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Abstract

L electroencephalography

Intracranial multimodal monitoring (iIMMM) is increasingly used for neurocritical care. However, concerns arise regard-
ing iIMMM invasiveness considering limited evidence in its clinical significance and safety profile. We conducted a
synthesis of evidence regarding complications associated with iIMMM to delineate its safety profile. We performed a
systematic review and meta-analysis (PROSPERO Registration Number: CRD42021225951) according to the Preferred
Reporting Items for Systematic Review and Meta-Analysis and Peer Review of Electronic Search Strategies guidelines
to retrieve evidence from studies reporting iIMMM use in humans that mention related complications. We assessed
risk of bias using the Newcastle-Ottawa Scale and funnel plots. The primary outcomes were iMMM complications.
The secondary outcomes were putative risk factors. Of the 366 screened articles, 60 met the initial criteria and were
further assessed by full-text reading. We included 22 studies involving 1206 patients and 1434 iMMM placements.
Most investigators used a bolt system (85.9%) and a three-lumen device (68.8%), mainly inserting iMMM into the most
injured hemisphere (77.9%). A total of 54 postoperative intracranial hemorrhages (pooled rate of 4%; 95% confidence
interval [Cl] 0—=10%; > 86%, p<0.01 [random-effects model]) was reported, along with 46 misplacements (pooled rate
of 6%; 95% Cl 1-12%; I 78%, p<0.01) and 16 central nervous system infections (pooled rate of 0.43%; 95% CI 0-2%;

I 64%, p<0.01). We found 6 system breakings, 18 intracranial bone fragments, and 5 cases of pneumocephalus.
Currently, IMMM systems present a similar safety profile as intracranial devices commonly used in neurocritical care.
Long-term outcomes of prospective studies will complete the benefit-risk assessment of IMMM in neurocritical care.
Consensus-based reporting guidelines on iIMMM use are needed to bolster future collaborative efforts.
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Introduction

Acute brain injuries (ABIs), for example, traumatic brain
injury (TBI), subarachnoid hemorrhage (SAH), and
stroke, are a leading cause of disability and death world-
wide [1, 2]. Neurocritical caregivers aim to diagnose
and treat the underlying causes of primary brain injury
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while preventing secondary insults. Physiological moni-
tors of brain function may identify these insults early
to prevent irreversible neurological disorders. Intrac-
ranial pressure (ICP) is widely used as a unique intrac-
ranial modality for neuromonitoring [3]. Yet this single
parameter may be insufficient to understand the patho-
physiology of secondary brain injuries fully. Therefore,
intracranial multimodality monitoring (iMMM) has been
implemented in multiple neurocritical care units using
various intraparenchymal monitors, for example, brain
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tissue oxygenation (PbtO,), microdialysis, regional cere-
bral blood flow, and intracranial electroencephalography
electrodes [4—6]. However, concerns may arise regarding
iMMM invasiveness, particularly as most literature draws
from retrospective single-center studies on small adult
cohorts with specific ABI conditions, underlining the
limited evidence about its clinical significance and safety
profile (7, 8].

Methods

We conducted this study according to the Preferred
Reporting Items for Systematic Review and Meta-Anal-
ysis (PRISMA) (PROSPERO Registration Number:
CRD42021225951) [9]. This study did not involve new
data collection from patients and, as such, was deemed
exempt from ethical approval.

Eligibility Criteria

The working definition of iMMM refers to any additional
intracranial modality to the ICP in patients with ABL
For the systematic review, we included all screened arti-
cles reporting iMMM use in humans mentioning related
complications (i.e., absence or presence) with no restric-
tions regarding date, language, types, or publication
status. For the meta-analysis, we imposed additional eli-
gibility criteria to conduct specific subgroup analyses as
follows: (1) a cohort of at least ten unselected patients,
(2) common criterion standards defining complications
and putative risk factors of interest, and (3) computable
rates and ratios based on data reported.

Information Sources and Search Strategy

On January 10, 2022, we searched three major biblio-
graphic sources: MEDLINE, Scopus, and the Cochrane
Central Registry of Controlled Trials. Under the Peer
Review of Electronic Search Strategies 2015 guidelines
[10], we used combinations of free-text and Medical Sub-
ject Headings terms with Boolean operators and data-
base-specific syntax (Supplemental File 1).

Study Selection and Data Collection

We managed the review process on Covidence (Veritas
Health Innovation, Melbourne, Australia). We sought
to characterize iMMM reported by clinical, technical,
and surgical features (Supplemental File 2). The iMMM
complications were defined as surgical complications or
adverse events and described as significant when a subse-
quent change of management was reported. We defined
surgical complications as postoperative intracranial hem-
orrhages (PIHs), probe misplacements, central nervous
system (CNS) infections, intracranial bone fragments,
and pneumocephalus. Probe misplacements were defined
on postplacement imaging (1) as extra-axial, aberrant

intra-axial (e.g., deep grey matter or within a lesion), and
intraventricular locations due to putative increased post-
operative neurological sequelae or infectious risks they
might induce and/or (2) as nonoptimally located probes
(i.e., not placed in intended location) due to risk of irrele-
vant measures. Hence, the final determination of a probe
being misplaced rested with the original study investiga-
tors, provided they explicitly stated it.

Adverse events comprised accidental dislodgement or
breaking of any probe or fixation device requiring iMMM
replacement or withdrawal and inadvertent monitoring
discontinuation. For the meta-analysis, we chose crite-
rion standards based on their prevalence across studies,
considering both the number of studies adopting them
and the cohort sizes of these studies.

Risk of Bias and Between-Study Heterogeneity

Two independent reviewers performed quality and
risk of bias analysis using the Newcastle—Ottawa Scale,
a validated tool for assessing the quality of nonrand-
omized studies across three parameters: the selection of
the study groups, their comparability, and the ascertain-
ment of exposure or outcome [11]. Heterogeneity among
included studies was assessed via the chi-squared test
(significance level <0.1) and homogeneity level (I statis-
tic). An I less than 40% was considered as not significant,
an I* of 40-70% was considered as substantial, and an I
above 80% was considered as considerable heterogeneity.
We generated funnel plots to detect bias or systematic
heterogeneity between included studies visually; how-
ever, their use has significant limitations [12].

Effect Measures and Synthesis of Results

We performed a meta-analysis of single proportions to
determine pooled complication rates and ratios of puta-
tive risk factors using the 'meta’ package in RStudio (ver-
sion 1.3.1093), using the default significance level (0.05)
and reporting two-tailed p values. We used an arcsine
transformation to prevent overestimation of this inci-
dence in low-occurrence-rate conditions, and the script
accounted for zero events with the increment function.

Results

We initially identified 676 articles. After removing
310 duplicates, we selected 366 articles for screening;
60 were screened via full-text reading, among which,
20 with inconsistent iMMM definitions and 18 ani-
mal studies were excluded. Therefore, 22 articles were
included: 16 experience series, three research studies,
and three case reports (Table 1). Figure 1 depicts the
PRISMA flow diagram. Concerning bias assessment,
four studies presented a low bias risk, seven presented
a medium bias risk, and eight presented a high bias
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Table 1 (continued)
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Table 2 Risk of bias of included studies

Selection **** Comparabil-
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Outcome ***

PIH *x

CNS infections
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Misplacement
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Dislodgement
XX¥

Foreman et al. [7]
Bailey et al. [8]

Stuart et al. [14]

Dings et al. [14]

Van Santbrink et al. [42]
Stewart et al. [25]
Steiner et al. [40]
Al-Rawi et al. [43]
Kiening et al. [44]
Forsse et al. [45]

Idris et al. [49]

Seule et al. [46]

Sekhon et al. [47] * -
Sarrafzadeh et al. [15] **
Vajkoczy et al. [50]
Sioutos et al. [13]
Staub et al. [51]
Waziri et al. [41]

Al Barajraji et al. [16]

*%

*¥

*¥

*¥

*%

*¥
AXHK *

*HR¥ *

*%

*¥
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In the Newcastle-Ottawa Scale star system, each "*'symbol denotes a quality criterion met by the study, indicating lower risk of bias

Studies that scored 7-9 points were considered to have a low risk of bias, studies that scored 4-6 points were considered to have a medium risk of bias, and studies

that scored 3 points or less were considered to have a high risk of bias

CNS central nervous system, PIH postoperative intracranial hemorrhage

hemisphere for 3.90% (47 patients in five series), and
both hemispheres for 1.82% (22 patients in two series)
of the cases; laterality was unspecified for 12.27% (148
patients in five series). The iMMM reported was fixed
using bolt systems in 85.98% (1233 placements in 18
series) and the tunneling method in 11.16% (160 place-
ments in three series) of cases; an unspecified fixa-
tion method was used in 2.93% (42 placements in two
series). The bolt systems reported were single lumen in
10.53% (151 placements in three series), double lumen
in 2.23% (32 placements in three series), triple lumen
in 68.83% (987 placements in ten series), quadruple
lumen in 3% (43 placements in one series), or unspeci-
fied in 15.48% (222 placements in six series). Besides
ICP, intracranial modalities studied included PbtO, in
18 series, microdialysis in ten series, brain tempera-
ture in nine series, regional cerebral blood flow in six
series, and intracranial electroencephalography in three
series. The iMMM placement was performed at the
bedside in 53.91% (773 placements in three series), in
the operating room in 23.22% (333 placements in seven
series), and in an unspecified location in 22.94% (329

placements in 12 series) of cases. Complications are
diagrammed in Fig. 2.

PlHs

Fifty-four PIHs comprising seven significant ’ones’
(four requiring surgical intervention) were retrieved
from eleven series. PIH rates reported ranged from 0
to 40.5%. For the meta-analysis, ten studies accounting
for 921 patients and 1118 iMMM placements complied
with eligibility criteria. Routine postplacement com-
puted tomography was the criterion standard used to
define PIH. We found an overall PIH pooled rate of 4%
(95% confidence interval [CI] 0-10%; I* 86%, p<0.01
with random-effects model), and there was a 1% pooled
rate for significant PIH if we only considered the four
series reporting PIH (95% CI 0-1%; I* 0%, p=0.68 with
random-effects model). Forest plots depict these findings
in Fig. 3. Putative risk factors investigable were iMMM
placement location (bedside vs. operating room) and ABI
etiology (TBI vs. stroke). Placement location and ABI eti-
ology were not significant determinants, with risk ratios
of 0.54 (0.30-1.04) and 1.30 (0.19-55.31), respectively.



hematoma associated with pneumocephalus (d)

Fig. 2 lllustration of intracranial multimodality monitoring complications with arrowheads pointing at misplacement (a), i.e,, an intraventricular
probe, postoperative intracranial hemorrhage (b), i.e, a tract hemorrhage, bone fragments on computed tomography imaging (c), and extradural

Misplacements

Forty-six iMMM misplacements (i.e., aberrant anatomi-
cal location and/or failure of placement in the intended
location defined by postplacement imaging) were
retrieved from five studies. Misplacement rates ranged
from 0 to 13.9%. For the meta-analysis, these five stud-
ies, accounting for 742 patients and 938 iMMM place-
ments, complied with eligibility criteria. Our criterion
standard for defining misplacement was a description of
an intended optimal placement with routine postplace-
ment computed tomography. We found a misplacement
pooled risk rate of 6% (95% CI 1-12%; P 83%, p<0.01,
random-effects model). A forest plot depicts these find-
ings in Fig. 4.

CNS Infections

Sixteen CNS infections were retrieved from sixteen
studies. CNS infection rates ranged from 0 to 9%. Two
of the three cases reported by Stuart et al. [14] and all

nine reported by Sarrafzadeh et al. [15] had a concur-
rent external ventricular drain (EVD). For the meta-
analysis, eight studies accounting for 921 patients and
1118 iMMM placements complied with our eligibility
criteria. For confounding factors (e.g., open-head injury
or EVD), our criterion standard was the clear incrimina-
tion of iMMM as the primary source of CNS infections.
We found a pooled risk of 0.43% (95% CI 0—2%; P 64%,
p<0.01, random-effects model). A forest plot depicts
these findings in Fig. 5.

Adverse Events

Forty-one iMMM dislodgements with rates of 5.7% and
7.8% and six breakings with rates of 1.62% and 3.88%
were retrieved from series by Al Barajraji et al. [16] and
Dings et al. [17]. Stuart et al. [14] and Foreman et al. [7]
reported that inadvertent monitoring discontinuation
occurred for 43% and 58% of their patients, respectively.
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Fig. 3 a Forest plot of overall postoperative intracranial hemorrhage (PIH) (across all eligible studies). b Forest plot of significant PIH (only in eligible
studies reporting PIH). Cl confidence interval
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Fig. 4 Forest plot of misplacement rates. Cl confidence interval
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Fig. 5 Forest plot of central nervous system infection rates. Cl confidence interval




Other Complications

Eighteen cases of intracranial bone fragments associated
with iMMM placement were retrieved from two studies
with rates of 3.2% and 70%. Only one series reported five
patients with postoperative pneumocephalus associated
with iMMM implantation (rate of 5%).

Discussion

Our systematic review retrieved 22 articles reporting
1206 patients who underwent 1,434 iMMM placements.
The first reported indication of iMMM was TBI (61.19%).
Most investigators used a bolt system (85.92%) and a
three-lumen device (68.78%) and mainly targeted the
most injured hemisphere (77.94%). Our meta-analysis
found a PIH rate of 4%, a probe misplacement rate of 6%,
and a CNS infection rate of 0.43%.

PIH

The PIH rates due to iMMM placement varied widely,
ranging from 0 to 40.5%. However, an imaging review
and a definition of PIH were often not specified in the
studies investigated, potentially leading to detection and
selection biases. Our meta-analysis found an overall
pooled PIH rate of 4% (1% for significant PIH); however,
this rate of rare events derived from a random-effects
model should be considered cautiously. In comparison,
the associated PIH rate with ventriculostomy is cur-
rently estimated between 5.7 and 7% (less than 1% for
significant PIH) according to two meta-analyses and is
reported below 1-2.5% for intraparenchymal fiberop-
tic probes [18-21]. A meta-analysis on stereoelectro-
encephalography found a PIH pooled prevalence of 1%
[22]. Interestingly, these meta-analyses were questioned
by extensive single-center series [23, 24], exemplifying
the challenge of pooled estimation based on heterogene-
ous data with potential reporting bias, as encountered
here. Current data are scarce concerning putative PIH
risk factors, particularly for preoperative antithrombotic
regimens or bleeding disorders. Furthermore, surgical
procedure details (e.g., type of cranial drill used, crani-
otomy diameter), iMMM technical features (e.g., bolt
specifications, number and concentration of inserted
probes in close vicinity imposed by multi-lumen devices,
implantation depth), or repeated insertions were not
consistently reported or investigated. Only Al Barajraji
et al. [16] performed risk factor analyses, investigating
the underlying ABI etiology (e.g., TBI and potential dif-
fuse axonal injury) and the number of probes inserted
through the three-lumen bolt as determinants for PIH
without finding significant associations. As stated, most
iMMM reported in the literature used a three-lumen
bolt device requiring a relatively large burr hole to insert
up to three probes. Anecdotally, Dings et al. [17] shifted

after their first 15 iMMM placements from a single three-
lumen bolt to two one-lumen bolts to insert PbtO, and
ICP probes separately, requiring smaller burr holes (g 6
vs. ¢ 2.7 mm), and reported no other PIH for the follow-
ing 103 placements. The experience gained and the sepa-
rate probe insertion through smaller bolts may explain
the reduced complication rate. Probe insertion systems
featuring a longer plastic sheath allowing penetration
through the pia mater were also previously implicated
[25]. Based on the data reported, we were able to a per-
form pooled risk analysis for two potential determinants:
iMMM placement location (bedside vs. operating room)
and ABI etiology (TBI vs. stroke).

Monitoring Placement

No consensus exists regarding the optimal iMMM probe
placement considering injured brain tissue, even for the
most used PbtO, modality [26, 27]. Several placement
strategies targeting the presumed nondominant hemi-
sphere, the normal-appearing brain representative of
putative uninjured parenchyma, or potentially at-risk
perilesional parenchyma were reported. Hence, optimal
placement and misplacement definitions were inconsist-
ent between series. Therefore, precise descriptions of
intended placement may be associated with higher mis-
placement rates. In those strategies, failure of placement
in the intended location or probes within an eloquent
area, a lesion, or a ventricle may yield irrelevant meas-
ures and hold a higher complication risk and thus may be
considered as misplacement after imaging confirmation.
Accordingly, misplacement rates ranged from 0 to 14.3%.
Dings et al. [17] and Stewart et al. [25] always targeted
the right frontal region and reported no misplacement.
Stuart et al. [14] targeted some probes in perilesional tis-
sue, with 2 of 61 (3%) misplacements: one case involv-
ing the intraventricular depth electrode and one with
the probe located within the infarction. Foreman et al.
[7] had the highest misplacement rate, as 6 of 43 (14.3%)
devices were outside the expected location (frontal sub-
cortical white matter, most injured hemisphere). Our
meta-analysis found an iMMM misplacement pooled
rate of 6%. In comparison, the rate of free-hand optimal
EVD placement, a more challenging surgical procedure,
widely varied in the literature between 55 and 95% with-
out considering the number of attempts [28].

CNS Infections

Neurocritical patients have an intrinsic risk for CNS
infections, as a primary ABI etiology or secondarily (e.g.,
due to open-head TBI, postoperative neurosurgical sta-
tus, or EVD). These conditions and interventions are con-
founding factors in formally identifying CNS infections
attributed to iMMM. For instance, [14] reported three



cases of CNS infections (i.e., positive cerebrospinal fluid
culture) among 61 patients (5%), and two had concurrent
EVD. In the most extensive series (501 patients), Bailey
et al. [8] reported only one infection due to an improper
bolt placement technique with a faulty seal causing a
CSF leak and potentially bacterial meningitis. Al Bara-
jraji et al. [16] reported that nine (8%) of their patients
developed CNS infections. However, despite a relatively
high mean monitoring time, they did not attribute it to
iMMM; no intraventricular misplacement was associ-
ated with CNS infections [16]. Our meta-analysis found
a pooled rate of CNS infection associated with iMMM
placement of 0.43%. Similarly, CNS infection incidence
for ICP intraparenchymal monitors was reported as
0.6—2.1% [18, 29], lower than the EVD-related rate (5% to
over 20%) [30].

Other Complications

Three series mentioned bone fragments as an iMMM
placement complication. Gonzalez et al. [31] were the
first to report 14 cases with a high complication rate
(70%). Foreman et al. [7] mentioned “small bone chips”
within the device path without further detail. Recently,
Al Barajraji et al. [16] reported four patients with clini-
cally insignificant intracranial bone fragments following
iMMM placement (complication rate 3.2%). The long-
term evolution of these bone fragments has yet to be
assessed. Pneumocephalus as an individualized iMMM
surgical complication was only reported by Al Barajraji
et al. [16], without reporting any clinical significance.

Adverse Events

Bolts anchored in the skull ensure probe fixation, often
using Luer locks to prevent probes’ dislodgement or
breaking during conducive situations (i.e., head manipu-
lations, patient transport). The tunnelization technique,
while potentially less obtrusive than bulky bolt devices,
may pose a challenge concerning its stability with the risk
of the device sliding. Still, the current literature lacks any
comparative review or comparable data to investigate
this hypothesis. Once again, the definitions may have
varied widely with poor descriptions. For instance, the
highest probe dislodgement rate (43%), reported by Stu-
art et al. [14], is explained by the authors’ inclusive defi-
nition based on unintentional monitoring interruption
comprising probe dislodgement and hardware malfunc-
tion. Interestingly, Foreman et al. [7] time-tracked data
recording stops as discontinuations (i.e., either from dis-
lodgement or unplugging) by one-off events rather than
reporting their overall occurrence: 58% of patients were
concerned with 4.2% of data unusable. The technical reli-
ability of iMMM was beyond our scope. Nonetheless, we
note that dedicated investigations are rare, although they

are essential to ascertain iMMM contribution to neuro-
critical care.

Pediatric Considerations

Al Barajraji et al. [16] reported three pediatric cases, of
which one concerned their only revision surgery. Based
on this limited experience, they raised concerns about
relatively large multi-lumen bolt devices unsuited for
pediatric indications. Furthermore, we found no other
reports of iMMM complications in children. Specific
technical notes by seasoned pediatric neurocritical teams
would be of interest [32—34].

Limitations

High-level evidence about the relevant literature is lack-
ing. To our knowledge, no previous systematic review or
meta-analysis is available. Our literature review found
significant heterogeneity mainly due to a lack of stand-
ardization in definitions used to report iMMM expe-
rience. For the meta-analysis, we mitigated this data
heterogeneity by constraining eligibility criteria. Conse-
quently, we only performed a rigorous risk factor analysis
for PIH for a limited subset of two determinants.

Future Directions

Consensus-based reporting guidelines for iMMM expe-
rience are needed to provide high-level evidence by
limiting the current literature heterogeneity. Moreover,
experience-sharing initiatives, such as technical notes,
are scarce [35]. These collaborative efforts are crucial for
disseminating best practices. On another note, we believe
that accessible technology may improve current practice.
Hybrid approaches between bolt and tunneled meth-
ods merit consideration to combine their advantages,
ensuring reliable iMMM probe fixation while minimiz-
ing device bulkiness, potentially reducing adverse events
and infection risk and improving imaging compatibility.
Multimodality single probes and one-lumen minimally
invasive anchor bolts (e.g., as used in stereoelectroen-
cephalography) may reduce iMMM invasiveness while
enhancing implantation strategy versatility. Furthermore,
iMMM placement accuracy could be improved by the
increasing availability and future development of ste-
reotactic neuronavigation, robot-assisted methods, and
intraoperative real-time recordings. Finally, recent pro-
gress (e.g., endovascular neural recording [36, 37]) and
industry interest in minimally invasive brain-machine
interfaces may enhance technology transfer for iMMM
development [38].

Conclusions
Currently, iMMM systems present a safety profile with
complication rates consistent with intracranial devices



commonly used in the neurocritical setting, i.e., intra-
parenchymal and intraventricular probes. However,
available data were insufficient to perform extensive risk
factor analysis. Multicenter prospective studies provid-
ing long-term outcomes (e.g., complication follow-up)
are lacking. Consequently, the benefit-risk assessment of
iMMM for neurocritical care remains inchoate. Likewise,
consensus-based reporting guidelines are needed to effi-
ciently mount high-level evidence. These collaborative
efforts would support best practices and innovation for
future iMMM development.
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