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ABSTRACT 

Intraoperative monitoring of cerebral blood flow (CBF) has become an invaluable adjunct to 

vascular and oncological neurosurgery, reducing the risk of postoperative morbidity and 

mortality. Several technologies have been developed during the last two decades, including 

laser-based techniques, videomicroscopy, intraoperative MRI, indocyanine green 

angiography, and thermography. Although these technologies have been thoroughly studied 

and clinically applied outside the operative room, current practice lacks an optimal 

technology that perfectly fits the workflow within the neurosurgical operative room. The 

different available technologies have specific strengths but suffer several drawbacks, mainly 

including limited spatial and/or temporal resolution. An optimal CBF monitoring technology 

should meet particular criteria for intraoperative use: excellent spatial and temporal 

resolution, integration in the operative workflow, real-time quantitative monitoring, ease of 

use, and non-contact technique. We here review the main contemporary technologies for 

intraoperative CBF monitoring and their current and potential future applications in 

neurosurgery.      
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ABBREVIATIONS:  

CBF : Cerebral blood flow 

CPP : Cerebral perfusion pressure 

CSF : Cerebrospinal fluid 

LDF : Laser doppler flowmetry 

LDI : Laser doppler imaging 
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LSCI : Laser speckle cell imaging 

MESI : Multi-exposure speckle imaging 

CCD : Charge-coupled device  

CSD : Cortical spreading depolarization 

AVM : arteriovenous malformation 

NIRS : Near-infrared spectroscopy 

BOLD : blood oxygenation-level dependent  

 

SDF : Sidestream dark field 

 

CLE : Confocal laser endomicroscopy  

 

DSA : Digital subtraction angiography 

 

ICG-VA : Indocyanine green video angiography  

 

MDU : Microvascular doppler ultrasound  

 

FUS : Functional ultrasound 

 

CEU : Contrast-enhanced ultrasound 
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INTRODUCTION 

 

In neurosurgery, monitoring cerebral blood flow (CBF) is a key factor for optimal 

intra- and peri-operative patient management. Through cerebral perfusion, CBF ensures 

adequate brain functioning through the delivery of oxygen and energy substrates but also the 

drainage of metabolic waste products. The regulation of cerebral perfusion is directly 

correlated to the adjustment of the intracranial volume which includes the cerebrovascular 

arteriovenous network and the cerebrospinal fluid (CSF) volume. Both cerebrovascular 

resistance and cerebral perfusion pressure (CPP = mean arterial pressure – intracranial 

pressure) condition the CBF (Poiseuille’s law).  

CBF corresponds to the volume of blood that flows per unit mass (or volume) per unit 

time in the brain. In adults, CBF ranges from 20 to 80 ml/(100 g min) with an average of 50 

ml/(100 g min).[1,2]  

According to the following equation: 

 

Blood flow = 
∆�

�
 = 

∆�π��

�µ�
 

 

(∆P : Pressure gradient, R : vascular resistance, r : vessel radius, L : vessel length, µ : blood 

viscosity) 

 

CBF may be primarily affected by variations of vessel radius (i.e. vasodilatation, 

vasoconstriction), CPP, and blood viscosity (reflection of hematocrit). CBF perpetually adapts 

to brain metabolism variations (neurovascular coupling) while its homeostasis is rigorously 

maintained through potent cerebral autoregulation mechanisms.   

During a neurosurgical procedure, CBF monitoring is critical to avoid both hypo- and 

hyper-perfusion complications either secondary to systemic events (arterial pressure 
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instability, post-hemorrhagic anemia, hyper- or hypocapnia…) or due to local surgical 

constraints (vessel clipping, brain retraction…). Moreover cerebral arteries may suffer 

transient vasospasm during their surgical manipulation and/or dissection particularly during 

aneurysmal subarachnoid hemorrhage, leading to intraoperative CBF variations.[3] CBF 

monitoring is also a potentially very useful adjunct for brain mapping during tumor resection. 

Although a myriad of invasive and non-invasive CBF monitoring technologies are available 

for the pre- and post-operative periods[1,2,4,5], it is rarely available intra-operatively mostly 

because of the absence of an optimal technology that perfectly suits the environment within 

an operating room. In the current clinical practice, very few techniques have the capacity to 

provide real-time CBF monitoring without interfering with the surgical workflow.  

Here, we provide a narrative literature review of the predominantly available CBF 

monitoring techniques that are suitable for the intra-operative environment and we describe 

the benefits and disadvantages of each technique (Table 1), focusing on the characteristics 

that appear to be fundamental for the “ideal” CBF monitoring technology in operative 

neurosurgery: Excellent spatial and temporal resolution, integration in the surgical workflow, 

quantitative real-time monitoring, ease of use, and non-contact technique.   

  

 

METHODS 

 

A bibliographic search from March 1982 to March 2020 via Medline and Scopus databases 

with the keywords “cerebral blood flow”, “intraoperative” and “neurosurgery” was performed 

(Figure 1). We included both animal and human studies describing CBF monitoring outside 

and inside the neurosurgical operative room environment. All types of study design were 

included. The abstracts of identified publications were reviewed, and only relevant articles 

were considered. There were no language restrictions. To compare the different CBF 

monitoring technologies, we used a qualitative ordinal scale for each characteristic: Depth of 

imaging, spatial and temporal resolutions, surgical integration in the workflow, and the 

possibility to provide quantitative measurements.  

 

 

LASER DOPPLER-BASED TECHNOLOGIES  
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Laser Doppler flowmetry (LDF) was developed in the 1970’s, mainly for 

dermatological purposes.[6,7] This optically based technology relies on a coherent laser light 

and measures the flow of fluids carrying light-scattering particles and erythrocytes within an 

illuminated brain tissue volume of approximately 1 mm3.[8] The blood flow (reflection of 

erythrocytes’ velocity and density) is indirectly estimated through the frequency shift 

(resulting from the Doppler effect) transmitted to incident monochromatic photons by the 

mobile erythrocytes within the vessels (Figure 2). LDF provides relative measurements of 

blood flow and requires calibration before usage. Different LDF probes have been developed 

including mainly cortical surface contact probes to intraparenchymal ones (mainly used in 

intensive care monitoring such as an ICP monitoring probe[9]) allowing either single shot 

measurements or continuous monitoring during specific neurosurgical procedures.  

Rosenblum et al. first introduced LDF in the neurosurgical field in 1987 providing 

measurements of cortical peri-nidal CBF variations before and after resection of a brain 

arteriovenous malformation (AVM), depicting at the microcirculatory level the concept of 

normal perfusion pressure breakthrough.[10] LDF has also been useful in the continuous 

intraoperative monitoring of CBF during revascularization bypass surgery in moyamoya 

disease, with the ability to predict post-operative cerebral hyperperfusion syndrome.[11] More 

recently, Kubo et al. used LDF intraoperatively associated with middle cerebral artery 

pressure measurement, as a possible substitute of balloon test occlusion, during parent artery 

surgical occlusion for symptomatic cavernous carotid aneurysms in order to identify the 

critical variations of CBF and henceforth patients who require a concomitant high-flow 

bypass.[12] Surface cortical probes provide real-time information on local CBF variations, 

and thus can help the detection of ischemic events and cortical spreading depolarization 

(CSD).[13] Other than for vascular neurosurgery, LDF has been shown to be useful in 

functional and oncological neurosurgery.[14] With its capability in differentiating white 

matter from grey matter based on specific patterns of microvascular blood flow, LDF with 

intraparenchymal probes can help improving the safety and accuracy of deep brain 

stimulation procedures.[15] Haj-Hosseini et al. associated 5-ALA fluorescence and LDF in a 

unique specific stereotactic probe to optimize the capacity of tracking intra-cerebral vessels 

on the trajectory of the probe and better detect tumoral tissue.[16]  

Overall, during neurosurgical procedures, LDF offers the possibility of excellent real-

time blood flow measurements and hence a good temporal resolution as compared to other 

intraoperative CBF monitoring technologies but suffers a poor spatial resolution due to a 

single point analysis. The latter raises the problem of representativity of the whole CBF 
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compared to the local measurements provided by LDF and emphasizes the importance for 

choosing relevant surgical sites to obtain an exploitable measurement. This lack of 

representativity becomes particularly evident in the interpretation of CBF data monitored by 

an intraparenchymal LDF probe in ICU patients.[9] In this choice of surgical site for LDF 

registration, the neurosurgeon should avoid any cortical zone that includes relatively large 

vessels to ensure the reliability of measurements in the analyzed brain volume. Another 

drawback of LDF is the high sensitivity of the probe to micromovements (brain pulsatility, 

cortical fluids, surgical maneuvers) leading to motion artifacts resulting in imprecise 

measurements.  

In order to overcome these drawbacks, laser doppler imaging (LDI) has been 

developed. This technology is based on LDF, but a movable mirror directs the laser incident 

beam on different measurement points to allow scanning of a larger cortical surface. The 

depth of scanning is 2 to 3 times higher than LDF reaching up to 1.5 mm. Apart of being able 

to provide a larger surface analysis, LDI is a non-contact technology avoiding the risk of 

pressure artifacts. It offers a good spatial resolution with a good reproducibility, but its 

temporal resolution is very low compared to LDF as it does not provide real-time analysis and 

requires a relatively long time for both surface scanning and data processing. This drawback 

has limited its usefulness during neurosurgical procedures. Raabe et al. integrated LDI 

technology into an operative microscope enabling to analyze CBF during awake surgery with 

a protocol for eloquent cortex stimulation, thereby providing a real-time intraoperative 

functional brain monitoring[17]. Technologies with faster data acquisition and processing are 

being investigated and may result in a LDI technology with both improved spatial and 

temporal resolution, in the near future.  

More recently, LDF was combined to spectrophotometry (backscattering 

spectroscopy) in a single multiparameter probe (“oxygen-to-see or O2C”) to provide the 

capillary venous oxygenation and the relative hemoglobin content as a metabolic monitoring 

in addition to microcirculation data.[18] Sommer et al evaluated the feasibility of this system 

in the intra-operative setting and showed its sensibility to surgical brain tissue retraction and 

modifications of the head position.[19]    

 

 

LASER SPECKLE CELL IMAGING 
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Developed initially in 1981 for imaging of retinal blood flow[20], laser speckle cell 

imaging (LSCI) - initially known as LASCA for laser speckle contrast analysis - relies on a 

light effect called laser speckle, secondary to the illumination of a biological tissue by a 

coherent laser beam. This effect results from the irregular backscattering of the light by the 

heterogeneous structure of the illuminated tissue. The resulting random speckle pattern 

detected by a charge-coupled device (CCD) camera (Figure 3) varies with the movement of 

erythrocytes, becoming more blurred in presence of a high erythrocyte flow and thus reducing 

the contrast. Blood flow is then deducted by the quantification of the spatial blurring of the 

speckle pattern over the exposure time of the CCD camera (Figure 4). Basically, the spatial 

blurring is quantified using the speckle contrast K:  

 

K(T) =  
σ�(
)

〈�〉
 

 

(T corresponds to the exposure time of the camera, σS the standard deviation and I the mean 

intensity of pixel values). [21] 

 

Even if the K value correlates to the level of motion of erythrocytes, this technique is not able 

to quantify the absolute blood flow.[22] In contrast to LDF and LDI, LSCI allows faster real-

time measurements of blood flow on large surfaces resulting in excellent temporal and spatial 

resolution, but remains limited in penetration of the brain cortex achieving a maximal depth 

of approximately 300 µm. Despite LSCI being a non-contact technology, it is very sensitive 

to movement artifacts - particularly cardiac and respiratory related motions - as well as brain 

shift during neurosurgical procedures. Richards et al. developed a system allowing a 

retrospective motion correction based on ECG filtering and physiological noise reduction, 

resulting in a better intraoperative accuracy of LSCI and the possibility to detect minimal 

CBF variations.[23] Dunn et al. noted that one important limitation of LSCI results from the 

use of a single camera exposure time and the sensitivity of the technique to several 

confounding factors (illumination discrepancies and the presence of light scattered from static 

tissue), leading to the development of an extension of LSCI named multi-exposure speckle 

imaging (MESI) to improve the quantitative accuracy for measuring CBF.[24–26]  Using a 

more robust mathematical model, Dunn et al. showed that MESI is adapted to chronic 

monitoring of the blood flow and has a good correlation with in vivo blood flow values, 

opening new perspectives for the intra- and inter-patients’ CBF comparative studies. Other 
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parameters can be measured with optical imaging concomitantly with LSCI or MESI, 

including hemoglobin oxygenation and oxygen tension to better explore and understand 

neurovascular coupling in ischemic diseases and functional brain mapping.[27–31]    

LSCI is currently gaining increased popularity in both research and clinical 

applications due to its aforementioned excellent spatial and temporal resolutions. Hecht et al. 

evaluated LSCI in 3 patients undergoing direct cerebral revascularization surgery and 

confirmed the ability of LSCI to provide quasi-real time relative CBF monitoring with a clear 

capacity to depict any minimal blood flow variations during surgery.[32] Furthermore, 

Parthasaratry et al. integrated the LSCI device to the neurosurgical operating microscope to 

ease the surgical workflow. A filter calibrated with the electrocardiogram was also used to 

decrease the pulsations-related artifacts.[33] Ideguchi et al. used LSCI to better identify 

feeding arteries during the resection of brain tumors and AVMs, and thus reduce the risk of 

post-operative ischemic complications.[34] Specifically, by using temporary arterial occlusion 

under LSCI monitoring, the authors were able to distinguish feeding arteries from en passage 

arteries and combined arteries (i.e. en passage arteries providing feeding branches to the 

lesion). Hecht et al explored the potential of LSCI for the prediction of infarction by 

monitoring 22 patients undergoing decompressive craniectomy for middle cerebral artery 

infarction.[35] By standardizing LSCI analysis parameters, the authors determined LSCI 

specific perfusion thresholds that not only allow the recognition of infarcted brain but mainly 

predict further infarctions. Klijn et al. evaluated the feasibility of LSCI in identifying eloquent 

brain cortex during awake glioma surgery.[36] They confirmed that LSCI was accurately able 

to detect any cortical CBF increase secondary to induced motor activity, overcoming the 

limitations of traditional electric stimulations mapping, i.e. the time consumption and risk of 

false positive responses as well as seizure activity. Woitzik et al. used LSCI intraoperatively 

to identify and follow the spatiotemporal progression of CSD in malignant stroke as CSDs 

exhibit characteristic cortical CBF patterns.[37]  

LSCI and MESI are easily accessible technologies with an excellent spatiotemporal 

resolution providing a quantitative monitoring of CBF. The combination of LSCI and other 

videomicroscopic imaging can provide a morphological assessment of the microcirculation 

(vessel density, proportion of perfused vessels, etc.…) in addition to the quantitative 

monitoring of CBF.[38] In the upcoming years, its integration in the surgical microscope will 

certainly ease its regular use in vascular but also oncological neurosurgery, providing a close 

to quantitative real-time CBF monitoring.  
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SIDESTREAM DARK FIELD IMAGING 

 

Sidestream dark field (SDF) imaging is a videomicroscopy technique allowing a direct 

visualization of the cortical microcirculation. Originally, Slaaf et al. developed in 1987 an 

incident illuminator for intravital imaging of microcirculation.[39] In 1999 Groner et al. 

improved the concept by developing orthogonal polarization spectral (OPS) imaging, the 

precursor of sidestream dark field (SDF) technique.[40] This videomicroscopic technique 

relies on a stroboscopic light emitting diode ring-based modality and allows a direct 

visualization of the cortical microcirculation (Figure 5). The hand-held device includes a light 

guide, a magnifying lens and a CCD video camera (Figure 6a). The illumination is ensured by 

a 530 to 548 nm wavelength green light specifically absorbed by hemoglobin, leading to a 

dark appearance of erythrocytes. SDF provides imaging of the microcirculation at a depth of 

approximately 530 µm and with a final on-screen magnification reaching 320 to 325 times 

that of the original and a field size of 1280 μm x 960 μm. This technology allows measuring 

key microcirculatory parameters (Figure 6b), such as vessel density, vessel diameter, flow 

index, proportion of perfused vessels and microvasopasms.[41] The recent development of 

advanced analysis software permits real-time intraoperative analysis of these microcirculatory 

parameters by optimizing the temporal resolution. The spatial resolution, however, remains 

limited. As all contact technologies, SDF suffers the possibility of motion and pressure 

artifacts. In neurosurgery, these artifacts may be reduced by the use of a self-retaining holding 

arm for the probe during registration. When image acquisition is optimal, the intra-observer 

and inter-observer variabilities remain very limited.  

The development of compact portable handheld OPS and SDF devices have offered 

the possibility of intraoperative use in neurosurgery to monitor the microcirculation, including 

microvascular blood flow. In two subsequent studies, Uhl et al. monitored microcirculation 

during brain aneurysm surgery revealing microvascular vasospasms and decreased vascular 

density in patients with subarachnoid hemorrhage.[42,43] Pennings et al. used OPS imaging 

to reveal  arteriolar contractility in response to hypercapnia in a surgical series of aneurysmal 

subarachnoid hemorrhage.[44] Furthermore, with OPS technology, the same group 

investigated the perfusion variations of the peri-nidal area during brain AVM surgery and the 

microvascular response to local papaverine administration during brain aneurysm 

surgery.[45,46] More recently, Perez-Barcena et al. confirmed the feasibility of intraoperative 

SDF imaging to monitor microcirculatory parameters in traumatic brain injury and malignant 
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stroke.[47,48] Our group has recently evaluated the feasibility of SDF imaging of peri-

tumoral microcirculation in intracranial meningiomas to better explore the pathogenesis of 

peri-tumoral edema.[49] The intra-operative use of SDF imaging as a continuous real-time 

monitoring technology in neurosurgery remains very limited due to the poor spatial resolution 

(single points analysis), susceptibility to motion and pressure artifacts, and difficulties to 

measure high blood flow velocities.  

 

 

 

INDOCYANINE GREEN VIDEO ANGIOGRAPHY 

 

Indocyanine green video angiography (ICG-VA) is an intraoperative technique using a 

near-infrared range fluorescent tricarbocyanine water-soluble dye, initially developed to 

evaluate the cardiac output, hepatic function and ophthalmic angiography, and has been 

introduced in neurosurgery during the last two decades (Figures 7a and 7b).[50] ICG shows a 

spectral absorption at 800-805 nm and an emission peak at 835 nm, with a half-life ranging 

between 150 to 180 seconds. Injected intravenously at a dose of 0.2 to 0.5 mg/kg, ICG binds 

to alpha-1 lipoprotein and remains intravascular to be finally excreted by the liver. Repeated 

intravenous injections are possible at different stages of surgery to allow comparative 

assessments of blood flow, respecting an interval of 20-25 minutes between two injections to 

maintain an optimal contrast enhancement and limiting the cumulative total dose inferior to 5 

mg/kg. The visualization technology is actually integrated in most operative neurosurgical 

microscopes without significant interruption of the workflow, providing a flow graph 

evaluating the time to peak (interval from the raise of the wave to the peak of signal intensity) 

and thus semi-quantitative evaluation of CBF. Flow maps of CBF may be obtained using the 

ratio between fluorescence intensity and rise time.[51] Different authors have suggested 

correlations between the time-intensity curve obtained with a specific software for ICG-VA 

and the quantitative CBF obtained by an ultrasound flowmeter, allowing in fine a quasi-

quantitative blood flow assessment by ICG-VA.[52] Real-time intraoperative blood flow 

analysis using ICG-VA may be useful in the evaluation of flow dynamics in and around brain 

AVMs, aneurysm surgery to check the absence of parent vessel post-clipping stenosis and the 

absence of aneurysmal residue (Figures 7a and 7b), and in hemangioblastomas surgery.[51–

56] ICG-VA is very useful during revascularization surgery as, in addition to intraoperative 

evaluation of graft patency and a quantitative analysis of the relative flow through the bypass, 

it provides the possibility to identify an optimal recipient artery for the bypass (“flash 
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fluorescence technique”)[54], and even help predict the postoperative neurological 

outcome.[57,58] Although  ICG-VA has become a relatively low-cost widely used technique 

in operative rooms with a good safety profile, it still suffers some specific drawbacks 

compared to other intraoperative CBF imaging techniques: (i) It doesn’t allow a continuous 

monitoring of blood flow and requires repetitive intravenous dye injections with a minimum 

of 20-25 minutes between two injections; (ii) Very rare adverse reactions to the intravenous 

dye are possible (nausea, vomiting, pruritus, bronchospasm, allergy, myocardial infarction, 

epilepsy); (iii) exploration of subcortical vasculature is limited.   

 

 

DIGITAL SUBTRACTION ANGIOGRAPHY 

 

Intraoperative digital subtraction angiography (DSA) is routinely used in neurosurgery 

since a few decades, particularly for complex aneurysm surgery, revascularization procedures, 

brain AVM resections, and dural arteriovenous fistula surgery.[59] DSA provides mainly 

morphological information on brain vasculature and basic dynamic alterations (flow slow-

down, vasospasm…). Recently, color-coded quantitative digital subtraction angiography has 

been generated from conventional DSA sequence and may provide in the next future temporal 

information of contrasted cerebral blood flow as well as quantitative blood flow mapping. 

Intraoperative DSA requires a specific operating room installation and exposes the patient and 

the staff personnel to radiations. DSA owns its own complications: arterial dissection, 

thromboembolic event, allergy to contrast product, and groin hematoma. Intraoperative DSA 

has been largely replaced by ICG-VA due to its simplicity of use and integration in the 

operative microscope.  

 

 

 

THERMAL IMAGING 

 

 

Both CBF and to a lesser extent metabolic activity, result in variations of the cortical 

temperature.[60–62] Imaging of these temperature variations (thermography) have been 

developed for brain tumor identification[60,63], cortical mapping[61] and CBF monitoring 

during cerebrovascular surgery.[64,65] The combination of thermography and an intravenous 

cold saline bolus injection as a contrast agent has greatly improved the possibility of real-time 

intraoperative CBF imaging, not only on the cortical surface but also in the deeper surgical 
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cavities.[64] Hwang et al. used thermal imaging to depict the vascular steal phenomenon 

usually observed in the peri-nidal region of a brain AVM.[65] Muller et al. compared the 

thermal imaging to ICG-VA during aneurysm surgery and highlighted the possibility of 

imaging perfusion within the parenchyma deeper than the cortical surface.[64] Suzuki et al. 

developed a multimodal device associating thermography and LSCI to help understand the 

part of metabolic activity and microvascular blood flow in the variations of cortical 

temperature with promising possibilities for the study of neurovascular and metabolic 

coupling.[66] Even though thermography lacks the possibility of direct quantitative absolute 

measurements of CBF and morphological imaging of microcirculation, its contactlessness, 

real-time and non-invasive characteristics, open interesting perspectives for its development 

in the intraoperative imaging armamentarium in neurosurgery.  

 

 

NEAR-INFRARED SPECTROSCOPY 

 

Near-infrared spectroscopy (NIRS) is an optical technology used to measure the 

variations of hemoglobin concentration (oxyhemoglobin (HbO2), deoxyhemoglobin (dHb) 

and total hemoglobin concentration (HbT=Hb02+dHb)) via absorption spectroscopy, usually 

utilized as a non-invasive technique through the scalp, thus providing a reflection of CBF.[67] 

The cerebral oxygen saturation (ScO2) results from the ratio HbO2/HbT. Both ScO2 and the 

concentration difference HbD (HbO2-dHb) are correlated to CBF. NIRS may be used alone in 

intensive care or associated to other optical techniques such as diffuse correlation 

spectroscopy to monitor CBF.[68] Recently, NIRS has been adapted to be used in the 

operative room with an emitting light intensity 75% lower than the scalp NIRS. Fukuda et al. 

used intraoperative NIRS to demonstrate hemodynamic variations in cortico-cortical activity 

between the primary and supplementary motor cortex during epilepsy surgery.[69] By using 

the same intraoperative technique and direct cortical stimulations, Sato et al. were able to 

highlight the cortico-cortical hemodynamic variations in the language networks with a 

specific pattern of increase in oxyhemoglobin concomitant with a decrease in 

deoxyhemoglobin reflecting neurovascular coupling.[70] In their experience, the authors have 

been limited in their study by a reduced spatial resolution (quasi-single point analysis) in 

contrast with an excellent temporal resolution, with a depth sensitivity up to 30 mm from the 

cortical surface. Intraoperative NIRS represents an interesting seizure-free brain mapping 

technique[71] and a portable technology for the exploration of neurovascular coupling, but 



 13

still does not provide direct blood flow measurements with sufficient spatial and temporal 

resolutions as required in cerebrovascular neurosurgery.  

 

 

INTRAOPERATIVE MRI 

 

Intraoperative MRI is regularly used in oncological neurosurgery to assess the quality 

of tumor resection and update neuronavigation data following brain shift.[72] Intraoperative 

MRI usually relies on anatomical sequences as well as on functional sequences and diffusion 

tensor imaging for the detection of eloquent cortical and subcortical areas.[73]  Recently, 

Stadlbauer et al. evaluated a quantitative blood oxygenation-level dependent (BOLD) MR 

sequence intraoperatively to monitor oxygen metabolism and CBF before and after brain 

tumor resection depicting the beneficial effect of mass effect withdrawal on peri-tumoral 

blood flow.[74] Moreover, Fierstra et al. demonstrated the feasibility of BOLD fMRI to 

intraoperatively assess cerebrovascular reactivity (CVR) using 3 cycles of apnea-induced 

hypercapnia on a 3-tesla MRI (Figure 8).[75] According to the authors, intraoperative BOLD-

CVR may not only help monitoring regional and global cerebral hemodynamics during 

neurosurgical revascularizations surgeries[76], but also assist for detecting residual glioma 

with a specific CVR pattern[77]. Nevertheless, intraoperative MRI requires an elaborate 

environment and suffers specific potential drawbacks, such as prolonged anesthetic and time 

of the entire procedure, specific requirements for the operating instrumentation and staff, as 

well as a poor temporal resolution impeding any real-time continuous monitoring of CBF, 

relative measurement of CBF, and the sensibility to surgical field artifacts (air, blood and 

hemostatic products).  

 

 

CONFOCAL LASER ENDOMICROSCOPY 

 

Confocal laser endomicroscopy (CLE) is a high resolution and high contrast optical 

imaging technique based on tissue illumination by a low-power laser and detection of the 

fluorescence reflected from the brain tissue through a pinhole. With a depth of exploration 

reaching 200 µm, CLE is used intraoperatively in neurosurgery to provide in-vivo histological 

diagnosis and may help in the near future to better visualize tumor borders and thus optimize 

the surgical resection of brain tumors.[78] Besides, CLE has the capacity to visualize the 

superficial microvascular network intraoperatively[79] and the movement of erythrocytes as 
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well as flow abnormalities (thrombosis, cell rolling…) but its role for the intraoperative blood 

flow monitoring remains very scarce because of low spatiotemporal resolution.  As an 

alternative to CLE, the two-photon microscopy is a fluorescence imaging technique using 

near-infrared excitation light and allowing a deeper brain tissue penetration (up to 1mm). 

However its intraoperative applicability in humans still remains restricted due to its limited 

temporal and spatial resolution for usage in neurosurgery.[80]    

 

 

ULTRASOUND-BASED TECHNOLOGIES 

 

Microvascular doppler ultrasound (MDU) is a simple and straightforward tool 

regularly used in vascular neurosurgery.[55,81] In addition to ICG-VA, MDU provides 

essential information on vessel patency and quality of aneurysmal sac exclusion. 

Nevertheless, MDU requires a direct application on the vessel to be analyzed and thus have 

very poor spatial resolution. It also suffers poor sensitivity to detect arterial stenosis except if 

morphological ultrasound is used simultaneously to appreciate vessel diameter. In contrast, 

flow quantification probes offer the possibility to quantify blood flow in a specific vessel, and 

thus represents an invaluable tool particularly during revascularization surgeries to assess the 

bypass and help identify vessel donor and recipient. 

Several ultrasound techniques have been described for an intraoperative use in 

neurosurgery, predominantly as an adjunct for brain tumor resection. Contrast enhanced 

ultrasound (CEU) utilizes an intravenous contrast agent containing microbubbles (air or inert 

gas).[82] With the imaging of tumoral microvasculature, CEU offers a better visualization of 

brain gliomas than standard B-mode ultrasound and may optimize the surgical resection, but 

does not provide any possibility of CBF monitoring. More recently, a new modality based on 

high-frame-rate ultrasound named functional ultrasound (FUS) has been introduced to the 

operative room.[83] FUS allows the detection of very small variations in blood dynamics that 

correlate with metabolic activation of brain tissue through neurovascular coupling, and thus 

help optimizing the brain mapping during awake surgery for tumor removal.[84] This data 

should be interpretated taking into account systemic variables such as hematocrit or CO2 

levels as well as mean arterial pressure. Even if CEU and FUS provide a valuable help for 

brain tumor delineation and brain mapping based on microvasculature imaging, these 

techniques do not provide a quantitative CBF monitoring. Both modalities offer deep 
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penetration analysis, a large field of view and real-time imaging, but remain contact 

techniques with the risk of motion and pressure artifacts.   

 

 

 

PERSPECTIVES AND CONCLUSION 

 

Outside the operative room, CBF monitoring is widely used with a multitude of 

technological modalities. In contrast, for intraoperative monitoring of CBF, there is no 

optimal technology that is entirely suitable. Ideally, such a technology should rely on specific 

requirements for applications in operative neurosurgery:  

 

- Non-contact: Any contact with the brain tissue may lead to motion- and pressure 

artifacts and thus results in inaccurate CBF measurements. This is particularly 

significant with LDF, SDF imaging and NIRS. Nevertheless, all available 

technologies including non-contact devices face the issue of brain pulsations that can 

lead to a certain amount of motions artifacts. 

- Excellent temporal resolution: permitting a real-time continuous monitoring of CBF 

(data acquisition and analysis) and allowing the neurosurgeon to have an immediate 

feed-back for any incident as well as enabling to enforce local (clip readjustment, 

retractor release…) and/or systemic (optimization of blood pressure, CO2 pressure, 

depth of anesthesia…) correction measures without delay.  

- Excellent spatial resolution: allowing CBF imaging of large brain tissue areas to have 

a more regional assessment instead of a very limited focal or even single-point 

imaging.  

- Quantitative CBF measurements: The majority of available technologies for 

intraoperative CBF monitoring does not provide absolute measurements of CBF but 

relative values and estimations, with the exception of the Doppler flowmeter which is 

limited to the study of only one artery at a time. This inability to provide absolute 

measurements makes it difficult to perform intra- and mostly inter-patient 

comparisons, and to define quantitative thresholds for the intra-operative decision 

process.  

- Depth analysis: Except intraoperative MRI, DSA and NIRS, common CBF imaging 

technologies provide only very superficial cortical analysis (less than 1.5 mm), 

impeding the assessment of deep white matter and perforating microvascular blood 
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flow. This limitation can lead to false interpretations where cortical flow is maintained 

while invisible deep circulation is impaired, for example when a feeding artery is 

temporarily clipped during an AVM surgery.  

- Integration in the surgical workflow: an optimal CBF monitoring system should not 

significantly impact the duration of surgery and should ideally be fully integrated into 

the surgical microscope to avoid substantial interruptions of the workflow. Integration 

in the microscope makes sterile draping easier, thus minimizing the risk of infection. 

Simplicity of use and data comprehension are also paramount. Intraoperative MRI and 

DSA, despite the essential information they can provide, are quite expensive and 

cumbersome in that regard.  

 

Considering all these characteristics, LSCI and MESI appear to have the best current 

technological profile for the intraoperative use in neurosurgery, including excellent temporal 

and spatial resolution, and particularly integration to the surgical microscope (Figure 9). 

Applications of intra-operative CBF monitoring in neurosurgery should dramatically increase 

in the near future because of the technical refinements that are being developed and the 

expanding integration in the surgical workflow. These applications will certainly exceed the 

field of vascular neurosurgery, which is actually manifest, to encompass neuro-oncological 

surgery (brain mapping, tumor identification) and functional surgery (deep brain stimulation), 

particularly when used in association with electrophysiological monitoring to concomitantly 

monitor deep brain vasculature and reduce operative morbidity. Finally, the development of 

hybrid solutions associating blood flow and metabolic monitoring are of great interest in brain 

surgery and shall help in the understanding of neurometabolic coupling 

mechanisms.[19,66,68]  
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Table 1: Characteristics of main contemporary technologies for the intraoperative cerebral 

blood flow imaging in neurosurgery. 

 

 

FIGURES 

 

Figure 1: Flow chart of literature search strategy  

 

Figure 2: Laser Doppler Flowmetry. An incident photons source produces a laser light beam 

that infiltrates approximately 1 mm3 of brain cortex. Mobile (erythrocytes, leucocytes, etc.…) 

and immobile (neurons, glial cells, etc.…) structures scatter the incident photons resulting in a 

Doppler shift and an electrical signal reflecting both velocity and density of erythrocytes.  

 

Figure 3: Laser speckle cell imaging. A coherent laser beam illuminates the most superficial 

heterogeneous layer of the brain cortex up to 300 µm resulting in an irregular backscattering 

of the light. A CCD camera, possibly integrated in the operative microscope, detects the 

ensuing random speckle pattern which is variable with erythrocytes’ movements.     
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Figure 4: Example of intraoperative laser speckle cell imaging during brain glioma removal 

with a surgical microscope integrated LSCI device (Omegazone OZ-3, Omegawave Inc.). The 

difference in CBF can be measured between 2 ROIs (ROI1 corresponds to normal brain 

tissue, ROI2 corresponds to tumoral brain tissue). (Courtesy of Dr Jun Muto, Fujita Health 

University) 

 

Figure 5: Sidestream dark field imaging. A stroboscopic green light (530 to 548 nm) 

illuminates the cortical surface up to 500 µm. This specific wavelength light is exclusively 

absorbed by erythrocytes and results in the display of the black vascular network in a gray 

background.    

 

Figures 6: Sidestream dark field imaging. The development of a hand-held device and a real-

time image analysis ease its use intra-operatively (Figure 6a) (Courtesy of MicroscanTM, 

Microvision Medical, Amsterdam, The Netherlands). Example of cortical SDF imaging 

showing the flow of erythrocytes (Figure 6b).  

 

Figure 7: Indocyanine green video angiography (ICG-VA). Right middle cerebral artery 

aneurysm previously coiled presenting with a significant recurrence at his neck and treated 

surgically by clipping (Figure 7a). Intraoperative ICG-VA confirms the absence of 

aneurysmal sac residue and the qualitative preservation of the flow in the parent vessel and its 

branches (Figure 7b).  

 

Figure 8: Example of an intraoperative BOLD-CVR study of a patient with a left-sided 

carotid occlusion that underwent EC-IC bypass revascularization. The BOLD-CVR image is 

depicted in an axial orientation with color-coding of the CVR values (ranging from red -

normal/positive CVR- towards blue -impaired/negative CVR-). One can appreciate that 

already on this intraoperative study immediately after bypass anastomosis, CVR improvement 

in the left hemisphere as well as the contralateral hemisphere can be seen (yellow and red 

areas). BOLD-CVR is calculated as %BOLD signal change/mmHg change in CO2. 

 

Figure 9: Comparative overview of cerebral blood flow monitoring technologies focusing on 

depth of analysis, spatial and temporal resolutions, integration to the surgical workflow and 

possibility of quantitative measurements. 
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 Laser Doppler technologies 
LSCI SDF ICG-VA Thermal imaging NIRS 

 LDF LDI 

Depth 

analysis 
500 µm 1-1.5 mm 530 µm 300 µm ≤ 1mm ≤ 1mm 30 mm 

Contact with 

the brain 
Yes No Yes No No No Yes 

Spatial 

resolution 
- + - ++ + + - 

Temporal 

resolution 
++ - + ++ + + ++ 

Possibility of 

continuous 

intraoperative 

monitoring 

Yes No No No No No No 

Integration in 

the surgical 

microscope 

- + - ++ - ++ - 

Type of 

analysis 

Relative CBF 

measurements  

Color coded map 

with relative CBF 

measurements 

No CBF 

measurement 

 

Microcirculation 

parameters: 

vessel density, 

flow pattern, 

Color coded map 

with relative CBF 

measurements 

Indirect estimation of 

relative CBF  

Morphological 

analysis of the 

vasculature 

 

Color coded map with 

relative CBF 

measurements 

Indirect 

estimation of 

relative CBF 

(measurement 

of Hb 

concentration) 



perfused vessels, 

vessel diameter 

Applications 

in 

neurosurgery 

Peri-nidal 

monitoring in 

brain AVMs 

 

Detection of 

CSD 

 

Optimization of 

deep brain 

electrodes 

placement and 

brain biopsies 

Brain mapping Peri-nidal 

monitoring during 

AVM surgery 

 

Monitoring during 

decompressive 

craniectomy for 

stroke and brain 

injury 

 

Monitoring during 

aneurysm surgery 

Monitoring of CBF 

during 

revascularization 

surgery 

 

Identification of 

feeding arteries 

during tumor or 

AVM surgery 

 

Brain mapping 

 

Detection of CSD 

 

Brain tumor 
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Brain mapping 

 

Vascular 

neurosurgery 

Vascular 

neurosurgery 

(Aneurysm clipping, 

patency of bypass 

and identification of 

optimal recipient 

artery, AVM 

resection) 

 

Hemangioblastoma 

surgery 

Brain mapping 

Technical 

variants 

Possibility of 

intra-

parenchymal 

probe 

Combination with 

spectrophotometry 

(“oxygen-to-see” 

probe) to provide 

concomitant 

metabolic 

monitoring 

Recently 

developed 

incident dark field 

imaging may 

provide a better 

image resolution 

Multi-exposure 

speckle imaging 

(MESI) for better 

quantitative 

accuracy 

Possibility to use an 

intravenous bolus of 

cold saline as a 

contrast agent 

  

 

Table 1. Characteristics of main contemporary technologies for the intraoperative cerebral blood flow imaging in neurosurgery. 

LDF: Laser Doppler flowmeter, LDI: Laser Doppler imaging, CSD: Cortical spreading depolarization, LSCI: Laser speckle-contrast imaging, SDF: 

Sidestream dark field, ICG-VA: Indocyanine green video angiography, NIRS: Near-infrared spectroscopy, AVM: arteriovenous malformation 

Poor : - 

Good : + 

Excellent : ++ 

 

 




