SF without ICH. The need
for intervention was in both cases decided at first evaluation
and not due to deterioration during surveillance. The clini-
cal course on the other hand was conspicuous in three other
cases, two of which resulted in a different diagnosis (men-
ingitis and convulsion). The third case involved ICH, cor-
rectly having been diagnosed in the first CUS. The average
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referred from the ED
07/2013 - 08/2020

734 CUS performed in infants,

409 cases excluded, because:

¢ CUS for different reason than head trauma

325 infants receiving CUS * Declined general consent
after head trauma and
meeting inclusion criteria

¢ Incomplete medical history

290 CUS studies

and clinical course

35 CUS studies and clinical course with
additional Rx / CT / MRI / follow up CUS

4

241 Patients with 54 Patients with SF 7 Patients with 28 Patients with
normal CUS \ 5 Patients with ICH / ICH other diagnosis
= Concussion and SF

Fig. 1 Flow chart, development from the first search to final diagnosis.
All of the 325 infants included in the study were observed for several
hours, most of them (n=264) for over 6 h up to several days. CT com-

length of hospitalization was a median of 1.4 nights for all
patients. The latter varied significantly among different diag-
noses: while patients with a normal CUS stayed 0.9 nights
on average, for SF, the average hospitalization amounted to
3.2 nights, and with an (additional) ICH, the stay extended
to 3—7 nights.

Main outcome

Most of the diagnoses mentioned above were obtained
through the first ultrasound and were confirmed with a con-
sistent clinical outcome. The findings on CUS were incorrect
in nine cases. Table 2 shows the proportion of false-positive
and false-negative results. This corresponds to a sensitivity
of 93% ([0.83, 0.97] 95% CI) and a specificity of 98% ([0.95,
0.99] 95% CI). The positive predictive value was 0.91, the
negative — 0.99. The calculated diagnostic accuracy was
0.97.

The four false-negative cases originated from missed SF.
No ICH were missed (supplementary table 4). In all five
false-positive cases, SF were falsely diagnosed on CUS and
could not be confirmed in radiographs or after review of
the CUS. Two of these cases were found to have a different
diagnosis. A list of all false-positive and false-negative cases
can be found in supplementary table 5.

@ Springer

puter tomography, CUS cranial ultrasound, ED emergency department,
ICH intracranial hemorrhage, MRI magnetic resonance imaging, Rx
skull radiograph, SF skull fracture

Discussion

The starting point for this study was the fact that due to
the underexplored reliability of CUS, infants after minor
head trauma are additionally surveyed over several hours and
sometimes undergo additional neuroimaging. The here pre-
sented study found a high accuracy of CUS, with a sensitiv-
ity of 93% and a specificity of 98% to detect SF and/or ICH.
ciTBI is a complication of SF and ICH which need specialist
intervention by intensive care or neurosurgical intervention
and can therefore be excluded with a high accuracy.
International guidelines on management of head trauma
in infants do not recommend CUS, proclaiming a low sen-
sitivity in detecting small, peripheral ICH [17]. Neverthe-
less, the here presented study finds a high accuracy. Nota-
bly, false-positive and false-negative cases did not include
any missed ICH but only falsely suspected or missed SFs.
This result is in accordance with a study by Masaeli and col-
leagues [16]. They compared the findings of CUS to head
CT and found a sensitivity and specificity of 86% and 98%
in detecting ICH in children under 2 years of age. In another
study, McCormick et al. tested the accuracy of CUS by letting
two radiologists look at CUS images of patients with ICH
as well as matched controls without ICH [22]. Herein, the
sensitivity varied greatly between the two radiologists, being
50% and 100%, respectively. While the low number of ana-
lyzed cases (n=12) limits the reliability of that study, their
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Table 2 Proportion of correct

. L. Outcome (by clinical
and false diagnosis in the CUS.

CUS

) bl 45 course and/or additional
See supplementary table 4 an imaging

for further details

ICH and/or SF or abnormal Inconspicuous
finding

ICH and/or SF or abnormal 53*
finding

Inconspicuous 5

4 Sensitivity =0.93

263 Specificity = 0.98

Positive predictive value = 0.91, negative predictive value = 0.99, positive likelihood ratio = 50, negative
likelihood ratio = 0.07, accuracy = 0.97, diagnostic odds ratio = 697. CUS cranial ultrasound

*Including one case where CUS showed abnormal findings and not ICH and/or SF: findings suggestive for
meningitis, which were then confirmed by lumbar puncture

finding stresses the importance of well-trained radiologists
for interpreting CUS, as was the case in the here presented
study. Despite trained radiologists and a similar approach
to the results presented here, a recent study by Elkhunovich
et al. found only moderate sensitivity of 67% for the detec-
tion of ICH through CUS [15]. The reasons for the low sen-
sitivity are not clear. Elkhunovich et al. had CT or MRI as
a comparison in half of the cases, whereas in the here pre-
sented study, additional imaging was available in only 11%
of cases. Therefore, one may argue that small ICH, which did
not show clinical relevance during observation periods, could
have been under-diagnosed on CUS in the presented study.
Overall, the here presented results show that CUS is falsely
underrated for the diagnostics of ICH in infants. Performed
by well-trained radiologists, CUS is therefore suitable and
sufficient to rule out clinically relevant ICH.

SF occurred in 54 of 325 cases. There were four cases of
missed SFs and five cases of falsely suspected SF, resulting
in a sensitivity of 93% and a specificity of 98% for detection
of SF through CUS. Several previous studies focused on the
diagnostic of skull fracture through point-of-care ultrasound. A
recent meta-analysis by Alexandridis showed a sensitivity and
specificity of 91% and 96%, respectively, even when performed
by emergency residents with only little ultrasound training [18].
While high accuracy in detecting skull fractures could be dem-
onstrated in the study at hand, even more important is the fact
that all four missed SF did not correlate with ICH.

The correlation between SF and ICH has been widely
discussed. While several studies suggest that SF quadruples
the risk of ICH [3, 4, 6, 18], others show that in up to 50%
of ICH, no SF can be found [7, 23]. The here presented find-
ings suggest a rather strong correlation: in 71% (5/7) of ICH
cases, additional SF was diagnosed. Reciprocally, the risk of
ICH in combination with SF was 9% (5/54), whereas general
risk of ICH across the study was 2.2% (7/325), correspond-
ing to a fourfold increase in the risk of ICH in the presence
of skull fracture. A strong correlation between SF and ICH
supports the reliability of an inconspicuous CUS.
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Another risk factor for SF and ICH is trauma location.
Scalp hematoma on the frontal lobe was associated with SF
and/or ICH in only 3% (2/70), while parietal, occipital, or
temporal locations increased the risk up to 40% (54/136).
These findings are consistent with previous studies, which
found 5.6-6 times greater odds of ICH for temporal, parietal,
or occipital skull hematoma [23, 24].

Compared to international guidelines, the hospital of focus
in this study has a low threshold for hospitalization after head
trauma even after unremarkable CT or MRI and a normal neu-
rological examination. Only 19% (61/325) of the patients were
discharged within less than 6 h. Average surveillance time in
patients with normal CUS was 0.9 nights, for SF 3.2 nights,
and for ICH 4.3 nights, even without neurological symptoms.
The three cases of deterioration during surveillance included
two cases with different diagnoses, unrelated to head trauma,
and one case of ICH needing close observation but no neu-
rosurgical intervention. This low number of deterioration is
consistent with previous studies [25]. In a systematic review,
Donaldson and colleagues suggest that after an isolated lin-
ear skull fracture no admission is needed [26]. Admission is
associated not only with inconveniences for patients and their
parents but also with high healthcare costs.

Suggested role of CUS and clinical significance

Based on our findings, we propose the use of CUS performed
by trained radiologists in inconclusive cases with a moder-
ate risk for SF and/or ICH, e.g., in cases where PECARN
criteria recommend a CT, but clinical judgment questions
the need for it. Meanwhile, when no CT is recommended
according to PECARN criteria, there is neither indication for
CUS. Therefore, we suggest that a normal clinical examina-
tion and an inconspicuous CUS together with a good instruc-
tion for the parents could offer reassurance to reduce the
in-hospital surveillance of infants who present to the emer-
gency department after minor head trauma.
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Limitations

In this study, only patients receiving a CUS were included.
As it was impossible to determine the number of infants not
receiving any imaging study or undergoing directly a CT or
MRI, there might be a selection bias. This should be tested
in a prospective study. Furthermore, CUS were mostly com-
pared to the clinical outcome. The absence of a second imag-
ing modality in the majority of cases may, thus, lead to over-
estimating the sensitivity of CUS to detect all SF and ICH.
However, ciTBI would have been evident with deterioration
during surveillance. Therefore, reported sensitivity includes
all clinically relevant SF and ICH, while possibly leaving
small SF and fine ICH undetected. Another limitation — not
confined to the study — might be the smaller size of the
frontal fontanelle in older infants, which would decrease the
sensitivity of CUS, especially to detect small peripheral ICH.
During this retrospective analysis, the level of available
detail in medical records varied, rendering consistent clas-
sification challenging. Late-onset deterioration was assessed
by reviewing records from follow-up visits. Parents were
instructed to present to the same hospital, in case of dete-
rioration, but presentation elsewhere cannot be excluded.

Conclusion

This study aimed to determine the diagnostic accuracy of CUS
in the detection of SF and/or ICH after minor head trauma in
infants, which correlate with ciTBI. The results show a sen-
sitivity of 93% and a specificity of 98%. Furthermore, false-
negative cases only involved non-complicated fractures, and
no ICH was missed. Therefore, CUS offers a valid option for
neuroimaging in cases of moderate risk and gives reassurance
to reduce duration of in-hospital surveillance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00431-023-04939-9.
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