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Objective: This study aimed to compare microvascular Doppler sonography (MDS) and laser speckle contrast
imaging (LSCI) for assessing vessel patency and aneurysm occlusion during microsurgical clipping of intracranial
aneurysms.

Methods: MDS and LSCI were used after clip placement during six neurovascular procedures including six pa-
tients, and agreement between the two techniques was assessed. LSCI was performed in parallel or right after
MDS evaluation. The Doppler response was assessed through listening while flow in the LSCI videos was eval-
uated by three blinded neurovascular surgeons after the surgery. Statistical analysis determined the agreement
between the techniques in assessing flow in 18 regions of interest (ROISs).

Results: Agreement between MDS and LSCI in assessing vessel patency was observed in 87 % of the ROIs. LSCI
accurately identified flow in 93.3 % of assessable ROIs, with no false positive or negative measurements. Three
ROIs were not assessable with LSCI due to motion artifacts or poor image quality. No complications were
observed.

Conclusions: LSCI demonstrated high agreement with MDS in assessing vessel patency during microsurgical
clipping of intracranial aneurysms. It provided continuous, real-time, full-field imaging with high spatial reso-
lution and temporal resolution. While MDS allowed evaluation of deep vascular regions, LSCI complemented it
by offering unlimited assessment of surrounding vessels.

1. Introduction

Intraoperative assessment of blood flow during surgical clipping of
aneurysms can be challenging, necessitating the use of adjunctive
techniques. Incomplete occlusion or residual neck remnants following
clipping may contribute to aneurysm re-growth and rupture.' The
reported incidence of postoperative aneurysm remnants ranges from 3%
to 21 %," '° whereas unexpected vessel occlusion ranges from 2% to 11
0. 479,10

While digital subtraction angiography (DSA) is still considered the
gold standard by many due to its superior resolution and diverse viewing
angles, its adoption is limited in some centers due to its cost, invasive-
ness, and the need for additional trained personnel.'''*

Fluorescence angiography (FA) allows for robust real-time

intraoperative assessment of vessel patency and aneurysm neck rem-
nants after microsurgical clipping intraoperatively.'*'® The dye’s
fluorescence allows neurosurgeons to track blood flow within the cere-
bral vasculature, aiding in the identification of flow direction, patency,
and potential complications arising in the surgical field of view. Addi-
tionally, microvascular Doppler sonography (MDS) provides a valuable
intraoperative adjunct. The technique enables swift and reliable initial
assessment of vessel patency immediately after clip placement.!”"'® By
providing single point measurements of blood flow in the vessels sur-
rounding the aneurysm, MDS can help identify potential complications
and improve the accuracy and safety of the clipping procedure.

In recent years, LSCI has emerged as a promising tool for non-
invasive, full-field and continuous assessment of blood flow during
neurosurgery.'> 2> LSCI offers instantaneous blood flow maps by
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capturing time-varying laser speckle patterns.”” Its blood flow visuali-
zation properties and adaptability to the surgical microscope make it a
promising tool for surgical guidance in neurosurgery. The objective of
this paper is the comparison of MDS and LSCI after aneurysm occlusion.
The study evaluates the presence (flow) or absence (no flow) of blood
flow in the vessels surrounding the aneurysms and within the aneurysm
sac. The study aims to provide clinicians with a comparative analysis of
these two techniques, highlighting their respective strengths and limi-
tations in assessing blood flow during neurosurgery. By elucidating the
potential advantages of LSCI over MDS, the study seeks to evaluate
whether LSCI could improve surgical decision-making and patient out-
comes in neurovascular procedures.

2. Materials and methods
2.1. Study design

In accordance with the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines, we conducted a pro-
spective observational cohort study at the Inselspital, University Hos-
pital Bern, Bern, CH between February and March 2022 (ClinicalTrials.
gov identifier: NCT0502840). Local ethics committee in Bern,
Switzerland approved the study under the Project-ID: 2021-D0043. Prior
to the neurosurgery, we obtained informed consent from all eligible
patients who were 18 years or older, non-pregnant, and able to provide
informed consent.

All patients underwent standard craniotomy procedure under anes-
thesia. During the study period, 9 patients underwent surgical clipping
procedures for unruptured intracranial aneurysms. During six aneurysm
clipping procedures (78 %) involving 5 female and 1 male subjects with
an average age of 51.7 years at the time of surgery (Table 1), LSCI videos
were recorded while MDS was used to assess flow on surgically visible
regions. Due to the optical nature of LSCI, only surgically visible regions
of interest (ROIs) were included in the LSCI vs MDS comparative rating.
For all six cases, we included a total of 18 ROIs in the rating process,
which were defined based on the placement of the doppler probe on the
structure of interest (Table 1).

2.2. Microvascular Doppler sonography

MDS is a valuable tool for rapidly assessing blood flow patterns and
ensuring that the surgical clip does not obstruct major structures. Hence,
MDS was employed following clip ligation to quickly assess vessel
patency and confirm successful aneurysm occlusion before performing a
more detailed assessment with FA. To conduct MDS, the study utilized a
microprobe (VTI 20 MHz Disposable Doppler Probe, Vascular Technol-
ogy Incorporated, Noshua, NH) which was delicately placed in contact
with the ROL The amplitude response was assessed through listening,
rather than visual observation, to determine blood flow in both the
affected vessels and the aneurysm sac. All 18 (100 %) Doppler

Table 1
Patient characteristics included in the study.
No. of patients 6 (100 %)
Female 5 (83 %)
Mean age (years, SD) 51.7,7
Range (years) 41-62
Indication for surgery 6 (100 %)
Unruptured intracranial aneurysm 6 (100 %)
- MCA 4 (66 %)
- ACOM 1(17 %)
- AChoA 1(17 %)

Simultaneous MDS and LSCI flow assessment 18 (100 %)

*Age in years on day of surgery. SD= Standard deviation, MCA = Middle ce-
rebral artery, ACOM = Anterior communicating artery, AChoA = Anterior
choroidal artery.
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evaluations were conducted right before FA and all MDS findings agreed
with FA findings. No surgical changes were made in between the MDS
evaluation and FA. The ROIs defined in the rating process were based on
the location of the probe during MDS patency evaluation.

2.3. Laser speckle contrast imaging

The image acquisition device used for LSCI was described previ-
ously.lg’zo In brief, the surgical field of view was illuminated with a
non-visible, low-power continuous laser diode (1 = 785 nm). The tech-
nique requires the surgical field of interest to be visibly exposed,
aligning with the inherently limited penetration depth (<1 mm) of op-
tical modalities such as LSCL>* The reflected light was collected by the
surgical microscope (OPMI Pentero 900, Carl Zeiss, Oberkochen, Ger-
many) and imaged onto a camera attached to the side observer port. The
LSCI instrumentation was integrated onto the operating microscope,
allowing the use of both techniques during critical moments of the
surgery. Speckle contrast images were displayed in real-time on oper-
ating room monitors.”> We used different pseudo colors to display the
speckle contrast values, depending on the case and time point of the
surgery. These values were either shown next to the white light image or
overlaid onto the surgical microscope white light images using a median
filter and pseudo color, as explained in a previous study.”’ During the
surgery, LSCI was performed in parallel or right after MDS evaluation.
We made sure that there were no surgical changes in clip placement or
physiological changes between MDS and LSCI recordings used in the
rating. LSCI was employed in this study solely to assess its robustness;
the surgeon did not utilize LSCI data to alter the surgical approach or
clip placement.

2.4. Rating process and statistical analysis

The assessment of vessel flow in LSCI videos was conducted by three
neurovascular surgeons affiliated with the Department of Neurosurgery,
Inselspital, University Hospital in Bern. To carry out the rating process,
the raters were provided with both white light and LSCI videos without
knowing the true flow status in the ROIs prior to rating the LSCI images.
The raters categorized the vessel flow as flow, no flow, not assessable
due to poor image quality, or not assessable due to pulsatile motion
artifact. LSCI is sensitive to various types of motion, including the pul-
satile motion of blood and the mechanical pulsation of the brain at each
heartbeat. This sensitivity means that even in regions where there is no
actual blood flow, the movement of the ROI due to brain motion can lead
to false positives, challenging the accuracy of blood flow assessment. "’
The white light and LSCI video recordings were stored and rated after
the surgery. To establish the combined rating, the most frequently
selected rating for each region of interest (at least two identical answers
with three reviewers) was chosen, with no instances of three different
ratings. The results of the combined rating can be found in Table 2.

Table 2
Regions of interest (ROI) type and laser speckle contrast imaging agreement with
microvascular Doppler sonography (MDS).

ROI type n Agreement with MDS ~ Disagreement with MDS
(%) n (%) n (%)
Total n (%) 18 (100 %) 15 (83 %) 3 (17 %)
Branching 13 (72 %) 11 (85 %) 2 (15 %)
artery
Harboring 2 (11 %) 2 (100 %) 0 (0 %)
artery
Aneurysm 3 (17 %) 2 (67 %) 1(33%)
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3. Results
3.1. Accordance of LSCI findings: comparison to MDS

The flow at 18 different time points was assessed using MDS. MDS
evaluated 15 ROIs (83 %) as open (flow) and 3 (17 %) ROIs as closed (no
flow). LSCI allowed for the assessment of vessel flow in 15 (83 %) ROIs.
Out of those, 14 (93.3 %) ROIs showed flow, while only 1 (7.7 %) ROI
showed no flow. Vessel flow in 3 (17 %) ROIs was not assessable due to
pulsatile motion artifact present in 2 (11.1 %) and poor image quality in
1 (5.5 %) ROIs. Table 2 shows the agreement and disagreement results
based on the ROI type, which include 13 branching arteries (72 %), 2
harboring arteries (11 %), and 3 aneurysm sacs (17 %). The branching
artery category refers to arteries that branch off from a main artery while
the harboring artery category indicates the main artery that directly
supplies blood to the aneurysm. Finally, the aneurysm category repre-
sents the location of the aneurysm itself.

The disagreement between LSCI and MDS was observed in 3 ROIs
that were not assessable with LSCI due to pulsatile motion artifact or
poor image quality (n = 3, 17 %). The agreement between the ROIs that
were assessable with LSCI was 100 % (Fig. 1). The average agreement
between the LSCI ratings and MDS assessments for all three raters was
87 % (Rater 1: 78 % agreement, Rater 2: 94 % agreement, Rater 3: 89 %
agreement) (Fig. 1). No complications related to the techniques were
observed for MDS or LSCI. Our results indicate that LSCI is a reliable tool
for assessing patency after clip placement. However, MDS should remain
the preferred modality for assessing deep and covered structures, espe-
cially when quantitative flow information is required. Therefore, both
techniques should be considered as complementary.

Fig. 2 illustrates LSCI visualization during vessel patency evaluation
with MDS following MCA aneurysm clipping, where both M2 branching
arteries (arrows) were evaluated as open by MDS. The surgical field of
view (Fig. 1 A & C) and corresponding LSCI overlay images (Fig. 1 B &
D) demonstrate the agreement between MDS and LSCI in assessing the
patency in the M2 branching vessels post aneurysm clipping (Video).

Supplementary video related to this article can be found at htt
ps://doi.org/10.1016/j.wnsx.2024.100377

4. Discussion

The success of microsurgical clipping in treating intracranial aneu-
rysms heavily relies on preserving blood flow in the vessels surrounding
the aneurysm. However, these vessels are fragile, and the complex sur-
gical procedures needed to perform the clipping put them at high risk of
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B branching artery harboring artery  H aneurysm

Fig. 1. Surgeon rating results of the laser speckle contrast imaging (LSCI) vs
microvascular doppler sonography comparison based on region of interest
(ROI) type. A total of 18 ROIs were rated by each surgeon. The 7 ratings with
disagreements were due to poor LSCI image quality: the ROI was judged as not
assessable with LSCI.
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occlusion or injury. This may cause ischemic or hemorrhagic compli-
cations, highlighting the critical importance of monitoring blood flow
during and after the clipping procedure. Intraoperative vascular imaging
and monitoring have been shown to improve the quality and ease the of
surgical treatment.'® '®2%%7 This study compared the effectiveness of
LSCI to MDS.

MDS is a real-time, non-invasive technique that has been shown to be
highly effective in evaluating blood flow during microsurgical clipping
in neurosurgery. This technique requires the introduction of a probe in
the surgical field of view to contact the structure of interest, such as a
vessel or an aneurysm, allowing for a point measurement of the blood
flow. Unlike intraoperative DSA, MDS is a low-cost technique that can be
used repeatedly during the surgical procedure to assess the success of the
clipping and ensure the preservation of blood flow in surrounding
vessels.

LSCI is an emerging blood flow imaging modality, which provides
full-field, real-time and continuous blood flow imaging. The technique
does not require the injection of a dye or the introduction of an addi-
tional instrument in the surgical field of view. Hence, it can provide
continuous blood flow monitoring throughout microsurgical clip
placement of aneurysms.

The goal of the present study was to evaluate LSCI to the gold
standard MDS as a tool for patency assessment of microsurgical clipping
in intracranial aneurysm surgeries. The comparative study also aims to
compare the potential advantages and pitfalls of these two intra-
operative evaluation techniques in comparison with each other. The
study demonstrated that, on average, LSCI provided accurate patency
evaluation in 87 % of the vessels surrounding the aneurysm and the
aneurysm sac which were evaluated with MDS after microsurgical clip
placement. The 3 ROIs where the LSCI flow rating disagreed with MDS
had low image quality and were rated as not assessable. The absence of
false positive or false negative measurements demonstrates that LSCI did
not erroneously evaluate any ROIs.

LSCI has proved to be a reliable tool in monitoring blood flow and
perfusion in neurosurgery.’?1*83% As opposed to MDS, LSCI offers
unrestricted and continuous blood flow and patency evaluation over the
entire surgical field of view (Video, Fig. 2). The high spatial resolution of
LSCI supports the assessment of small perforators with submillimeter
diameter as shown in Fig. 2.

Fig. 3 further demonstrates LSCI’s full-field imaging capabilities. The
LSCI overlay image of the cortical surface (Fig. 3B) showcases its ability
to assess flow in vessels of various sizes. Small pial arteries (dotted
arrow, Fig. 3A) and larger surface arteries (solid arrow, Fig. 3A) are
clearly characterized. LSCI is also sensitive to microcirculation in the
cortex, offering real-time perfusion information in the spaces between
defined vessels. The resolution of LSCI aligns with the surgical micro-
scope magnification, as the integrated LSCI system utilizes the collection
optics of the operating microscope. This allows for the evaluation of flow
dynamics in very small vessels, provided they are resolved by the sur-
gical microscope. In contrast, MDS only provides patency information
for a single vessel at a time and lacks a “one probe fits all” characteristic,
requiring careful selection of frequency and footprint of the probe to
match the size of the structure of interest. Consequently, MDS has lim-
itations in evaluating the patency of small vessels, such as perforators.'®

However, MDS overcomes many of the inherent limitations of LSCIL
One major technical constraint of the LSCI is that it can solely evaluate
blood flow in superficial vascular regions that are surgically exposed.
MDS enabled evaluation of vessels deep in the surgical field that were
located below the aneurysm sac or not surgically visible. In such cases,
LSCI faced difficulty due to the limited light throughput, which resulted
in poor image quality and low contrast. In addition, one of the most
significant benefits of MDS is its accessibility, as it does not necessitate
the use of a surgical microscope or magnification. LSCI has additional
limitations, including sensitivity to static scatters, which can lead to
misinterpretation of flow in calcified aneurysms, and limited penetra-
tion depth, restricting robust flow measurements in thick arteries like
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High
Flow
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Flow

Fig. 2. LSCI flow assessment of the vessels (solid white arrows) adjacent to the clipped middle cerebral artery aneurysm during microvascular doppler sonography.
(A & C) White light image of the surgical field of view during M2 patency assessment. (B & D) Respective LSCI images overlayed onto the white light images with a
threshold applied to visualize high flow vessels. High speckle contrast values in blue represent “low flow” and low speckle contrast values in white represent “high
flow.” The dotted white arrow shows a small perforator stemming from the M2 artery. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)

High
Flow

Fig. 3. Full-field flow assessment of the cortical surface with laser speckle contrast imaging (LSCI). A) Surgical microscope white light image of the surgical field of
view. B) Corresponding LSCI overlay image showcasing the technique’s ability to assess flow in vessels of various sizes including large arteries (solid arrow) and small

pial arteries (dotted arrow).

the carotid artery.®! Goldberg et al*® highlighted a current challenge for
LSCI in detecting aneurysm neck remnants. The slow filling of the
aneurysm, combined with the pulsatile motion artifact in the LSCI
signal, complicated the assessment of flow profiles in that region. While
software and hardware improvements to reduce pulsatile motion arti-
facts may aid in identifying aneurysm neck remnants, both LSCI and
MDS currently face this limitation.'®

The purpose of this study was to evaluate and compare the strengths
and weaknesses of both LSCI and MDS as intraoperative assessment
techniques. While MDS offers advantages in terms of its ability to
evaluate deep vascular regions, LSCI provides continuous and unre-
stricted assessment of the vessels surrounding the aneurysm, which can
provide increased certainty during the surgical procedure. Although
further research is needed to fully understand the potential of LSCI, the
results of this study suggest that it may complement MDS in assessing
patency during microsurgical clipping improving surgical decision-
making and patient outcomes in neurosurgical procedures.

4.1. Limitations

One of the primary limitations of our study is the absence of quan-
titative MDS data providing additional information on blood flow

dynamics. Including blood flow velocity, flow direction and the pulsa-
tility index into our analysis would enhance the comparison of two
techniques. Secondly, our study has a small sample size of only 16
comparisons. This may have limited the statistical power of our analysis
and may have resulted in an increase in false negative values. We
acknowledge that a larger sample size would have allowed for a more
comprehensive analysis and potentially more definitive results.
Furthermore, our study is limited to only comparing both techniques
during intracranial aneurysm surgery. This may limit the generaliz-
ability of our results to other surgical procedures or types of vascular
pathology. Other factors, such as variations in surgical technique, pa-
tient characteristics, and types of aneurysms, may also impact the
results.

5. Conclusion

To conclude, our study highlights the agreement (87 %) between
LSCI and MDS in evaluating vessel patency after microsurgical clipping
of intracranial aneurysms. The valuable information provided by both
techniques can assist surgeons in making more informed decisions, ul-
timately improving patient outcomes and reducing intraoperative
complications. LSCI offers unlimited and continuous full-field imaging
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with high spatial resolution and should be regarded as a promising
adjunctive tool to MDS in neurosurgical procedures.
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DSA: digital subtraction angiography
ICGA: indocyanine green angiography
FA: fluorescence angiography

LSCI: laser speckle contrast imaging
MDS: microvascular Doppler sonography
ROI: region of interest
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