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Abstract

Cranioplasties are performed to protect the brain and correct cosmetic defects, but there is growing evidence that this
procedure may result in neurological improvement. We prospectively studied cranioplasties performed at our hospital over a
5-year period. The National Institute of Health Stroke Scale and Barthel index were recorded prior to and within 72h after
the cranioplasty. A perfusion computed tomography (PCT) and transcranial Doppler sonography (TCDS) were performed
prior to and 72h after the surgery. For the PCT, regions irrigated by the anterior cerebral artery, the middle cerebral artery
(MCA), the posterior cerebral artery, and the basal ganglia were selected, as well as the mean values for the hemisphere. The
sonography was performed in the sitting and the supine position for the MCA and internal carotid. The velocities, pulsatility
index, resistance index, and Lindegaard ratio (LR) were obtained, as well as a variation value for the LR (ALR =LR sitting —
LR supine). Fifty-four patients were included in the study. Of these, 23 (42.6%) patients presented with objective im-
provement. The mean cerebral blood flow of the defective side (m-CBF-d) increased from 101.86 to 117.17 mL/100 g/min
(p=0.064), and the m-CBF of the healthy side (m-CBF-h) increased from 128.14 to 145.73 mL/100 g/min (p=0.028). With
regard to the TCDS, the ALR was greater on the defective side prior the surgery in those patients who showed improvement
(1.295 vs. —=0.714; p=0.002). Cranioplasty resulted in clinical improvement in 40% of the patients, with an increase in the
post-surgical CBF. The larger variations in the LR when the patient is moved from the sitting to the supine position might
predict the clinical improvement.
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Introduction provement. Nevertheless, quantitative assessment of blood flow
with, for example, Xenon-enhanced computerized tomography (Xe-
CT),? depicts a “snapshot” of the patient’s CBF at a singular mo-
ment, but whether those changes are a static process irrespective of
time or body posture or rather a dynamic event is unknown.

We have prospectively studied a series of cranioplasties with
perfusion computed tomography (PCT) of the head and Doppler
ultrasonography in the vertical and horizontal positions in order to
identify the changes in cerebral hemodynamics and the short-term
neurological improvement, and whether they are related or not.

DECOMPRESSIVE CRANIECTOMY (DC) is a lifesaving procedure
performed in patients suffering intracranial hypertension
(ICHT) refractory to medical treatment. Several underlying con-
ditions, such as traumatic brain injury (TBI), spontaneous sub-
arachnoid hemorrhage, and malignant cerebral infarction, can
increase intracranial pressure and cause ICHT. The relative in-
crease in the use of this procedure and the improvement in the
survival rate have led to a growing number of patients who might
need a cranioplasty.'™

Classically, the benefits of a cranioplasty were primarily to protect  pethods
the brain and repair cosmetic defects. However, there are an in-
creasing number of publications suggesting that cranioplasties may ~ Fatients
result in neurological improvement via increased cerebral blood flow We prospectively studied cranioplasties performed at the 12 de
(CBF), and an improvement of cerebrospinal fluid (CSF) dynamics  Octubre Hospital in Spain from November 2009 to January 2014.
and cerebral metabolism.®?> Of these, the reported neurological Demographic data (e.g., age, sex, and medical comorbidities) were
improvement appears to be primarily associated with the CBF im-  collected. Patients who underwent DC because they had medically
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refractory intracranial hypertension due to their underlying pathol-
ogy were included. Patients who underwent DC for either tumor
infiltration of the bone or infection of the bone flap after a scheduled
craniotomy were excluded. The defective area was calculated by
measuring the largest diameter (D1) and the diameter perpendicular
to D1 (D2) inputted into the following ellipse formula: (D1/2 x D2/2
x ). Patients who underwent a bifrontal craniectomy were consid-
ered to have two defective sides, whereas the remainder of the
patients had one defective side and one healthy side.

A score on the National Institutes of Health Stroke Scale
(NIHSS) and the Barthel index were recorded for every patient the
week before the cranioplasty and between 24 h and 72 h after the
surgery. Objective improvement was defined as an improvement of
either at least 1 point in the NIHSS or 5 points in the Barthel index,
and it was considered to be a trephined syndrome case. Members of
the research team blinded to the Doppler and PCT results per-
formed the assessment in a standardized interview.

Concurrently, subjective improvement was recorded by either
asking the patient directly or speaking with his/her caregivers if the
patient was unable to answer. To quantify this improvement, the
unpleasant symptoms for the patients who were not amenable to
objective measure were recorded but the aesthetic improvement
was disregarded. The more diverse symptoms (i.e., headaches,
dizziness, insomnia, vague discomfort, etc.) were grouped under
the term ‘‘subjective symptoms.”

Surgical procedures

Swab cultures were taken from the bone during the DC, then the
bone flap was stored at —80°C in a tissue bank. The durotomy was
either C or X shaped, and the dura was closed with a biological
substitute as either an onlay (DuraGen®;) or with stitches (Tuto-
patch®;) based on the surgeon’s preference. For patients undergo-
ing a bifrontal DC, the falx cerebri was sectioned. No biological
glues or any other sealants were routinely used.

The cranioplasty was performed a variable amount of time after
the DC depending on the amount of time necessary to resolve the
underlying pathology that led to the decompression.

The material used for the cranioplasty was the autologous bone
flap, unless either the swab cultures were positive or the bone flap
deteriorated during harvesting. If the bone flap was unavailable,
then either computer-designed polyetheretherketone implants or
manually shaped implants constructed from acrylic cement were
used. A subgaleal drain was routinely used 24-72h after the pro-
cedure. Antibiotic prophylaxis (2 g of cefazolin) was administered
15-60 min prior to skin incision and 6h after completion of the
surgery. Depending on the surgeon’s preference, antibiotic ad-
ministration may be extended for up to 72 h after the surgery.

The use of a ventriculoperitoneal shunt (VPS) was reserved for
patients who present with obvious preoperative ventricular en-
largement, and it was performed simultaneously with the cranio-
plasty. Patients with either a ventricular size at the higher limit of
the normal range (Evan’s index between 0.3 and 0.4) or subdural
fluid collections were operated upon without VPS implantation. In
these cases, either a lumbar drain or ventricular puncture was used
before or during the procedure to avoid excessive pressure on the
brain parenchyma) because in our experience, most of these CSF
derangements resolve after the surgery.”? In cases involving a
persistent or progressive ventricular dilatation, a shunt was placed
during a second operation. To avoid confounding effects of DVP
implantation, patients who underwent both a cranioplasty and DVP
implantation at the same time were excluded from the analysis.

This study was revised and approved by the ethical committee at
the hospital (reference, CEIC n°: 11/083).

PCT technique and measurements

PCT was performed one week before the procedure and within
72 h after the operation. All of the imaging studies were performed
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on a six-slice spiral CT scanner. PCT consisted of a 25-sec series of
two slices during intravenous administration of contrast medium.
PCT studied a 2.4-cm slice of brain centered on the third ventricle,
obtaining two consecutive 1.2-cm thick images corresponding to
regions of the basal ganglia and main cerebral arteries. These brain
slices were continuously scanned, acquiring two consecutive 1.2-cm
thickness images during each cycle. A total of 10 cycles for each
slice were acquired at a rate of one cycle every 2.4 seconds after the
intravenous administration of an 80-mL bolus of contrast (Omni-
paque 300 mg/mL; General Electric,) into the cubital vein (18-
gauge needle) at a flow rate of 4 mL/sec. Image acquisition began
5sec after the injection of contrast. The acquisition parameters
were 120 kvp and 80 mA using a 512 X 512 matrix. All images were
analyzed using perfusion software developed by Philips (), which
produces quantitative PCT data based on temporal changes in
signal intensity during the first pass of a bolus of an iodinated
contrast agent. This software relies on the central deconvolution
principle to obtain different flow parameters. Deconvolution re-
quires an operator to identify an artery and a vein.

Four regions-of-interest (ROIs) were drawn on each hemisphere
corresponding to white matter related to the territory of the major
cerebral arteries (anterior, middle, and posterior cerebral arteries
[ACA, MCA, and PCA, respectively]), as well as to basal ganglia
(BG). Measurements of the mean transient time (MTT), time to
peak (TTP), cerebral blood volume (CBV), and cerebral blood flow
(CBF) were performed in each ROI. An average value of the four
ROIs of each hemisphere was calculated for every measurement
(MTT, TTP, CBV and CBF). Each ROI was named according to
the cerebral artery responsible for their irrigation (Fig. 1). PCT
quantitative data were obtained by two independent neuroradiolo-
gists who were unaware of the patients’ clinical status.

Transcranial Doppler sonography

All patients were evaluated by transcranial Doppler sonography
(TCDS) 1 week before and within 72 h after cranioplasty. Every
study was performed at the patients’ bedside with the patient re-
laxed, and maintenance of a consistent environment was attempted
(e.g., room temperature, humidity, visual stimuli, noise, etc.). In
every study, both the MCA and internal carotid artery (ICA) were
insonated first with the patient in the sitting position; then the pa-
tient was placed at the supine position for 5min, and the mea-
surements were repeated.

In this study, we recorded TCDS measurements with a hand-held
transducer in a range-gated, pulsed-wave mode at a frequency of 2-
6 MHz (ProSound Alpha 6, Aloka®;). The MCA was examined
through the temporal window at a depth of 45-55 mm using a 300-600
insonation angle with angle correction. We used the lowest setting for
sample size and wall filter. Aliasing artifacts were eliminated by
optimum baseline correction. After a frozen stable waveform was
obtained, the peak systolic velocity (PSV), end diastolic velocity
(EDV), and mean blood flow velocity (MV), as well as the pulsatility
index (PI=PSV-EDV/MYV) and resistance index (RI=PSV-EDV/
PSV), which are automatically calculated by the transducer software,
were obtained by cursor pointing. The ICA was insonated through the
submandibular window at a depth of 40-60 mm, and the PSV, EDV
and MV were obtained. The Lindegaard ratio (LR =MCA-MV/ICA-
MV) was calculated for both sides in the sitting and supine positions.
For every value obtained, a variation value (A=variation) was
calculated by subtracting the value in the supine position from the
value in the sitting position. For example, the LR variation was cal-
culated as follows: ALR=LR sitting — LR supine (Fig. 2).

Statistical analysis

SPSS® statistical software (version 20.0;) was used for the data
analysis. All TCD and PCT values are presented as the mean +
standard deviation. An unpaired t-test was used for parametric
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FIG. 1.

Perfusion computed tomography. Left: a slice centered on the third ventricle. Regions of interest are placed over brain

parenchyma perfused by the anterior, middle, and posterior cerebral arteries (ACA, MCA, PCA), and basal ganglia (BG). An artery and
vein are selected for software processing. Right: Cerebral brain perfusion map obtained with the partial deconvolution paradigm.

statistics analysis between quantitative parameters and the presence
of objective clinical improvement; if the distribution did not allow the
use of the #-test, a non-parametric test, such as the Mann-Whitney U
test, was used. Comparisons of the changes between the groups were
computed with Student’s 7-test. Associations with categorical vari-
ables were explored using either the y test or the Fisher’s exact test
(the latter when expected cell sizes were smaller than five). A bi-
variate correlation was used to investigate the relationship between
the NIHSS improvement (as a continuous variable) and the quanti-
tative parameters. Results with p <0.05 were considered to be sta-
tistically significant, whereas p < 0.08 was considered to be a trend. A
95% confidence interval is given when considered appropriate.

A multivariate analysis was performed to identify independent
predictors for clinical objective improvement after cranioplasty
using a binary logistic regression. Variables with significant p
values in univariate analyses, as well as pre-surgical variables, were
considered to be independent variables in the multivariate analysis.

Results

Sixty-one patients (22 women and 39 men) harboring 54
hemicraniectomies and seven bifrontal craniectomies were pro-
spectively analyzed, with a total of 68 defective sides and 54 nor-
mal sides. For various reasons (e.g., technical issues, patients or
family not providing consent, etc.), seven patients were excluded
from the analysis. Of the remaining 54 patients (61 defective sides),
49 completed the full study, five were studied with TCDS but not
with PCT, and seven were studied with PCT but not with TCDS
(Fig. 3). The 12 patients who did not participate in the full study
were unable to so because either the PCT or TCDS were unavail-
able within the time frame designated for the study.

The average size of the bone defect was 69.5 cm? (standard de-
viation [SD], 24.5 cmz; median, 73.51 sz; range, 19.5-149.5 sz;
asymmetry coefficient, 0.23). The average size of the largest di-
ameter was 9.81cm (SD, 2.29; median, 10.5; asymmetry coeffi-

cient, —1.66). The average time elapsed between the DC and
cranioplasty was 309 days (SD, 237 days; median, 268 days; range,
25-1217 days; asymmetry coefficient, 1.42; Fig. 4).

The mean age was 41.7+15.53, the NIHSS and Barthel pre-
surgical values were 5.77 (x 7.24) and 72.37 (= 30.99), respec-
tively, and the post-surgical values were 5.05 (£ 7.31) and 75.93 (£
30.27), respectively. Twenty-three (42.6%) patients presented with
objective improvement and 31 (57.4%) with subjective improve-
ment. Of those who improve objectively, 12 (21%) improved 1
point in the NIHSS, eight (14.5%) improved 2 points, one (1.8%)
improved 3 points; and two (1.8%) improved 5 points in the Barthel

A Lindegaard Index

Trephined 0,041
No-

-0,71 .
Trephined ' 0

FIG. 2. Doppler studies are performed in the sitting position, then
the patient is positioned supine and the measurements are repeated
after 5 min. The Lindegaard ratio (LR) is obtained in each position,
and a variation value is calculated by subtracting the supine from the
sitting values (ALR =LR sitting — LR supine). The ALR is greater in
the defective side of patients who had neurological improvement.
After the surgery, the variation is negligible on both sides.
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61 patients (7 bifrontal
craniectomies)

2 patients excluded:
received VP shunt
synchronously

5 patients excluded:
TCDS y PCT unavailable

54 patients remaining (7
bifrontal): 61 defects
sides

7 patients studied with u

5 patients patients 42 patients (7 bifrontal,
. studied with TCDS (but total 49 defect sides)
PCT (but not with TCDS) | not with PCT) completed the full study
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FIG. 3. Flowchart of the patients studied. Of the 61 patients operated, 54 were included in the study, with a total of 61 defective sides
studied. Of these, seven patients did not undergo TCDS and five did not undergo PCT. VP shunt, ventricle-peritoneal shunt; TCDS,

transcranial Doppler sonography; PCT, perfusion computed tomography.

index (without NIHSS improvement). The mean improvement
values for the NIHSS and Barthel were 0.5273 and 1,727, respec-
tively. Most of the patients were originally decompressed because
of either a head injury (59%) or a spontaneous hemorrhage
(16.5%). A detailed description has been reported elsewhere.?
With regard to the PCT measurements, nearly all of the values
improved (improvement defined as either a decrease in the TTP and
MTT or increasing CBV and CBF; Fig. 5), in both in the defective
and normal sides; however, when a Student’s 7-test was applied,
only a few variables were statistically significant: the TTP of the
MCA on the defective side decreased from 21.719 to 19.512 sec
(p=0.046), the MTT of the MCA on the defective side decreased
from 8.241 to 6.26 sec (p=0.014), and the CBV of the PCA on the

normal side increased from 10.67 to 13.38 mL/100 g (p=0.026).
Additionally, the mean CBF on the defective side (m-CBF-d) in-
creased from 101.86 to 117.17 mL/100 g/min ( p=0.064; trend) and
the m-CBF on the healthy side (m-CBF-h) increased from 128.14 to
145.73 mL/100 g/min (p=0,028; Table 1).

Differences in the PCT between those who improved (trephined)
and those who did not are shown in Table 2, compared with an
unpaired #-test. It is remarkable that there were no statistically
significant differences when the values of the defective side in the
pre-surgical examination were compared (trephined vs. un-
trephined). In the healthy side, the patients who showed improve-
ment appeared to present better perfusion values (pre-surgical
m-CBF-h 148.31 vs. 111.32mL/100 g/min; p=0.04) and shorter
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FIG. 4. Histogram of the distribution of the time to cranioplasty (A), area of the defect (B), and largest diameter (C). Time to
cranioplasty might appear too long, but the histogram shows that the majority of the patients are grouped on the left side. Similarly, the
largest diameter might be confounded by some of the small values, but the majority are grouped on the right tail.
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FIG. 5. Mean values of the time-to-peak (TTP), mean-transition-time (MTT), cerebral-blood-volume (CBV), and cerebral-blood-flow
(CBF) of the defective and healthy sides before and after the surgery. There was an increase in the CBF in both sides after the surgery as
well as a decrease in the TTP and MTT, along with a small increase of the CBV on both sides.

transition times (m-MTT-h 5.43 vs. 7.82 seconds; p=0.039) than
those who did not. In the post-surgical examination, the CBF on the
healthy side appeared to be even better in patients who showed
improvement, compared with the patients who did not show im-
provement (173.47 vs. 122.62 mL/100 g/min; p=0.049). When the
difference in the CBF between the healthy and defective sides was
calculated (ACBF=[m-CBF-d]-[m-CBF-h]), there was a marked
difference in favor of the healthy side in patients who showed
improvement (-14.31 vs. +12.8 mL/100 g/min; p=0.049), which

was even larger after the surgery (-16.16 vs. +16.8; p=0.068) al-
though not statistically significant (Fig. 6). The CBF changes
([post-surgical m-CBF] — [pre-surgical m-CBF]) on the defec-
tive side of patients who either did or did not show neurological
improvement were 11.47 and 7.92mlL/100 g/min, respectively
(p=0.873), and the CBF changes on the healthy side were 26.76
and 13.10 mL/100 g/min, respectively (p=0.614).

The values obtained from the Doppler studies are shown in
Table 3. When comparing the pre- and post-surgical values, the

TABLE 1. PErrusioN CT

Defect Healthy
Pre-surgery Post-Surgery p value Pre-surgery Post-Surgery p value
TTP in sec TTP TTP
ACA 20.350 20.211 20.310 19.486
MCA 21.719 19.512 p=0.046 19.454 18.951
PCA 21.285 19.972 20.438 19.760
BG 20.055 18.838 19.015 18.687
Mean 20.836 19.520 19.812 19.221
MTT in sec MTT MTT
ACA 9.017 8.899 6.945 6.480
MCA 8.241 6.260 p=0.014 6.541 5.430 p=0.071
PCA 7.641 6.859 6.622 6.353
BG 7.461 6.689 6.845 6.011
Mean 8.050 7.150 6.738 6.068
CBV in mL/100 g CBV CBV
ACA 6.537 6.521 6.989 7.338
MCA 10.456 10.580 10.713 11.332
PCA 8.947 11.017 p=0.079 10.678 13.382 p=0.0026
BG 7.561 8.000 6.941 7.578
Mean 8.310 9.010 8.830 9.907
CBF in mL/100 g/min CBF CBF
ACA 71.28 90.98 p=0.057 107.66 121.05
MCA 119.36 136.73 151.24 168.82
PCA 108.96 133.89 136.28 166.02
BG 109.07 108.03 117.39 127.00
Mean 101.860 117.170 p=0.064 128.140 145.730 p=0.028

Student’s #-test for paired data was applied to compare the pre- and post-surgical values; the p values are reported if they were less than 0.08 (trend) or

if they were less than 0.05 (statistically significant).

CT, computed tomography; TTP, time to peak; ACA, anterior cerebral artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; BG, basal
ganglia; MTT, mean transient time; CBV, cerebral blood volume; CBF, cerebral blood flow.
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TABLE 2. TREPHINED (IMPROVEMENT) AND PERFUSION CT
Pre-surgery p value Post-surgery p value Pre-surgery p value Post-surgery p value
TTP in sec TTP Defect TTP Healthy
trephined Yes No Yes No Yes No Yes No
ACA 20.813 19.991 N.S 21.651 19.177 N.S 21.074 19.673 N.S 19.714  19.296 N.S
MCA 22976 20.776  N.S 20.606 18.726  N.S 19.222  19.648 N.S 19.245 18.706 N.S
PCA 22.407 20.443 N.S 21.103 19.123 N.S 20.707  20.214 N.S 20.065 19.505 N.S
BG 21.535 18945 N.S 19.681 18.205 N.S 19.054 18982 N.S 19.315 18.164 N.S
Mean 21911 20.031 N.S 20471 18.808 N.S 20.033  19.629 N.S 19.585 18918 N.S
MTT in sec MTT Defect MTT Healthy
trephined Yes No Yes No Yes No Yes No
ACA 8.743 9.221 NS 9.457 8.498 N.S 5.694  7.988 0.059 6.704 6294 NS
MCA 7.998 8.424 N.S 6310 6420 N.S 5.059  7.776 0.031 5.058 5740 NS
PCA 6.912 8.188 N.S 7312 6519 NS 6.096  7.061 N.S 5959  6.683 N.S
BG 6.855 7916 N.S 7250  6.268 N.S 4.886  8.478 0.01 5.781 6.204 N.S
Mean 7.536 8.436 N.S 7450 6926 N.S 5434  7.825 0.039 5.875 6.230 N.S
CBV in mL/100 g CBYV Defect CBYV Healthy
trephined Yes No Yes No Yes No Yes No
ACA 5988 6926 N.S 7288 5971 NS 6986 6992 N.S 8.225 6.600 N.S
MCA 10.046 10.764 N.S 11.620  9.834 N.S 11964 9.671 N.S 14.707 8.519 0.002
PCA 10.010  8.151 NS 11.900 10354 NS 11.837  9.712 N.S 13.946 12913 NS
BG 8.185 7.094 NS 8.668  7.499 N.S 7.696 6312 N.S 8.988  6.403 0.057
Mean 8.432 8235 NS 9.808 8.414 N.S 9.620  8.172 N.S 11466  8.609 N.S
CBF in CBF Defect CBF Healthy
mL/100 g/min
trephined Yes No Yes No Yes No Yes No
ACA 65.338  75.699 N.S 108542 78357 N.S 111.579 104395 N.S 145.251 100.888 N.S
MCA 120.055 118.841 N.S  136.565 136.851 N.S  181.115 126.344 0.031 193.855 147.953 N.S
PCA 128.095 94.604 N.S 162.046 112.766 N.S 159.674 116.778 N.S  208.467 130.653 N.S
BG 126385 96.091 N.S 109.307 107.077 N.S 140.907 97.787 0.024 146.257 110.958 N.S
Mean 109.288 96.303 N.S 128401 108.763 N.S 148318 111.326 0.04 173.474 122.612 0.049

An unpaired r-test was applied and grouped based on either the presence or absence of improvement (trephined yes or no); p values are reported if they were
less than 0.08 (trend) or if they were less than 0.05 (statistically significant). The remainder of the values is presented as not significant. There were no differences
between trephined and not trephined on the defective side either pre- or post-surgery. On the healthy side, we observed a statistically shorter MTT in patients who
showed improvement, as well as higher pre-surgical CBF values and higher postsurgical CBV values compared to patients who were not trephined.

CT, computed tomography; TTP, time to peak; ACA, anterior cerebral artery; N.S., not significant; MCA, middle cerebral artery; PCA, posterior
cerebral artery; BG, basal ganglia; MTT, mean transient time; CBV, cerebral blood volume; CBF, cerebral blood flow.

majority of the differences were small, with only few achieving
statistical significance. The variation of the mean velocities and the
LR when the patient is moved from the sitting to the supine position
trended towards a reduction after the surgery, but this was not
statistically significant. However, when a r-test is applied (Table 4)
to compare each value in patients who showed neurological im-
provement with those who did not, interesting differences were
observed: the ALR was significantly higher in the defective side
before the surgery in patients who showed improvement (1.295 vs.
—0.714; p=0,002), compared with those who did not (Fig. 7). The
ALR was much smaller after the surgery, and there was no longer a
significant difference in the variation of the LR when the patient was
moved from sitting to supine position in either the defective or
healthy sides (Fig. 2). The variation in the values of the pre-surgical
LR is primarily due to the velocities of the ICA, which presented
significantly lower velocities in the sitting position in patients who
showed improvement, compared with those who did not (pre-
surgical sitting m-ICA-d 14.37 cm/sec vs. 24.22 cm/sec, respective-
ly; p=0.,007). That difference in the ICA velocity was not observed
in either the healthy side prior to surgery or in either side after surgery
(Table 4). There were no significant differences in the PI or resistance
index of the ICA in either position before or after the surgery.

A bivariate correlation was used to investigate the relationship
between the variation of the NIHSS as a continuous variable and the

pre-surgical continuous variables. The ALR (r=+0.272; p=0,037),
the pre-surgical m-MTT-h (r=-0,252; p=0,049) and the pre-
surgical m-CBV-h (r=+0.27; p=0.039) were observed to have a
significant correlation with the variation of the NIHSS.

Once these results were obtained, the statistically significant
variables were used in a multivariate analysis using a binary logistic
regression. Based on our previously published data,? the size of the
craniectomy and early surgery status (i.e., surgery performed
within 85 days of the DC) were included in the analysis. Once the
variables with no statistically significant associations were re-
moved, the ALR, m-MTT-h, early surgery status, and craniectomy
size remained in the model. A higher odds ratio (OR) was calcu-
lated for the ALR, which was 3.098 (1.560-6.153; p=0 001). The
constant of the equation was 1.614, and the coefficients were 0.053
for the DC size, 1.131 for the ALR, 4.126 for the early surgery
status, and —1.069 for the m-MTT-h (Table 5).

The probability of improvement in a patient who had an “early
operation” with a DC of 71 cm?, a ALR of 0.1, and an m-MTT-h of
6.6sec (which represent the mean values for the quantitative vari-
ables) is 92% (p=OR/1+OR; OR=e[a+bl+b2+b3+b4]; R square
of Nagelkerke=0.615. —2Log [likelihood]=44.697). The Hosmer-
Lemeshow goodness of fit test was p=0.304; therefore, the model is
considered to fit well. The area under the curve of the receiver operating
characteristic curve derived from the model is 0.897 (0.819-0.976).
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FIG. 6. Cerebral blood flow (CBF) asymmetry. When the CBF value obtained in the perfusion CT of the healthy side is subtracted
from the defective side, a great asymmetry in favor of the healthy side (14.31 mL/100 g/min more in the healthy than in the defective
side) is observed in patients who showed neurological improvement, whereas the asymmetry favors the defective side (12.8 mL/100 g/
min more in the defective than in the healthy side) in patients who showed no improvement. These findings are more pronounced after
the surgery.

TABLE 3. DOPPLER, PRE- AND POST-SURGERY

Pre-surgery Post-surgery p value Pre-surgery Post-surgery p value

MCA sitting cm/sec MCA sitting, defect MCA sitting, healthy

Systolic 71.740 64.373 63.388 75.583

Dyastolic 26.715 25.239 24.431 29913 0.075

Mean 43.090 38.206 37.156 43.726
MCA Supine cm/sec MCA supine, defect MCA Supine, healthy

Systolic 66.000 59.146 69.695 66.408

Dyastolic 26.804 23.189 0.051 28.886 25.798 0.063

Mean 40.165 35.831 41.467 39.252
ICA sitting cm/sec ICA sitting, defect ICA sitting, healthy

Systolic 47.169 44.652 46.387 39.958

Dyastolic 10.828 10.650 12.205 10.443

MEAN 20.242 19.495 21.257 18.055 0.067
ICA supine cm/sec ICA supine, defect ICA supine, healthy

Systolic 37.660 39.879 37.038 40.823

Dyastolic 9.833 10.462 10.798 10.245

MEAN 16.822 17.905 18.025 18.583
LR Lindegaard index, defect Lindegaard index, healthy

Sitting 2.828 2.445 2.163 2.294

Supine 2.731 2.381 2.899 2.512

ALR (Sitting-Supine) 0.097 0.064 -0.736 -0.180

A t-test for paired data was applied to compare each side with itself before and after the surgery. There was a small decrease in the MCA diastolic
velocity on both sides after the surgery. Insignificant p values have been left blank.
MCA, middle cerebral artery; ICA, internal carotid artery; LR, Lindegaard ratio.
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TABLE 4. DOPPLER AND TREPHINED

Pre-surgery Post-surgery
Trephined Trephined
Yes No p value Yes No p value

MCA Sitting cm/sec MCA sitting, defect

Systolic 76.30 68.65 66.42 62.98

Dyastolic 29.67 24.72 25.40 25.13

Mean 46.78 40.59 38.21 38.21
MCA Supine cm/sec MCA supine, defect

Systolic 54.40 73.86 62.43 56.92

Dyastolic 24.18 28.58 24.26 22.46

Mean 35.28 43.47 36.97 35.06
ICA sitting cm/sec ICA ssitting, defect

Systolic 32.88 56.85 0.008 37.98 41.16

Dyastolic 8.13 12.65 0.024 10.50 10.44

Mean 14.37 24.22 0.007 16.86 18.61
ICA Supine cm/sec ICA supine, defect

Systolic 38.79 36.89 37.98 41.16

Dyastolic 10.40 9.45 10.50 10.44

Mean 17.26 16.53 16.86 18.61
LR Lindegaard index, defect

Sitting 3.692 2242 0.029 2.454 2.439

Supine 2.397 2.957 2413 2.358

ALR(sitting-supine) 1.295 -0.714 0.002 0.041 0.080

Pre-surgery Post-surgery
Trephined Trephined
Yes No P value Yes No P value

MCA Sitting cm/sec MCA sitting, healthy

Systolic 73.29 56.81 72.26 78.03

Dyastolic 30.94 19.89 29.05 30.55

Mean 45.80 33.37 41.24 46.00
MCA Supine cm/sec MCA supine, healthy

Systolic 65.42 74.29 62.15 69.55

Dyastolic 27.45 30.48 24.89 26.47

Mean 39.77 45.79 36.09 41.97
ICA sitting cm/sec ICA sitting, healthy

Systolic 34.66 54.47 37.20 42.00

Dyastolic 10.64 13.42 9.91 10.84

Mean 17.54 24.16 17.00 19.01
ICA Supine cm/sec ICA supine, healthy

Systolic 30.96 41.02 0.069 33.75 46.05

Dyastolic 9.90 11.47 9.52 10.78

Mean 15.45 20.04 16.07 20.44
LR Lindegaard index, healthy

Sitting 2.797 1.715 2.941 1.815

Supine 3.032 2.853 2.558 2479

ALR(sitting-supine) -0.235 -1.138 0.472 —-0.664

Student’s t-test was applied to compare patients who improved with those who did not (i.e., trephined yes or no). The LR varied greatly when moving
from sitting to supine in the defective side of patients who showed improvement, but there was little to no variation after the surgery. This is primarily due
to a lower ICA velocity in the sitting position in patients who showed improvement. When Student’s #-test resulted in a p value greater than 0.08, the box

was left blank.

MCA, middle cerebral artery; ICA, internal carotid artery; LR, Lindegaard ratio.
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FIG. 7. Variation of the Lindegaard ratio from the sitting to
supine positions. The variation was greater prior to surgery in
patients defined as trephined (i.e., patients showing improvement
after surgery), and the difference was statistically significant when
Student’s #-test was applied to patients who showed improvement
vs patients who did not. d, defective; h, healthy.

Discussion

The trephined syndrome was first described by Grant and Nor-
cross** in 1939 as a group of vague symptoms, such as headache,
dizziness, fatigue, instability, intolerance to vibration, and de-
pression. Those symptoms appeared in patients who underwent a
craniectomy and then experienced neurological improvement after
a cranioplasty. Later on, multiple terms and names were added,
including motor trephined syndrome'® and the sinking flap syn-
drome?®; the commonality between these syndromes was that the
patients who had been craniectomized and later presented with
subjective, objective, or both types of symptoms showed im-
provement after the cranioplasty.

The relative increase in the use of the DC has brought along a
parallel raise in the number of publications analyzing the compli-
cations of this procedure and providing evidence that the trephined
syndrome is not an uncommon clinical picture.5~!1:14716.18.20.21.26-42
Several studies'**>**~* have reported an incidence of the syndrome
of 1-15% and a time latency of 3—6 months from the DC to the onset
of the symptoms.

Further, in recent years, we have witnessed a growing number of
papers reporting neurological improvement of patients who un-
derwent a cranioplasty or not whether they suffered from a previous
worsening®® 61831344751 (45 originally described by Grant and

TABLE 5. BINARY LOGISTIC REGRESSION ANALYSIS RESULTS
FOR CLINICAL OBJECTIVE IMPROVEMENT IN 54 PATIENTS

Objective improvement

Variables OR 95% CI p value
DC size (c.v.) 1.054 1.011-1.100 0.014
ALR (c.v.) 3.098 1.56-6.153 0.001
Early surgery

>85 days 1

<85 days 61.92 4.023-963.044 0.003
m-MTT-h 0.343 0.172-0.685 0.002

OR, odds ratio; CI, confidence interval; DC, decompressive craniectomy;
c.v., continuous variable; ALR, pre-surgical variation of the Lindegaard ratio
of the defective side when moving from the sitting so supine position; Early
surgery, surgery performed with 85 days of the original decompression; m-
MTT-h, mean transition time of the healthy hemisphere obtained with
perfusion computed tomography before the surgery.
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Norcross),'%11:13:15:25.27.29.33,35,37.3948 ye decided to measure the
improvement between 24 h and 72h after the procedure because
these patients might continue to improve despite the absence of the
calvarial bone, and we observed a striking 42% objective im-
provement and 57% subjective improvement.

Different theories have attempted to explain the reason for the
improvement of these patients and can be summarized in three
categories: CSF derangements,”%?>%*5% cerebral perfusion im-
provement,®%10:14:15:1820.21 5 4 brain metabolism improvement.'!
The two latter theories are frequently proposed together because an
improvement in cerebral perfusion is thought to lead to improved
brain metabolism.

PCT

Much attention has been paid to the changes experienced in
the brain perfusion, and somehow linked to it to the brain me-
tabolism, after the cranioplasty. We have summarized it in
Table 6.%7!1:13:14.18.21.29.53.54 g7uki and colleagues'® studied for
the first time six patients who went through a cranioplasty with a
primitive form of perfusion CT 1-3 weeks before and 1 week
after the surgery. They measured the changes in the peak in-
tensity reached in each one of four predefined ROIs on each
hemisphere, and the “washout’ defined as the intensity reached
12 sec after the peak value; and they repeated the study after the
surgery. They found a 2% and 20% increase in the peak value
after the surgery on the defect and healthy sides, respectively,
and a 13% mean increase in the washout value. These changes
were more marked in the temporal and frontal lobes of the
healthy side. Five of their patients showed a clinical improve-
ment, but they did not correlate the perfusion changes with the
clinical improvement. Maekawa and colleagues® studied eight
patients with Xe-CT and found an improvement in five defect
sides and three healthy ones. Winkler and colleagues'' studied
13 patients with TCD and positron emission tomography (PET)
scan. In the PET, they found an increase in the fludeoxyglucose
(18 F) uptake of 12 and 4% after the cranioplasty in the defect
and healthy sides, respectively. They also found that the
asymmetry of glucose uptake decreases from 35 to 28% after the
surgery, and correlated it with the clinical findings: 10 out of 12
PET performed showed improved their perfusion and eventu-
ally, all of them showed clinical improvement.

Won and colleagues®' published one of the largest series of
patients studied with PCT, reporting 27 patients studied before and
14 days after the surgery. Although poorly detailed on the PCT
acquisition data, they found an increase of the mean values from
39.1 to 44.7 mL/100 g/min and from 42.9 to 47.2 mL/100 g/min in
the defect and healthy sides, respectively. Even though it was not
specified, it can be extracted from their tables that 21 out of the 27
patients improved in some degree. Decaminada and colleagues™
studied 10 cases with PCT, finding an increase in CBV and CBF
values, and a decrease in TTP. Sarubbo and colleagues®* studied six
cases with PCT before and 7 days and 3 months after the surgery.
The found an increase in the CBV and CBF values, and a decrease
in the MTT at 7 days of the surgery. Those changes were lesser at 3
months, suggesting that changes in cerebral hemodynamics might
not be constant over time.

We present, to the best of our knowledge, the largest series of
cranioplasties studied with PCT. We performed the PCT at a
constant time after the surgery to avoid dynamic changes of the
CBF over time to mislead our conclusions. We found a significant
increase of the mean CBF from 101.86to 117.17 mL/100 g/min and
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TABLE 6. STUDIES ON CRANIOPLASTY AND BRAIN PERFUSION

Number

Author Year of patients Modality Conclusion

Suzuki and colleagues 1993 6 PCT 1 2 and 20% in defect and healthy sides

Maekawa and colleagues 1999 8 Xe-CT T In 4 out 8 defect and 3 out 8 healthy sides

Winkler and colleagues 2000 13 PET scan 1 glucose intake by 12% in defect and by 4% in healthy sides

Agner and colleagues 2002 1 Xe-CT 1 125% after surgery

Isago and colleagues 2004 1 Xe-CT 1 2-fold and 1.5-fold on each side

Sakamoto and colleagues 2006 1 PCT 1 From 23.1 to 37.4mL/100 g/sec and from 31.8 to 41.6 mL/100 g/sec
in the defect and healthy sides, respectively

Won and colleagues 2008 27 PCT 1 From 39.1 to 44.7mL/100 g/sec and from 42.9 to 47.2 mL/100 g/sec
in the defect and healthy sides, respectively.

Decaminada and colleagues 2008 10 PCT Slight 1 in ‘ in defect side

Kemmling and colleagues 2010 1 PMR 1 of CBV and CBF. and | MTT defect after surgery

Sarubbo and colleagues 2014 6 PCT T in CBV and CBF. and | in TTP in defect side at 7 days

Paredes and colleagues 2015 49 PCT 1 From 101.86 to 117.17mL/100 g/sec and from 128.14 to

145.73 mL/100 g/sec in the defect and healthy sides, respectively

PCT, perfusion computed tomography; Xe-CT, Xenon-enhanced computed tomography; PET, positron emission tomography; CBV, cerebral blood
volume; CBF cerebral blood flow; TTP, time to peak; PMR, perfusion magnetic resonance.

from 128.14 to 145.73mL/100 g/min in the defect and healthy
sides. We also found an increase in the CBV, and a decrease in the
MTT and TTP values (Table 1). Most of the previous reports as-
sumed that the clinical improvement witnessed was secondary to
the perfusion improvement found with the different techniques, but
we found no proper statistical analysis on this respect on the bib-
liography. When we tried to correlate our findings in the perfusion
CT with the presence of clinical improvement, we found a poor
correlation. Although we did find a greater increase in the CBF in
those who improved (even more noticeable in the healthy side), it
was by far not statistically significant. This might be due to the
relative small number of our series, or because an improvement in
the CBF is something that happens in most of the patients under-
going a cranioplasty (as actually shown in our results) whether they
improve clinically with the procedure or not.

TCDS

Less widespread is the use of the TCDS to study these patients. A
summary of the studies is depicted in Table 7.5'*1>202! 1n 2000,
Winkler and colleagues'! investigated CBF reactivity with tran-
scranial color duplex in 13 patients, and measured the differences
with the postural changes. They observed that the ICA velocity of the
defective side decreases significantly in the sitting position, and it did

not happen after the surgery. They concluded that cranioplasty ap-
pears to affect postural blood flow regulation and reported a profound
improvement of both the ipsilateral and contralateral cerebral vas-
cular reserve capacity. Erdogan and colleagues6 used TCDS and
discovered that before cranioplasty, all of the velocities ipsilateral to
the cranial defect were significantly low, whereas the velocities were
near normal on the contralateral side. The low ipsilateral velocities
increased and reached normal levels after cranioplasty. Kuo and
colleagues'® studied 13 patients with TCDS prior to and 2 weeks
after the cranioplasty, measuring blood velocity in all of the main
intracranial arteries in the supine position. They also measured the
Glasgow Coma Scale score, muscle strength, and the Barthel index.
They observed a significant clinical improvement and an increase in
the velocities in all arteries, although only the MCA of the healthy
side presented with a statistically significant increase. Won and
colleagues®' used TCDS, PCT, and echocardiograms to study 27
patients undergoing a cranioplasty; although the study was poorly
detailed regarding the timing, posture, or conditions under which the
measurements were made, in this relatively large series they ob-
served a significant decrease of blood velocity in both sides, as well
as in both MCA and ICA after the surgery. In a more recent paper,
Song and colleagues studied 43 cranioplasties with relatively small
defects (mean diameter, 7.54 cm), using TCDS in the supine position
both prior to and 7-12 days after the surgery and compared the

TABLE 7. STUDIES ON CRANIOPLASTY AND TRANSCRANIAL DOPPLER

Number
Author Year of patients Conclusion
Winkler and colleagues 2000 13 T MCA velocities after surgery
| variation in ICA velocity

with posture changes. after surgery
Erdogan and colleagues 2003 18 1 PSV in all main intracerebral arteries after surgery
Kuo and colleagues 2004 13 1 MCA velocity in healthy side after surgery
Won and colleagues 2008 27 | Both MCA and ICA after the surgery
Song and colleagues 2013 43 T MCA velocity. Greater increase in those operated earlier
Paredes and colleagues 2015 47 1 variation in Lindegaard ratio in the defect side in those who

will improve. No such a difference after the surgery.

MCA, middle cerebral artery; ICA, internal cerebral artery; PSV, peak systolic velocity.
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changes in the early (less than 12 weeks) versus late (more than 12
weeks elapsed since DC) surgery groups. They found that the MCAs
on both sides of the early group increased significantly their veloc-
ities after the surgery, whereas only the MCA on the defective side in
the late group showed any increases.

We have observed marked changes on in the LR when the patient
is moved from the sitting to supine position in those patients who
showed improvement after the surgery. Previous studies reported
that changes in the blood velocity of healthy subjects when they
change positions are temporary and return to baseline after 3-
8 min.> This abnormality or lack of vascular regulation could ex-
plain why the classic trephined syndrome usually presents months
after the original DC, since these neurologically impaired patients
might need those months to recover enough to spend longer periods
in a vertical position, and then suffer from a lack of vascular reg-
ulation. Why only some patients suffer from this lack of auto-
regulation is yet to be elucidated.

Limitations

Although we have presented, to the best of our knowledge, the
largest series of patients undergoing a cranioplasty and studied by
PCT and TCDS, there are obvious limitations to this study. Al-
though a DC was performed on every patient because of underlying
ICHT, this group of patients suffers from a heterogeneous range of
pathologies, comprising primarily of vascular and traumatic pa-
thologies. The size of the craniectomy and the time elapsed from
the DC varies greatly among the patients, and although this was
incorporated in the multivariate analysis, this wide variability
limits the generalization of our findings. Our clinical assessment
was detailed, but no specific standardized measurement of neuro-
cognitive impairment was made; therefore, some clinical correla-
tions could have been missed with the tests performed. Also, the
lack of a control group makes it difficult to conclude that the
neurological improvement observed is due only to the cranioplasty.
Although the assessment was performed blind to the PCT and
TCDS results, it was unavoidably not blinded for the patient un-
dergoing the operation, which could be a potential source of bias.
Neither the PCT nor TCDS was performed with an arterial CO,
pressure assessment, which could serve as a potential confounder.
Both studies were performed 1 week before the surgery, which is a
short but not negligible period; thus, some hemodynamic changes
could occur during that period irrespectively of the performance of
the surgery. Finally, the size of the patient cohort is still small and
might affect the statistical analysis.

Conclusion

Cranioplasty in patients who underwent a craniectomy due to
medically refractory raised intracranial pressure is a procedure that
might produce an objective clinical improvement in up to 40% of
patients. The CBV and CBF values increased in both the defective
and healthy sides after the surgery, and the MTT and TTP values
decreased on both sides, as well. These changes appear to be more
noticeable in patients who showed neurological improvement, but
this effect was not statistically significant. There is a marked
asymmetry of the CBF between the hemispheres, with greater flow
observed on the healthy side of patients who improved after the
cranioplasty.

The LR was much higher in the sitting position in the defective
side of patients who showed improvement, but this difference
vanished after surgery. This high value is primarily due to the low
ICA velocity in the sitting position rather than a high MCA velocity.

PAREDES ET AL.

In our series, the presence of larger craniectomies, the cranio-
plasty being performed within 85 days of the DC, the shorter MTT
in the healthy side, and greater variations in the LR when the pa-
tients are moved from the sitting to supine position were able to
predict the occurrence of clinical improvement after the cranio-
plasty. Larger prospective studies are necessary to confirm and
generalize these findings.
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