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Abstract

Objective The effectiveness of decompressive craniectomy (DC) in the context of neurocritical care in adult patients has been
recently under debate. The aim of our study was to evaluate the impact of decompressive craniectomy in severe traumatic brain
injury (TBI) in children, focusing on short and long-term neurological and neuropsychological outcomes.

Methods Retrospective review of the medical records of children admitted at a level I trauma center, between January 2012 and
December 2015, submitted to DC due to severe TBI. Additionally, an extensive review of literature on this subject was carried
out.

Results Sixteen patients underwent DC for TBI at our institution during the evaluated period. 62.5% were males and the mean
age was 12 years. Road traffic accident (RTA) was the main mechanism of trauma (62.5%). Average Glasgow Coma Scale (GCS)
at admission was 5.2, whereas 75% of the patients presented with pathological pupillary reaction. Initial computed tomography
(CT) showed skull fractures in 62.5% and acute subdural hemorrhage (ASH) in 56.3% of the patients. The mean intracranial
pressure (ICP) was 27.2 mmHg prior to surgery, and the mean time window between admission and DC was 36.3 h. Unilateral
DC was performed in 68.8% of the cases. The average Glasgow Outcome Scale (GOS) at 6-month follow-up was 3.7, whereas
70% of the survivors presented good recovery (GOS 4-5). Abnormal pupillary reaction at hospital admission increased 3-fold the
risk of long-term neuropsychological disturbances. Follow-up evaluation revealed cognitive abnormality in 55.6% of the pa-
tients. The overall mortality at 6-month follow-up was 37.5%.

Conclusion The present study indicates towards a potential benefit of DC in children with severe TBI; nevertheless, our data
demonstrated a high incidence of neuropsychological impairment in the long-term follow-up. Psychological and cognitive
assessment should be computed in prognosis evaluation in future prospective studies.
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. 2014, whereas 37,200 children suffered severe TBI, with up to

Division of Pediatric Neurosurgery, Department of Surgery and oy . .
Anatomy, University Hospital, Ribeirdo Preto Medical School, 1.3 million life-years potentially adversely affected [2, 3].

<] Matheus Fernando Manzolli Ballestero
ballestero @gmail.com

University of Sdo Paulo, Ribeirdo Preto 14049-900, Brazil The presence of brain swelling and uncontrolled elevated
> Department of Medicine, Federal University of Sdo Carlos, Sio intracranial pressure (ICP) strongly correlate with outcome
Carlos, Brazil and are well-known causes of death and neurologic disability
3 after severe TBI [4—6]. Recently, randomized controlled clin-

Department of Neurosurgery, King’s College Hospital NHS : i ;
Foundation Trust, Denmark Hill, London, UK ical trials (RCTs) have evaluated the effectiveness of

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00381-019-04274-1&domain=pdf
http://orcid.org/0000-0001-6643-1207
mailto:ballestero@gmail.com

1508

Childs Nerv Syst (2019) 35:1507-1515

decompressive craniectomy (DC) as a salvage treatment for
refractory intracranial hypertension in the setting of severe
TBI in adults [6, 7].

Regarding the pediatric population, over half of the patients
develop intracranial hypertension following severe TBI.
Although DC has been proven to be highly effective in con-
trolling ICP both in adults and children, most studies address-
ing short- and long-term clinical outcomes in children consist
of case series or retrospective data analysis [8]. Therefore,
there is still no strong evidence advocating in favor or against
DC in severe TBI in the pediatric population, so that current
guidelines have been adapted from studies in adults [4, 9] and
recommend DC not as a stand-alone procedure, but associated
with surgery for evacuation of intracranial hematomas or in
case of neurological deterioration due to intracranial hyperten-
sion refractory to medical treatment [4, 8, 9]. Furthermore, to
the best of our knowledge, there is a lack of information on the
long-term cognitive and psychological function of these pa-
tients following severe TBI and DC.

In the current study, we aim to report on a single-center
experience with DC for the management of severe TBI in
children, addressing standard epidemiological, clinical, and
surgical aspects, but also emphasizing long-term cognitive
impairment, neurological, and psychological outcomes under
the light of the current literature.

Methods

A retrospective study was performed on medical records of a
total of 16 pediatric patients under 18 years old, submitted to
DC following severe TBI, between January 2012 and
December 2015, at a level I trauma center. Data regarding
age at hospital admission, gender, mechanism of injury, pre-
senting GCS score, initial radiological imaging, time window
from hospital admission to surgical treatment, neurological
outcome, and mortality were obtained from patient charts.
Additionally, long-term cognitive and psychological perfor-
mances were evaluated. Glasgow Outcome Scale (GOS) was
applied as outcome measure, whereas GOS 4 and 5 were
classified as “good outcome” and GOS 1 to 3, “bad outcome”
for statistical analysis.

Additionally, we searched PubMed/Medline for entries
with terms “decompressive craniectomy” and “traumatic brain
injury” until March 2019, limited to papers written in the
English and Spanish languages. The following inclusion
criteria were applied: reports of a total of 5 or more patients,
under 18 years old, decompressive craniectomy (unilateral,
bilateral, or bifrontal), and minimum follow-up of 1 month
after surgery. For the data analysis, only complete reports were
considered.

Descriptive and statistical analyses were performed using
SPSS 22 (SPSS Inc., Chicago, Illinois, USA). Chi-square test
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was performed to compare the distribution of categorical var-
iables, and a non-parametric Mann-Whitney U test was
employed to evaluate intergroup comparisons of continuous
variables. Kaplan-Meier log rank (Mantel-Cox) was applied
for survival analysis. p < 0.05 was considered as statistically
significant.

Results
Patient population and neurological evaluation

Sixteen children underwent DC for the treatment of severe
TBI in the studied period. The gender distribution consisted
of ten males (62.5%) and six (37.5%) females. The mean age
at hospital admission was 12 years (range (R) 0.42-17.0,
SD =4.7). Common mechanisms of traumatic injury were
road traffic accident (RTA) in 10 out of 16 patients (62.5%),
physical aggression in three (18.8%), fall in one case (6.3%),
gunshot in one patient (6.3%), and blunt head trauma in one
child (6.3%). The mean time from trauma to admission at the
emergency department was 2.45 h (R 0.7-14, SD=43.1).
Mean GCS at admission was 5.2 (R 3-13, SD=2.7).
Regarding pupil reaction to light at admission, we found bi-
lateral non-reactive mydriatic pupils in five (31.3%), unre-
markable reaction in four (25%), slow reactive pupils in four
(25%), and anisocoria in three (18.8%) patients. Abnormal
pupillary reaction to light at hospital admission increased 5-
fold the risk of death and was significantly associated with
unfavorable outcome (p = 0.04) (Fig. 1).

Neuroimaging characteristics

Initial CT imaging at admission was classified according to
Marshall et al. [10] as follows: Marshal II in 12.5% of the
cases, Marshall III in 56.3%, and Marshall IV in 31.3% of
the patients. Ten out of 16 (62.5%) children presented skull
fracture; nine (56.3%) patients, acute subdural hematoma; five
(31.3%), brain contusion; and two (12.5%), intraventricular
hemorrhage. Mean ICP prior to DC was 27.2 mmHg (R 4—
60 mmHg, SD =17.5).

Decompressive craniectomy and complications

The mean time window from hospital admission to surgical
DC was 36.3 h (R 2—144 h, SD =38.7). Primary DC (as soon
as admitted) was carried out in six children (37.5%). Eleven
(68.8%) out of 16 patients underwent unilateral DC, whereas
bifrontal craniectomy was performed in five children (31.3%).
No patient in this series underwent bilateral fronto-temporo-
parietal DC.

Nearly all patients developed clinical complications at
some point of the follow-up. Nosocomial pneumonia was
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Fig. 1 Kaplan-Meier survival
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diagnosed in 10 out of 16 patients (62.5%), trauma-related
hydrocephalus in five children (31.3%), meningitis or
ventriculitis in four (25%), and surgical wound infection in
three patients (18.8%).

Outcome

Mean hospitalization time was 55.9 days (3—373, SD =98.2).
Among patients who overcame the first 6 months after hospi-
tal discharge, the mean GOS was 3.7 (SD=1.25) and 4.1
(SD = 1.29) at 6-month and at two-year follow-up, respective-
ly, whereas 7 out of 10 patients (70%) presented good recov-
ery (GOS 4-5). The mortality rate at 1- and 6-month follow-
up was 31.2% and 37.5%, respectively.

Concerning the long-term psychological and cognitive
evaluations, four out of 10 children presented unremarkable
assessments, whereas two showed aggressive behavior, two
had mild cognitive impairment, one remained restricted to bed
in vegetative state, and one child with persistent severe cog-
nitive impairment. Interestingly, long-term neuropsychologi-
cal outcome was strongly correlated with the severity of neu-
rological presentation at admission. Abnormal pupillary reac-
tion to light at admission increased 3-fold the risk of long-term
psychological and cognitive disturbances at 6-month follow-
up (p=0.03).

Epidemiological features of the cohort extracted from the
medical files are summarized in Table 1.

Time (days)

Pearson’s chi-squared test x> or Mann-Whitney U test was
employed, accordingly, for statistical analysis. There was no sta-
tistically significant correlation between the following variables
and outcome: gender (p=0.6), age (<10 or >10 years) (p =
0.7), time window from trauma to hospital admission (<2 h or
>2h) (p=0.5), GCS at admission (p = 0.2), presence of brain shift
on initial CT scan (< 5 mm or >5 mm) (p = 0.6), ICP values prior
to DC (<20 mmHg or >20 mmHg) (p =0.4), Marshall classifi-
cation (p =0.8), surgical technique for DC (unilateral or bifrontal
(p=0.8), side of DC (p =0.9), primary or secondary DC (p =0.6),
and occurrence of post-operative meningitis (p =0.3). However,
length of hospitalization (< 30 days or >30 days) correlated with
outcome (good or bad), (p = 0.04), whereas the mean hospitaliza-
tion time was 79.7 (R 9-373) and 16.1 (3-55) days, among sur-
vivors and deceased patients, respectively. To compare continuous
variables, Mann-Whitney U test was performed; however, no cor-
relation with outcome the following variables could be established:
age (p=0.5), length of time from trauma to hospital admission
(p=0.6), brain shift (mm) (p = 0.5), length of time from trauma to
DC (p =1.0), and ICP (mmHg) prior to DC (p =0.4).

Literature review

Systematic review of the literature is summarized in Table 2.

A total of 183 peer-reviewed papers were found. Out of
them, only 14 publications (236 patients) matched our inclu-
sion criteria and were finally selected.
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Mean age among the 236 children submitted to DC across
the selected studies was 6.3 years (R 1.18—14.5), whereas 138
patients (58.5%) were male. The mean time from hospital
admission to surgery was 41.8 h (R 1.0-97.6). One hundred
eighty-five out of 236 (78.5%) children presented at admis-
sion with GCS < 8, whereas the mean value at admission
across studies was 5.6 (R 4.28-8.87). One hundred eighteen
out of 236 patients (50%) were admitted with anisocoria,
while 14.5% presented bilateral non-reactive mydriatic pupils.

Concerning initial radiological imaging, 48.8% presented
with acute subdural hematoma, skull fracture in 43.3%, mid-
line brain shift in 14.9%, diffuse brain edema in 34.3%, brain
contusion in 33.3%, epidural hematoma in 12.9%, and intra-
ventricular hemorrhage in 4.5%.

Unilateral decompressive craniectomy was performed in
70.7% of the patients, bilateral DC in 11.5%, bifrontal DC in
14.9%, and posterior fossa decompression in 2.9%. Primary DC
was carried out in 97 out of 236 (41.2%) children. The reported
overall mortality across studies at 1- and 6-month follow-up was
21.1% (47/223) and 20.9% (49/236), respectively. Mean GOS
was 4.0, whereas 81.8% of the survivors had good recovery
(GOS 4-5) and 18.2% unfavorable outcome (GOS 2-3).

Illustrative case

A 3 year-old male involved in a RTA was admitted at the
emergency department 40 min after TBI. At admission he
presented a GCS of 7, isocoric and reactive pupils, and unre-
markable vital parameters. The multidisciplinary trauma eval-
uation revealed polytraumatic injuries with multiple bone
fractures and splenic lesion. The CT scan of the head showed
no evidence of intracranial bleeding or severe edema.
Decision was taken to monitor the ICP, which was initially
within the normal range. Subsequent ICP monitoring showed
36 h after TBI a harsh and refractory to treatment increase of
ICP (up to 32 mmHg). Radiological imaging showed diffuse
severe brain edema (Fig. 2). Thereafter, a bifrontal DC was
performed. The patient recovered well and could be
discharged on the 37th day following TBI with a GOS of 5
(Fig. 2). Cranioplasty was performed uneventfully 55 days
after DC, and the patient followed-up regularly in a clinic.
Five years after TBI, although areas of left-sided temporal
and cerebellar encephalomalacia could still be identified on
MRI scan (Fig. 3), the patient presented good performance at
school and unremarkable cognitive and psychological
development.

Discussion

Primary brain injury develops immediately after trauma. Direct
forces to the head generate focal insults, such as intracranial
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contusion and hemorrhage. Acceleration-deceleration and rota-
tion forces can also create inertial effect, resulting in axonal
shearing and widespread damage to the central nervous system
[11]. Secondary brain injury is understood as an indirect result of
the primary injury, occurring minutes to weeks after TBIL.
Cerebral edema, impaired metabolism, altered cerebral blood
flow, formation of free radical, and excitotoxicity as well as ele-
vated ICP, coagulopathy, and seizures are well-known factors
that increase brain injury, potentially worsening clinical and neu-
rological outcomes [11-14].

Sustained increased ICP is strongly associated with death
and persistent disability following TBI [15]. When first-stage
measures fail to control ICP, salvage second-tier strategies can
be employed. The role of such strategies, such as barbiturate
coma, intermittent hyperventilation, hypothermia, and decom-
pressive craniectomy (DC), is under debated [4, 8, 11, 16].

Regarding adult population, the DECRA study suggested
that patients undergoing primary bifrontal craniectomy have
worse outcome than those receiving intensive medical care
alone [7]. On the other hand, the RESCUEicp study random-
ized 408 patients (aged between 10 and 65 years) with TBI
and refractory elevated ICP (>25 mmHg) to undergo second-
ary DC or receive best medical therapy only. Fifty-six (13.7%)
patients were under 18 years. Overall, DC resulted in lower
mortality (26.9% versus 48.9%), but higher rates of vegetative
state, “lower severe disability,” and “upper severe disability.”
The rates of moderate disability and good recovery were sim-
ilar in the two groups [17]. However, the subset of younger
patients within this cohort performed significantly better at 12-
month follow-up, where 45.4% of the patients in the surgical
group were independent at home, as compared with 32.4% of
children in the medical group (p =0.01) [9].

When comparing the present cohort with previously pub-
lished data, we found a higher prevalence of male subjects
(62.5% vs 58.5) and RTA as cause of TBI (62.5% vs 31.3%)
in our series. The mean age in this cohort was 12 vs 6.3 years;
however, the mean GCS at hospital admission was similar (5.2
vs 5.6). Initial early CT showed showed skull fracture in
62.5% (vs 43.3%), and acute subdural hematoma was present
in 56.3% (vs 48.8%) of the children. Average ICP before
surgery was slightly higher in the previously published studies
(mean =27.2 mmHg vs 31.6 mmHg) and DC was performed
later (mean time to DC 36.3 h vs 41.8 h). Regarding the
technique, 68.8% (vs 70.7%) of the patients in our cohort
had unilateral decompression, and 31.3% (vs 11.5%) had
bifrontal DC. In this cohort, primary DC was conducted in
37.5% (vs 41.2%) of children.

Six-month mortality rate was 37.5% in this cohort, com-
pared with 20.9% across reviewed studies. Furthermore, GOS
at 2-year follow-up was 4.1 vs 4.0, whereas 70% (vs 81.8%)
of survivors presented good long-term outcome (GOS 4-5).

The results of the present study corroborate with recent
publications showing that DC is effective in controlling ICP
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Fig. 2 Illustrative case—
admission axial CT showing brain
moderate swelling. a Preoperative
axial CT showing diffuse brain
swelling and cisternal effacement
(black arrow). b post-operatory
axial TC showing effective de-
compression and cisternal release
(white arrow)

and directly impacts on survival and neurological outcomes of
severe TBI in the pediatric population. The slightly higher
mortality rate in our series was directly related to a more
dramatic neurological presentation at hospital admission. In
our cohort, 75% of patients presented abnormal pupillary re-
action, whereas 31.3% had non-reactive pupils and 18.8%
anisocoric pupils at admission. The incidence of bilateral
non-reactive pupils in our cohort was 2.1-fold higher than
the average reported in the literature (Table 2), and abnormal
pupillary reaction was associated with a 5-fold increased risk
of bad outcome.

Fig. 3 Illustrative case. Follow-up MRI (4th year) showing posterior left-
sided temporal encephalomalacia (white arrow)

Pathologic pupillary reflex has been shown to be a prog-
nostic factor of unfavorable outcome following TBI in adults
and children, whereas isolated evaluation of GCS at admission
has limited value [18, 19]. Fulkerson et al. evaluated 67 chil-
dren with severe TBI and showed pupillary response to be the
factor most predictive of survival and outcome. If pupillary
reaction was not normal, the chance of survival dropped from
87 to 23% in that cohort [20].

Taylor et al. randomized 27 children with raised ICP to
clinical treatment (n=14) or decompressive bitemporal
craniectomy (n = 13) showing better outcome at 6-month fol-
low-up in patients submitted to DC, with an overall mortality
rate 0of 23.1% [21]. Authors described 70% of good outcomes,
while DECRA achieved only 37.3% and RESCUEicp 37.2%
[6, 7, 21]. Possibly, despite having similar mortality rates,
pediatric patients may present better functional outcome over
time.

Overall, these results indicate that early surgical decom-
pression associated with intensive medical therapy may in-
deed be life-saving and positively impact outcome in the pe-
diatric age group. Nevertheless, in our cohort, 55.6% of the
patients who survived the acute phase of TBI presented psy-
chological and/or cognitive impairment at long-term follow-
up, and this has to be considered and properly addressed with
patient’s relatives and caregivers when discussing prognosis.

The prevalence of cognitive impairment across all age
groups following intensive care treatment is estimated be-
tween 25 and 78% [22]. This is particularly alarming in the
pediatric population, potentially leading to significant and far-
reaching difficulties into adulthood, if not timely recognized
and intervened [22, 23]. Apart from TBI itself, other factors
associated to any critical illness and long stay in an intensive
care unit (ICU) have been related to long-term cognitive im-
pairment, such as hypoxia, glucose dysregulation, delirium,
sedatives, and use of opioids [24]. Other factors, such as social
economic status and education level of patient’s parents, may
also contribute to patient’s long-term cognitive outcome [22].

To the best of our knowledge, long-term psychological and
cognitive impairments following severe TBI and DC in

@ Springer
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children have not been specifically addressed so far. There are
few studies discussing psychological aspects of patients sub-
mitted to DC. Andruszkow et al. in a cohort including 2602
TBI patients found increasing incidence of anxiety and de-
pression associated with increasing age [25]. Furthermore,
TBI sustained in younger age has been associated with cogni-
tive impairment and cumulative effect on neuropsychologic
development at older age, the “growing into deficits” hypoth-
esis [2, 26, 27]. Brain damage during the phase of rapid mat-
uration and neuronal pruning in young children is a possible
explanation, as new functions rely on undamaged tissues [28].
In line with this, Max et al. found in a prospective study that
49% of a cohort of 75 children with TBI developed novel
psychiatric disorder in comparison with only 13% of patients
with isolated orthopedic trauma [29, 30], whereas Ahmadi
etal. reported a high prevalence of major depression following
TBI [31]. In our cohort, 22.2% of the children presented ag-
gressiveness, 22.2% mild cognitive impairment, 22.2% vege-
tative state, and 11.1% severe cognitive dysfunction at long-
term follow-up. None of the patients in this cohort developed
anxiety or major depression. Interestingly, post-traumatic ab-
normal pupillary reaction at admission significantly not only
increased the risk of unfavorable outcome and death but was
also strongly associated with the development of long-term
cognitive impairment among survivors.

The present study has some limitations, such as small sam-
ple size and the lack of a control group (i.e., patients submitted
to intensive medical treatment only), which precluded more
robust statistical analysis of the impact of DC on long-term
outcome.

Conclusions

The present study indicates towards a potential benefit of DC
in children with severe TBI; nevertheless, our data demon-
strated a high incidence of neuropsychological impairment
in the long-term follow-up. Post-traumatic pupillary dysfunc-
tion at admission is a predictor of unfavorable outcome and
long-term neuropsychological disturbances among children.
Rehabilitation goals have to be established by a multidisci-
plinary team upon admission and revisited throughout recov-
ery, focusing on strategies to compensate for cognitive deficits
and facilitate neurocognitive recovery, motor skill develop-
ment, and social reintegration. Psychological and cognitive
assessment should be computed in prognosis evaluation in
future prospective studies.
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