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CLINICAL AND POPULATION SCIENCES

Invasive Multimodal Neuromonitoring in 
Aneurysmal Subarachnoid Hemorrhage
A Systematic Review

Michael Veldeman , MD; Walid Albanna, MD; Miriam Weiss , MD; Soojin Park, MD, PhD; Anke Hoellig , MD;  
Hans Clusmann, MD; Raimund Helbok, MD; Yasin Temel, MD, PhD; Gerrit Alexander Schubert, MD

BACKGROUND AND PURPOSE: Aneurysmal subarachnoid hemorrhage is a devastating disease leaving surviving patients often 
severely disabled. Delayed cerebral ischemia (DCI) has been identified as one of the main contributors to poor clinical 
outcome after subarachnoid hemorrhage. The objective of this review is to summarize existing clinical evidence assessing 
the diagnostic value of invasive neuromonitoring (INM) in detecting DCI and provide an update of evidence since the 2014 
consensus statement on multimodality monitoring in neurocritical care.

METHODS: Three invasive monitoring techniques were targeted in the data collection process: brain tissue oxygen tension 
(ptiO2), cerebral microdialysis, and electrocorticography. Prospective and retrospective studies as well as case series (≥10 
patients) were included as long as monitoring was used to detect DCI or guide DCI treatment.

RESULTS: Forty-seven studies reporting INM in the context of DCI were included (ptiO2: N=21; cerebral microdialysis: 
N=22; electrocorticography: N=4). Changes in brain oxygen tension are associated with angiographic vasospasm 
or reduction in regional cerebral blood flow. Metabolic monitoring with trend analysis of the lactate to pyruvate 
ratio using cerebral microdialysis, identifies patients at risk for DCI. Clusters of cortical spreading depolarizations 
are associated with clinical neurological worsening and cerebral infarction in selected patients receiving 
electrocorticography monitoring.

CONCLUSIONS: Data supports the use of INM for the detection of DCI in selected patients. Generalizability to all subarachnoid 
hemorrhage patients is limited by design bias of available studies and lack of randomized trials. Continuous data recording 
with trend analysis and the combination of INM modalities can provide tailored treatment support in patients at high risk for 
DCI. Future trials should test interventions triggered by INM in relation to cerebral infarctions.

GRAPHIC ABSTRACT: An online graphic abstract is available for this article.

Key Words: cerebral infarction ◼ microdialysis ◼ oxygen ◼ subarachnoid hemorrhage

The reported annual incidence of subarachnoid 
hemorrhage (SAH) is estimated at 9.1 patients per 
100 000.1 After SAH, the occurrence of delayed 

cerebral ischemia (DCI)—typically within 4 to 21 days 
after the initial rupture—is one of the main contribu-
tors to poor clinical outcome.2 Angiographic narrowing 
of larger cerebral arteries plays an undisputed role in 

the pathophysiology of DCI, alongside the formation of 
microthrombi, microvascular vasospasm, disruption of 
the blood-brain barrier, disrupted autoregulation, and cor-
tical spreading depolarization (CSD).3,4

It remains unpredictable which patients will develop 
DCI and when. Even more problematic are patients in 
an unconscious state, impeding clinical assessment.5 
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Invasive neuromonitoring (INM) techniques enable con-
tinuous assessment of brain oxygenation, metabolism, 
and electrical activity to assist in DCI detection.

Brain Tissue Oxygen Tension
Partial pressure of brain tissue oxygen (ptiO2) provides a 
surrogate measure of regional cerebral blood flow (rCBF). 
The actual value does not reflect oxygen delivery but is the 
result of the equipoise between oxygen supply, diffusion and 
consumption, and decreases as a result of DCI (Figure 1).6

Cerebral Microdialysis
In cerebral microdialysis (CMD), a microcatheter is per-
fused with a dialysate solution mimicking extracellular elec-
trolyte concentration. Low-molecular weight substances in 
the extracellular fluid will reach equilibrium with the dialy-
sate.7 Measuring equipment allows detection of metabo-
lites such as glucose, lactate, pyruvate, and amino acids. 
The lactate/pyruvate ratio (LPR) is a metabolic measure 
of cerebral oxygen supply and may serve as a biochemical 
marker of impending hypoxia/ischemia (Figure 1).7

Subdural Electrocorticography
CSD is a self-propagating wave of neuronal depolariza-
tion seen in ischemic stroke, traumatic brain injury, and 
SAH.8 The disruption of ion homeostasis and defective 
neurovascular coupling in already metabolically com-
promised tissue (as in SAH) contributes to irreversible 
damage and so-called cortical spreading ischemia.9 Strip 
electrodes placed during surgical clipping or via an addi-
tional burr hole, allow for direct electrocorticography and 
detection of CSD.

OBJECTIVES
The summary statement by the international multi-
disciplinary consensus conference on multimodality 

monitoring in neurocritical care was published in 2014,10 
and since then, several additional clinical studies have 
been published. The primary goal of this systematic 
review is to provide an overview of all clinical trials—
before and after the summary statement—focusing on 
those INM entities discussed in the statement, in the 
context of DCI after SAH.

METHODS
Protocol and Registration
This article adheres to the American Heart Association 
Journals’ implementation of the Transparency and Openness 
Promotion Guidelines. The authors declare that all support-
ing data are available within the article (and in the Data 
Supplement). The review protocol was developed in August 
2019 describing the rationale, hypothesis, and planned 
methods. Before inclusion, each trial was subjected to 
detailed analysis. This review was preregistered with the 
international prospective register of systematic reviews 
(PROSPERO: CRD42020144827). The article is written 
in accordance with the PRISMA statement for reporting 
systematic reviews11 and recommendations made by the 
Cochrane Collaboration.12

Eligibility Criteria
The search was limited to clinical trials on human adults, pub-
lished through December 2020. Included articles had to imple-
ment brain tissue oxygen monitoring via an intraparenchymal 
probe and CMD and subdural electrocorticography, in patients 
with SAH. Intracranial pressure measurement as a standalone 
monitoring tool was not addressed, as it was considered to non-
specific for DCI detection. rCBF monitoring was not included 
in the review protocol due to the limited body of SAH-specific 
data which is available to date.

Prospective and retrospective studies (randomized and 
nonrandomized) as well as case series (≥10 patients) were 
included.

Information Sources and Search Procedure
A literature search of the NLM Medline, EMBASE, and ISI 
Web of Knowledge databases was performed in August 
2019, January 2020, and December 2020. The following 
search terms were used: brain tissue oxygen tension OR 
brain oxygen tension OR Clark electrode OR neurovent OR 
Licox OR CMD OR microdialysis OR interstitial metabolites 
OR encephalography OR cortical electroencephalography 
OR electrocorticography OR CSD AND subarachnoid h(a)
emorrhage OR delayed isch(a)emic neurological deficit OR 
delayed cerebral isch(a)emia.

Study Selection and Data Collection
Dr Veldeman performed the literature search, and all hits were 
screened and reviewed for eligibility by Drs Veldeman and 
Schubert. Standardized tables were used to extract the follow-
ing information: study type, sample size and drop-outs, patient 
characteristics (age, gender, SAH grade etc), monitoring 

Nonstandard Abbreviations and Acronyms

CMD cerebral microdialysis
CPP cerebral perfusion pressure
CSD cortical spreading depolarization
CT computed tomography
DCI delayed cerebral ischemia
INM invasive neuromonitoring
LPR lactate to pyruvate ratio
ptiO2 brain tissue oxygen partial pressure
rCBF regional cerebral blood flow
SAH subarachnoid hemorrhage
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modality, monitoring characteristics (location of probes, start-
ing point, duration), complications of monitoring, applied DCI 
definition, applied DCI treatment, and outcome.

Risk of Bias in Individual Studies
The ROBINS-I tool (Risk of Bias in Non- Randomised Studies - 
of Interventions) by the Cochrane Collaboration was chosen for 
bias assessment. Domains of bias were critically evaluated and 
ranked as being at low, moderate, serious, or critical risk of bias. 
If the data for proper evaluation was missing, the bias domain 
was labeled as no information. Studies received an overall judg-
ment based on the worst score achieved in an individual domain.

RESULTS
Study Selection and Characteristics
A total of 47 studies reporting INM in the context of DCI 
were included (ptiO2: n=21; CMD: n=22; electrocorticog-
raphy: n=4). The study selection process is depicted in 
Figure 2. In total, 14 retrospective and 30 prospective 
cohort studies were included alongside 1 case-control 
study and 2 case series. No randomized controlled trials 
were identified. The PRISMA checklist for this article is 
available as Table I in the Data Supplement.

Risk of Bias Within and Across Studies
Results of the comprehensive bias analysis are sum-
marized in Tables II through IV in the Data Supplement. 
The risk of bias across domains is depicted in Figures I 
through III in the Data Supplement.

Main Generators of Bias
The majority of included trials suffered major bias issues. 
Of all trials involving ptiO2 (n=21), bias was rated as non-
critical in only 2 trials. For studies involving CMD (n=22), 
6 trials were rated at serious, and one trial rated at mod-
erate risk of bias. In the electrocorticography studies 
(n=4), only one was rated as noncritical.

The main source of bias was the lack of standard-
ized DCI treatment, specification of DCI treatment, 
and criteria for patient selection. The actual treatment 
of DCI acts as a relevant cointervention affecting the 
rate of infarction and clinical outcome. Therefore, a 
total of 23 trials were rated at critical risk of per-
forming bias. Selection and detection bias were also 
commonly introduced due to unclear in- and exclu-
sion criteria or lack of blinded outcome assessment, 
respectively. Critical confounding was introduced in 

Figure 1. Main determinants of intraparenchymal oxygen pressure and metabolite concentration within neuron-astrocyte 
metabolic coupling.
CMD indicates cerebral microdialysis; ECoG, electrocorticography; Glc, glucose; Gln, glutamine; Glt, glutamate; Lac, lactate; ptiO2, brain tissue 
oxygen measurement; Pyr, pyruvate; and TCA-cycle, tricaroxylic acid cycle.
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11 trials due to the fact that the time point of INM 
placement was not standardized.

Results of Individual Studies
Studies were categorized into three thematic entities: (1) 
evaluating INM as a supplementary monitoring technique 
(without the main focus on DCI-detection), (2) evaluating 
INM for DCI-detection, or (3) assessing a specific treat-
ment/intervention where INM serves as outcome param-
eter. Characteristics of all studies are depicted in Tables 
V through VII in the Data Supplement.

Brain Tissue Oxygen Pressure
Initial insight on the association between angiographic 
vasospasm and parenchymal partial gas pressure were 
provided in a trial by Charbel et al,13 where Xenon-
enhanced Computed tomography (CT) imaging was 
used to confirm ongoing DCI. In patients with DCI, a 
higher parenchymal partial carbon dioxide pressure was 
measured. In a similar series by Khaldi et al,14 reduced 

brain oxygen levels were noted when Xe-CT confirmed 
DCI. In a larger prospective analysis by Ramakrishna 
et al,15 lower mean ptiO2 measurements correlated 
with an increased mortality rate. Early results in ptiO2 
research (Meixensberger et al16 and Carvi y Nievas et 
al6) suggested brain hypoxia might present as a late 
symptom of infarct development. These observations 
were contradicted by more recent data (Helbok et 
al17 and Chen et al18) where hypoxic events and LPR-
increase preceded infarct demarcation, demonstrating 
how brain oxygenation and metabolic crises herald the 
further development of clinical silent infarction. How-
ever, in a ptiO2 guided treatment algorithm aimed at 
optimizing cerebral perfusion pressure (CPP), Rass et 
al19 showed that hypoxic episodes were still detected 
in one-fourth of patients.

In a study examining outcomes related to burden 
of brain hypoxia, Bohman et al20 showed that patients 
with unfavorable long-term clinical outcome spent 
an average of 12.9% of time with ptiO2 below 10 
mm Hg compared with 3.7% in patients with favor-
able outcome. In a retrospective cohort of 64 patients, 

Figure 2. Flow chart of study inclusion.
CMD indicates cerebral microdialysis; ECoG, electrocorticography; and ptiO2, brain tissue oxygen monitoring.
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ptiO2-guided CPP management with vasopressor sup-
port proved the most efficacious in treating hypoxic 
events compared with other treatment strategies such 
as induced hypervolemia. Brain oxygen monitoring 
contributed substantially to Raabe et al’s21 identifica-
tion of induced hypertension as the most effective H 
within triple-H.22 In high-grade SAH patients, Schmidt 
et al23 showed that a cut-off CPP below 70 mm Hg 
was associated with an increased risk of brain hypoxia 
and resulted in unfavorable outcome.

Ulrich et al24 examined the impact of protocolized 
ptiO2 probe placement on the likelihood of placement 
within the vascular territory affected by eventual angio-
graphic vasospasm. As expected, rates of localization 
in the eventually affected territory were the highest 
in lateralized aneurysms and reached a probability 
of ≈50% for midline aneurysms. These results raise 
awareness for careful consideration of probe loca-
tion especially for midline aneurysms. Additionally, 
Tholance et al25 illustrated the usefulness of a stan-
dardized probe placement protocol to optimize detec-
tion of DCI-related infarction.

Weiss et al26 used ptiO2 measurements to establish 
the effectiveness of endovascular rescue treatment for 
otherwise refractory DCI. Stuart et al27 analyzed INM 
data before, during, and after intraarterial spasmolysis 
with verapamil. This trial illustrated the double-edged 
sword of applying a vasodilator as treatment of angio-
graphic vasospasm. Although angiographic resolution 
of vasospasm was observed, no improvements in ptiO2 
were seen, notably in the context of systemic reduction 
in vascular resistance leading to a mean arterial pres-
sure and CPP drop. Interestingly, the beneficial effects 
of intraarterial nimodipine delivery were documented by 
Albanna et al28 to lead to a significant improvement of 
LPR and ptiO2.

Monitoring brain tissue oxygen tension also provides 
the possibility of calculating a regional brain oxygen 
pressure reactivity index. Impaired autoregulation as esti-
mated by oxygen pressure reactivity index appeared as 
an independent risk factor for unfavorable outcome in 
a prospective analysis by Jaeger et al29 of 80 patients 
with SAH. In a larger cohort trial by the same group, a 
drop in ptiO2 observed after one-week coincided with 
disruption of cerebral autoregulation, predicting infarct 
demarcation.30 In a state of DCI-related autoregula-
tory failure and resulting disconnection between CPP 
and ptiO2, not all regions within the brain are affected 
to the same extent. The degree of hypoperfusion varies 
between regions, and it can be expected that a CPP-
guided treatment algorithm—derived from intracranial 
pressure of the entire cranium—may be suboptimal to 
yield the best achievable CBF particularly in areas that 
are more affected. Calculating a more regional autoregu-
latory index such as oxygen pressure reactivity index may 
hold the potential to develop more adequate treatment 

algorithms, provided that the probe is placed in proximity 
to the most affected territory.

Cerebral Microdialysis
In an exploratory trial, Nilsson et al7 followed 10 poor-
grade patients with SAH who received CMD after surgi-
cal clipping. Lactate and glutamate were identified as the 
most sensitive earliest indicators of beginning ischemia 
followed by increased LPR. Skjoth-Rasmussen et al31 
found that high glycerol was a late sign of ischemia, indi-
cating cellular membrane degradation. Ischemic CMD 
changes preceded clinical deterioration by 11 hours, 
on average, with a sensitivity of 94% in the detection 
of future clinical DCI-related deterioration. Compared 
with transcranial Doppler and angiography, CMD had the 
second-highest sensitivity (0.82) and highest specificity 
(0.89) in detecting clinical DCI (Unterberg et al).32

Lower CBF quantified by Xe-CT was accompanied 
by higher levels of lactate and an increase in LPR in 
patients with SAH that later developed DCI (Rostami 
et al).33 Sarrafzadeh et al34 showed reduced rCBF on 
PET-CT correlated best with CMD glutamate. Patet et 
al35 showed development of hypoperfusion on perfusion 
CT was preceded by a significantly increased LPR and a 
decrease in glucose.

Excessive release of excitatory amino acids such as 
glutamate and aspartate has been associated with aner-
obic metabolism. It is also possible that increased levels 
are caused by direct cellular damage. Persistently high 
levels are the result of dysfunctional energy-dependent 
reuptake. Limited energy supply disturbs the cycling of 
glutamate and glutamine between neurons and astro-
cytes resulting in less glutamate uptake and an increase 
of its interstitial concentration (see Figure 1). In an 
analysis of 33 patients with SAH, intracranial pressure 
negatively correlated with the glutamine/glutamate ratio 
and intracranial pressures above 10 mm Hg already pre-
sented with metabolic derangement.36 In an analysis of 
10 patients dichotomized into favorable and unfavor-
able outcome, levels of glutamate and aspartate fol-
lowed a biphasic temporal pattern.37 An initial peak was 
observed in the early phase (d1-2) followed by normal-
ization. Values started increasing again on day 5 leading 
to a peak on day 7. Also, levels of the amino acid taurine, 
were significantly higher in patients with generalized 
cerebral edema on CT-imaging in patients developing 
DCI-related cerebral infarction.38

CMD is able to measure levels of small proteins such 
as tau-protein. Elevated tau-protein has been associ-
ated with brain metabolic crises and proved predictive 
of unfavorable outcome after SAH.39 In 2-dimensional 
gel electrophoresis, glyceraldehyde-3-phosphate dehy-
drogenase showed significantly higher levels in patients 
developing clinical vasospasm later on.40 Alternative 
smaller molecules which have been assessed via CMD 
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include endothelin, and in a CMD analysis of 20 SAH 
cases, endothelin-1 concentrations proved to be the 
highest in microdialysate, compared with CSF or serum.41 
In contrast, IL-6 proved elevated in all compartments 
(plasma, CSF, and intercellular fluid) in an analysis of 38 
patients with SAH.42 When looking at interstitial levels 
of TNF-α, higher concentrations were associated with 
worsened angiographic vasospasm.43

The earliest CMD series exceeding 10 cases by Pers-
son et al44 found a significant correlation between the 
levels of excitatory amino acids glutamate and aspar-
tate with clinical outcome. The LPR during the early 
phase (d0-4) correlated with clinical outcome; however, 
the specificity of the ratio was low as values tended to 
increase without confirmed ischemia in later imaging. 
Furthermore, in an analysis of 149 patients with SAH 
monitored with CMD, Sarrafzadeh et al45 found that the 
LPR and glutamate, had the strongest association with 
long-term clinical outcome.

Schulz et al46 analyzed 2 subgroups consisting of 
either asymptomatic DCI-free or SAH-related brain death 
patients. While all relevant metabolic and neuronal injury 
markers differed significantly between those groups, the 
utility of this comparison for daily practice is limited.

The direction of change of the glucose parameter has 
an opaque association with outcome. Decreased glucose 
has surprisingly been associated with favorable outcome 
by Cesarini et al,47 a state that is coined as hyperglycoly-
sis, an indication of recovery.

Subdural Electrocorticography
In the first analysis of electrocorticography in SAH, 
Dreier et al48 showed that 13 out of 18 cases presented 
with unequivocal episodes of spreading depolarization. 
Clusters of CSD were all associated with clinical neu-
rological deterioration; prolonged episodes resulted 
in cerebral infarction. The cohort consisted mainly of 
patients with a high rate of angiographic vasospasm 
(90%) and it remains unclear whether these results can 
be extrapolated to all patients with SAH. The authors 
conclude that the identification of these electrocortico-
graphic patterns are sufficient to justify DCI treatment 
initiation. A clear increase in the number of clustered 
spreading depolarization events was also documented 
on the day of clinical DCI, and the number of episodes 
correlated negatively with favorable outcome (Sakowitz 
et al).49 When looking at CMD data during these epi-
sodes, clusters of spreading depolarization were asso-
ciated with a transient decrease in glucose and an 
increase in lactate. To further examine the link between 
CSD and rCBF, Dreier et al50 analyzed 13 patients with 
SAH with simultaneous electrocorticography and rCBF 
measurement. Laser-Doppler flowmetry revealed that 
clusters of CSD induced longer hypoperfusion com-
pared with isolated CSD events, suggesting that energy 

depletion due to hypoperfusion contributes to the estab-
lishment of such clusters. Winkler et al51 showed that 
brain oxygen tension did not diverge significantly from 
recorded baseline levels before spreading depression.

Although CSD is effectively stopped in animals 
by the application of NMDA (N-methyl-D-aspartate) 
receptor antagonists, human trials have been thus far 
unsuccessful.52

DISCUSSION
Summary of Evidence
Decrease of brain oxygen tension correlates with angio-
graphic vasospasm or reduced CBF as identified by an 
array of imaging modalities.13,14 The technique is also a 
valuable tool for monitoring the effects of hemodynamic 
treatment with induced hypertension as well as second-
tier endovascular rescue strategies.26,28 Responsiveness 
to ptiO2-directed treatment was identified as a strong 
predictor of long-term outcome.20 Monitoring of cere-
bral autoregulation via oxygen pressure reactivity index 
can give an indication which patients might not benefit 
from CPP-guided blood pressure management due to 
autoregulatory failure. Based on 4 prospective6,29,30,53 and 
4 retrospective20,23,54,55 cohort trials, there exists level B, 
class IIa evidence to recommend invasive measurement 
of brain oxygen tension, at least in poor-grade patients 
with SAH, to enable early detection of DCI. Decreased 
oxygen tension after SAH was associated with an 
elevated risk of developing unfavorable outcome in 7 
included studies.15,20,23,29,53–55

LPR and cerebral glutamate concentrations are the 
CMD-derived metabolic markers associated with long-
term clinical outcome after SAH.44,45 Increased levels 
of excitatory amino acids such as glutamate are also 
indicative of energy dysfunction. For a complete meta-
bolic assessment, glucose levels are indispensable, but 
it remains unclear how to respond to aberrant measure-
ments.47 The notion that glucose, pyruvate, and lactate 
represent energy metabolism and glutamate and glycerol 
represent neuronal injury is an oversimplification. Intercel-
lular glutamate levels are kept low by energy-dependent 
astrocytic reuptake; lactate increases in case of neuro-
nal injury as well.56 Evidence for measurement of LPR 
and glutamate for detecting DCI events in poor-grade 
SAH can be classified as a level B, class IIb recommen-
dation based on 4 prospective32,33,35,45 and 1 retrospec-
tive31 cohort studies. The LPR has been identified as an 
independent predictor of long-term clinical outcome in 2 
prospective cohort trials.45,53

Electrocorticography for patients with SAH is still 
in an experimental phase, and results of research 
examining responsiveness of the technique to treat-
ment strategies are highly anticipated. No recommen-
dations can be made in relation to the application of 
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electrocorticography for DCI-detection purposes. How-
ever, CSD was in all 4 included studies associated with 
unfavorable outcome.48–51

Limitations
Advantages and disadvantages of all DCI monitoring 
techniques on a technical level can by summarized by 
assessing their temporal and spatial resolution. Perfu-
sion CT-imaging, although having great spatial resolution, 
delivers only a snapshot of cerebral perfusion, and there-
fore, renders low temporal resolution. Invasive probes 
offer continuous bedside monitoring resulting in excel-
lent temporal resolution with low spatial resolution as a 
trade-off due to unilateral, focal measurements.

INM threshold values varied widely across studies, 
and almost no trial defined the accepted duration of 
tolerated pathological values. A single study by Samu-
elsson et al57 considered an elevation of LPR above 
40 as pathological if it persisted for >5 hours. Only 
3 other trials included the duration of aberrant mea-
surements as part of their outcome assessment.15,25,51 
We believe that interpreting trends of INM readings 
will be a crucial addition to threshold-based use iden-
tifying clinically significant deterioration that warrants 
intervention.

There are hardly any reports of complications 
associated with INM in the included literature. The 
main anticipated risk is the injury of a meningeal or 
cortical vessel resulting in epi-, subdural, or intrapa-
renchymal bleeding. In our experience a small blood 
collection along the trajectory of the probe is sporadi-
cally observed (up to 20% of cases) but hemorrhages 
necessitating surgical intervention or leading to neuro-
logical sequelae are extremely rare.54

Conclusions
Monitoring for DCI events is challenging but especially 
crucial for the comatose patient with SAH. INM offers 
the means to continuously monitor brain oxygenation, 
metabolic state, and electrocorticographic activity, pro-
viding real-time data and the opportunity to identify DCI 
events before irreversible damage has set in. Based on 
existing literature, it cannot be recommended to make 
decisions based on isolated measurements of a single 
monitoring entity. Of all available measurements, ptiO2, 
LPR, and glutamate concentration proved most effective 
in diagnosing impending DCI. Electrocorticography is a 
promising new monitoring technique but requires fur-
ther automatization and correlation with treatment and 
prognosis. Evidently, noninvasive monitoring methods 
would be preferable in the future, to overcome the low 
but undeniable procedural risk of probe placement. To 
compete with the above-mentioned tools, this technique 
should fulfill the prerequisites of delivering sufficient 

spatial and temporal resolution as well as having suffi-
cient sensitivity and specificity.
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