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ABSTRACT
Background Endovascular thrombectomy has 
revolutionized the management of acute ischemic 
stroke and proven superior to stand- alone intravenous 
thrombolysis for large vessel occlusions. However, failed 
or delayed revascularization may occur as a result of a 
mismatch between removal technique and clot composition. 
Determination of clot composition before thrombectomy 
provides the possibility to adapt the technique to improve 
clot removal efficacy. We evaluated the application of 
diffuse reflectance spectroscopy (DRS) for intravascular 
determination of clot composition in vivo.
Methods Three clot types, enriched in red blood cells 
or fibrin or with a mixed content, were prepared from 
porcine blood and injected into the external carotids of 
a domestic pig. A guidewire- like DRS probe was used 
to investigate the optical spectra of clots, blood and 
vessel wall. Measurement positions were confirmed with 
angiography. Spectra were analyzed by fitting an optical 
model to derive physiological parameters. To evaluate 
the method’s accuracy, photon scattering and blood and 
methemoglobin contents were included in a decision tree 
model and a random forest classification.
Results DRS could differentiate between the three 
different clot types, blood and vessel wall in vivo 
(p<0.0001). The sensitivity and specificity for detection 
was 73.8% and 98.8% for red blood cell clots, 80.6% 
and 97.8% for fibrin clots, and 100% and 100% for 
mixed clots, respectively.
Conclusion Intravascular DRS applied via a custom 
guidewire can be used for reliable determination of clot 
composition in vivo. This novel approach has the potential 
to increase efficacy of thrombectomy procedures in ischemic 
stroke.

INTRODUCTION
Endovascular treatment (EVT) has revolutionized 
the management of acute ischemic stroke (AIS) 
caused by large vessel occlusions, and resulted in 
significantly improved clinical outcomes in this 
patient category.1–10 EVT has traditionally been 
performed either with a stent retriever, a self- 
expanding stent used to catch and retrieve the clot, 
or by contact aspiration of the clot using a large 
bore catheter.11 More recently, a combination of 
both techniques has proven successful in achieving 
fast revascularization.12 13 Regardless of which tech-
nique is used, achieving complete or near complete 

revascularization at the first attempt has been shown 
to result in a better clinical outcome and decreased 
mortality.14 15 However, despite the encouraging 
results of EVT, recanalization is not achieved in up 
to 20% of cases, and only about half of the patients 
have good functional outcome at 90 days, defined 
as 0–2 (functional independence) on the modified 
Rankin scale.1 16 This may, at least in some cases, be 
due to thrombectomy failure or a prolonged proce-
dure with many failed attempts before clot removal.

A key determinant in the success rate of EVT is 
the composition of the occluding blood clot. Clots 
are mainly composed of fibrin and red blood cells 
(RBCs), but they also contain platelets and leuko-
cytes as well as other important compounds such 
as von Willebrand factor, extracellular DNA and 
neutrophil extracellular traps.17–20 Fibrin clots are 
associated with lower revascularization rates21–23 
and produce greater static friction against the vessel 
wall, making EVT more difficult. Furthermore, 
clots may become compacted with repeated throm-
bectomy attempts, leading to increased friction 
against the vessel wall.21 24 Stent retrievers and large 
bore contact aspiration catheters vary in their effi-
cacy depending on clot type.25 26 Hence, the correct 
choice of EVT technique in relation to the clot 
composition is an important factor in EVT success. 
Pre- thrombectomy information on clot composi-
tion would enable a tailored EVT strategy. Even 
though data suggest that CT and MRI may, at least 
partially, predict clot composition,27 no technique 
for reliable intravascular detection of clot composi-
tion has yet been presented.

In this study, we hypothesize that the optical 
technique diffuse reflectance spectroscopy (DRS), 
applied in a guidewire- like endovascular device, 
can be used for intravascular determination of clot 
composition. The goal of this study was to inves-
tigate whether DRS can be used to discriminate 
between typical clot types, including RBC- rich clots, 
fibrin- rich clots and mixed clots, as well as blood 
and vessel wall. An experimental porcine model of 
AIS was used. The accuracy of the DRS method was 
first analyzed using a decision tree model, where 
the optical properties of defined tissue components 
were used for clot and tissue categorization. Second, 
because decision trees are prone to overfitting data, 
a random forest model was used to verify the clot 
and tissue identification accuracy.
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METHODS
DRS system and custom guidewire-like probe
In DRS biological tissue is illuminated with white light. Inside 
the tissue the light is scattered and absorbed. A part of the back- 
scattered light is collected and spectrally analyzed. The inten-
sity and shape of the spectra are determined by the scattering 
properties of the examined tissue and its content of absorbers. 
Thus, a specific tissue produces characteristic reflected spectra 
that can be analyzed to determine the tissue composition. Since 
the optical properties differ between the constituents of a blood 
clot, such as RBCs or fibrin, it can be assumed that the reflected 
spectra from an RBC- rich clot will differ from the spectra 
reflected by a fibrin- rich clot.

The general principles of DRS, instrumentation and calibration 
have been described previously28 and the experimental setup is 
schematically illustrated in figure 1. In short, light from a tungsten 
halogen broadband light source (360–2500 nm) is coupled to an 
optical multimode fiber (200 m diameter). The fiber forms the 
core of a custom- made, 1.5 m long, 0.014 inch (0.36 mm) diameter 
intravascular guidewire- like probe. The light exits the fiber at the 
tip of the probe (figure 1B), which is polished at a 15° angle to avoid 
back- reflection at the glass–tissue interface. Light from the tip is 
collected by the same fiber and guided via the other arm of the fiber 
splitter to two optical spectrometers (figure 1A). One spectrom-
eter resolves light in the visible and near- infrared wavelength range 
of 450–1100 nm (OceanOptics Maya 2000PRO, Ocean Insight, 
Orlando, FL), while the other covers the infrared wavelengths 
from 900–1700 nm (OceanOptics NIRQuest512, Ocean Insight, 
Orlando, FL). For data acquisition and controlling of the spectrom-
eters, a software developed in- house was used (C++).

Animal preparation
The procedure was conducted according to the institutional guide-
lines for animal experiments and was approved by the regional 
ethics committee (N87/15 and N162/16). One adult 53.2 kg female 
Yorkshire pig was used and the whole procedure was performed 
under general anesthesia with sodium pentobarbital and mechan-
ical ventilation. After the experiment the animal was euthanized 
using a lethal dose of sodium pentobarbital (100 mg/kg).

Clot preparation and validation
RBC, fibrin and mixed clots were prepared from porcine whole 
blood using a method described by Duffy et al.24 All clots were 
manufactured at room temperature in test tubes. RBC and fibrin 
clots were prepared from citrated, fresh porcine blood that was 
centrifuged at 1500 g for 15 min to separate RBC, plasma and 
buffy coat. For fibrin clots, a mixture of 20 mL plasma +1 mL 
calcium chloride (CaCl2) solution (8 g CaCl2·2H2O dehydrate in 
100 mL water) was used, and for RBC clots a mixture of 20 mL 
RBCs + 1 mL CaCl2 was used. Mixed clots were formed in a 
static environment from the lighter layer of sedimented, citrated 
whole blood that was left to coagulate for 12 hours. After prepa-
ration, the clots were stored at −18°C for 7 days and thawed 
during 24 hours before the experiments were conducted. Before 
injection, a piece of each clot was separated for histological anal-
ysis. Briefly, clots were incubated in 4% formaldehyde solution 
in phosphate buffered saline at room temperature. The samples 
were then embedded in paraffin, cut into 5 µm sections, mounted 
on glass slides and stained with hematoxylin- eosin (H&E) and 
Martius scarlet blue (MSB). Quantification of the clot elements 
for each clot was performed by the study pathologist (OA), using 
conventional light microscopy. H&E staining allowed identifi-
cation of RBCs and nucleated cells, such as leukocytes. Fibrin 
could to some extent be distinguished from platelets. MSB stains 
fibrin red, RBCs yellow and platelets lightly pink. In assessing 
the clot composition, staining was correlated to the structural 
morphology of each component.

Angiography, clot injection and DRS measurements
In a Philips Allura monoplane angiography suite, the right 
femoral artery was surgically exposed and arterial access was 
obtained using a 6 French (6F) short introducer sheath. A 6F 
guide catheter (Envoy, Cordis Endovascular Systems, Miami 
Lakes, FL), continuously flushed with saline containing 5000 IU 
of heparin/L, was placed in the external carotid artery (ECA). 
A piece measuring approximately 2–3 × 10 mm was cut from 
each clot type and introduced in a 20 mL syringe, which was 
subsequently attached to the guide catheter. Each clot was gently 
flushed into a distal branch of the ECA by physiological saline. 

Figure 1 The experimental setup. (A) A light source (LS) with light ranging from 360–2500 nm is coupled to a 200 µm diameter optical fiber, that 
forms the core of a custom- made, 1.5 m long, 0.014 inch (0.36 mm) diameter intravascular guidewire- like probe. The light exits the fiber at the tip of 
the probe and the reflected light, depicted in orange, is collected by the same fiber. The reflected light is guided via the other arm of the fiber splitter 
(FS) to two optical spectrometers, one covering visible and near- infrared wavelength range of 450–1100 nm (VIS) and one covering the near infrared 
and infrared wavelengths from 900–1700 nm (NIR). The spectra of the collected light represent the composition of the examined tissues, allowing 
identification of the examined tissue. (B) The tip of the custom 0.014 inch (0.36 mm) guidewire- like DRS probe next to a mm ruler. (C) Angiogram of 
the external carotid artery before and (D) after introduction of an obstructive clot. The DRS probe has been placed distal to the clot via a standard 
0.021 inch (0.5 mm) microcatheter, and is slowly pulled back to read out the composition of the entire clot.
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Each clot resulted in an occlusion of a single ECA branch, and 
each ECA branch was used for one test only. Occlusions were 
achieved in the branches of the ECA, including the internal 
maxillary artery, ciliary artery and external ethmoid artery. The 
dimensions of the occluded vessels ranged between 1.5–3.0 mm. 
Tests were performed in the ECA bilaterally. The clots were not 
retrieved after testing. In total, nine clots were carefully injected: 
three RBC clots, three fibrin clots and three mixed clots. Angio-
grams were performed for localization and documentation of the 
occlusions. The DRS probe was introduced via a standard 0.021 
inch microcatheter (Prowler Select Plus, Cordis Endovascular 
Systems, Miami Lakes, FL) which was navigated under road- map 
with a 0.014 inch (0.36 mm) guidewire (Transend Platinum- tip, 
Stryker Neurovascular, Fremont, CA) to a position with the tip 
clearly distal to the clot. The guidewire was then replaced by the 
DRS probe and the microcatheter withdrawn while the probe 
was kept in position distal to the clot. Finally, the DRS probe was 
slowly pulled back while DRS spectra were recorded in blood 
distal to the clot, inside the clot and in blood proximal to the 
clot, respectively. For each analyzed clot, 200 spectra, divided 
between the three probe positions, were recorded. DRS acqui-
sition time was set to 0.45 s, and a full reading of 200 spectra 
lasted 90 s. At the end of the experiment, the tip of the DRS 
probe was navigated to a position perpendicular to and against 
the vessel wall, verified by an angiogram, and 230 separate DRS 
recordings of vessel wall were performed from eight different 
positions. Finally, the DRS spectra were reviewed. Only record-
ings free from movement artifacts, with clear and undistorted 
DRS spectra, and with a catheter position that could be unam-
biguously verified as in either blood, blood clot or vessel wall on 
the angiogram, were included in the data analysis.

Data analysis
Diffuse reflectance spectral data analysis
Spectral analysis was performed with a custom software using 
Matlab (MathWorks Inc, Natick, MA). DRS data acquired from 
the in vivo angiographic measurements were analyzed in the 
wavelength range of 400–1600 nm. A version of the optical 
model by Farrell et al was fitted to the measured spectra to 
extract parameters related to the physiological and morpho-
logical properties of tissue, as previously described.29–31 These 
parameters included the concentration of oxygenated hemo-
globin and deoxygenized hemoglobin, methemoglobin, water 
and collagen, as well as parameters describing the wavelength- 
dependent scattering contributions from Mie and Rayleigh scat-
tering.32 33 Typically, the Farrell model uses the distance between 
emitted and collected light beams. Since the DRS probe used in 
this study has a single fiber, an average distance of half the fiber 
diameter (=100 µm) was assumed.

Statistical analysis
Decision tree
Histograms of the fitted parameters were reviewed and found not 
to be normally distributed. All individual spectra were randomly 
assigned to either a training set (n=289, 52%) or a validation set 
(n=266, 48%). The fitted parameters were reviewed to identify 
physiologically meaningful disparities and statistical differences, 
the latter using a non- parametrical (Kruskal- Wallis) one- way 
analysis of variance (ANOVA) test. Based on the training set, 
the parameters with the best discriminating features, that is, 
the most significant statistical differences between tissue types, 
were included in the decision tree. Cut off- values for every deci-
sion node were manually assigned to optimize discrimination 

between the tissue types. DRS recordings of the sum of oxygen-
ated and deoxygenated hemoglobin (HbO2+Hb), reflecting 
content of blood, were used to discriminate RBC clots and blood 
from the other tissues, using a cut- off of 20%. RBC clots were 
split from blood based on methemoglobin content, with the cut- 
off value of 0.05 (arbitrary unit), since coagulated blood has a 
significantly higher content of methemoglobin than fresh blood. 
The light Scattering800*Scaling parameter, corresponding to 
the whiteness of the tissue, was used to split fibrin clot and 
vessel wall from mixed clot, with a cut- off of 0.4 cm-1. The Mie 
slope parameter bMie, roughly corresponding to the size of the 
scattering structures, was used to differentiate fibrin clots from 
vessel wall, with a cut- off value of 0.25 cm-1. Finally, the decision 
tree was tested with the validation set. To evaluate the statis-
tical differences between the split parameters at each decision 
node, a non- parametrical (Kruskal- Wallis) one- way ANOVA test 
was used for nodes with three or more classes, and a two- sided 
Wilcoxon rank sum test was used for nodes with two classes. The 
specificity and sensitivity of the method was calculated from a 
confusion matrix.

Random forest
Since decision trees are prone to overfitting data, an indepen-
dent validation of the results was performed using a random 
forest classification.34 For training of the random forest model, 
RStudio (RStudio Team. RStudio: Integrated Development for 
R. RStudio, Inc, Boston, MA) and the random forest package 
were used.35 A 10- fold cross- validation method for training the 
classification models was employed. In each round of training, 
500 decision trees were generated. After training, the overall 
accuracy of the model, as well as the specificity and sensitivity 
for detection of each tissue type, were calculated based on the 
confusion matrix of the validation data.

RESULTS
Histological clot composition verification
Histological examination revealed a typical pattern in the RBC- 
rich clots in which the composition was estimated to 80% RBCs, 
15% fibrin, 5% platelets and <1% leukocytes. The fibrin- rich 
clots were almost exclusively composed of fibrin (>95%) with 
only focally scattered leukocytes (<5%) and no evident RBCs 
or platelets. The mixed clots showed a meshwork of fibrin of 
varying density, lake- like aggregates of platelets and a uniform 
distribution of small, mature lymphocytes, occasional neutro-
philic granulocytes and no RBCs. The composition was esti-
mated to 80% fibrin, 20% platelets and <1% leukocytes. Gross 
photographs and histomorphology at 400× (H&E) of the clot 
analogs are presented in figure 2A.

DRS recordings in the experimental model
The DRS probe was easily positioned using a standard 0.021 
inch (0.5 mm) microcatheter and clearly visualized with fluo-
roscopy. No intraoperative complications were noted. In total, 
2030 spectra were recorded. Since the DRS measurements were 
recorded continuously during each pullback session, a large 
number of recordings had artifacts or distortions of the spectra, 
especially as the catheter passed the transition between blood 
and clot, both distally and proximally. Recordings where the 
catheter position was not unambiguously placed in either blood, 
clot or against the vessel wall were also excluded. Due to the 
pullback technique employed, a majority of the readings were 
from blood distal or proximal to the clot. To avoid imbalance in 
the training dataset, 75% of the blood readings were excluded. 
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Finally, 555 spectral recordings were included in the data anal-
ysis: blood n=266, RBC clot n=33, mixed clot n=42, fibrin clot 
n=62, and vessel wall n=152. The averaged spectra from the 
individual clot and tissue types are presented in figure 2B.

Decision tree
In the manually designed decision tree each decision node 
corresponds to a fitted physiological parameter with a chosen 
cut- off value (figure 3A). The chosen parameters and cut- off 
values could reliably discriminate between the different clot 
and tissue types, as presented in figure 3B. Blood and RBC clots 
were discriminated from the other tissues (p<0.0001), blood 
and RBC clots from each other (p<0.0001), mixed clots from 
fibrin clots and vessel wall (p<0.0001), and finally fibrin clots 
and vessel wall from each other (p<0.0001). Table 1 shows the 
resulting confusion matrix when the model was tested with the 
validation dataset. The rows represent the model’s classifica-
tion of the tissues and the columns the actual tissue types, with 
correct DRS readings presented on white background. From the 
confusion matrix, the sensitivity and specificity of the model’s 
prediction of each tissue type were calculated, as presented in 
table 2. Sensitivity and specificity of the decision tree model for 
detection of the individual clot and tissue types ranged between 
69.6–94.0% and 92.2–99.3%, respectively.

Random forest classification
The same fit parameters used in the decision tree model, that 
is, blood (HbO2+Hb), methemoglobin, scattering800*scaling 
and bMie scattering, were included in the random forest 

classification. The resulting confusion matrix is presented in 
table 3, where the model’s classifications of the DRS readings are 
presented in the rows and the actual clot and tissue types in the 
columns, with the correctly classified values presented on white 
background. Sensitivity and specificity for detection of each 
individual tissue ranged between 73.8–100% and 96.0–100%, 
respectively, as presented in table 4.

DISCUSSION
In this study, a novel application of DRS for intravascular deter-
mination of blood clot type is presented. The technique could 
differentiate RBC- rich, fibrin- rich and mixed clots, as well as 
blood and vessel wall, with high accuracy. In general, data anal-
ysis using a random forest model produced better accuracy than 
a manually designed decision tree, with sensitivity and specificity 

Figure 3 The manually designed decision tree. (A) Each decision node 
corresponds to a physiologically meaningful splitting feature derived 
from the optical properties of a defined tissue component. Cut- off 
values are presented at the nodes. (B) The result of the classification 
at each decision node presented as boxplot diagrams, where the 
distribution of the fitted parameters is plotted for each tissue type. 
The red, dashed line represents the chosen cut- off value, and the p 
value describes the statistical significance of the difference between 
the discriminated classes at each node. arb.unit., arbitrary units; bMie, 
Mie slope parameter; HbO2 + Hb, oxygenated and deoxygenated 
hemoglobin; RBC, red blood cell.

Figure 2 Clot analog characterization and averaged DRS spectra. 
(A) Gross photographs and histomorphology at 400x (H&E) of the 
clot analogs. The RBC clot was dark red/burgundy on macroscopic 
examination and contained approximately 80% RBCs. Thin fibrin 
strands made up about 15% of the clot. Small clusters reminiscent of 
platelets were seen, constituting <5%. Scattered lymphocytic cells and 
neutrophilic granulocytes were identified. The mixed clot was light red 
to pink and contained a fibrin network of both thin, loosely connected 
fibrin strands and areas with coarse fibrin bundles. Fibrin content 
was estimated to be 80%. Lakes of what was perceived as platelets 
constituted about 20% of the clot. Single small, mature lymphocytes 
were seen. No red blood cells were identified. The fibrin clot was 
white and contained a fine fibrin network with cavities of varying size. 
Scattered lymphocytic cells were seen but there were no red blood 
cells or areas resembling platelets. These findings suggested a >95% 
fibrin composition. (B) The averaged spectra of the clot types, blood and 
vessel wall. Intensity is presented on the y axis in arbitrary units (a.u.) 
and wavelength in nm is presented on the x axis. The DRS spectra of clot 
types, blood and vessel wall are different, allowing tissue identification. 
DRS, diffuse reflectance spectroscopy; H&E, hematoxylin- eosin; RBC, red 
blood cell.
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values for identification of clot and tissue types ranging between 
73.8–100%. Overall, the results indicate that intravascular DRS 
can be used to determine blood clot type in a mechanical throm-
bectomy scenario.

Clot composition has been shown to impact the prognosis for 
AIS patients treated with thrombectomy,12–14 27 and different 
thrombectomy techniques are better suited for different clots. 
Adapting the thrombectomy technique to match the clot type 
would work towards achieving first- pass- effect (FPE) in every 
case, that is, complete revascularization in one attempt.5 FPE 
has been shown to result in better clinical outcomes and cost 
savings.28 29 For RBC- rich clots, FPE may be achieved with the 
simpler and cheaper30 contact aspiration technique in combi-
nation with a balloon- guide catheter. The use of technically 
challenging and expensive combination techniques such as 
BADDASS31 can be limited to fibrin- rich and mixed clots. For 
fibrin- rich clots, contact aspiration may be ineffective and neces-
sitate conversion to rescue therapies such as the newly developed 
‘GCS- Nimbus’32 or rescue stenting, which has been shown to be 
superior to leaving a large vessel occluded.36 Any such modifi-
cation of thrombectomy technique based on clot type requires 
an accurate method to determine clot composition. To date, no 
such method is clinically available.

The available methods for determination of clot composition 
in AIS patients have so far been limited to conventional diag-
nostic neuroradiology. The hyperdense middle cerebral artery 
sign on CT and blooming artifact/susceptibility vessel sign on 
gradient- echo MRI have been correlated to high RBC content 
of the clot27 37 and a better chance of revascularization.16 25 38 
Several techniques to enable intravascular clot composition anal-
ysis have been studied. Spectral optical coherence tomography 
(OCT),39 its extension optical coherence elastography, and 

ultrasound shear wave elastography40 have been evaluated for 
determination of clot RBC content and mechanical properties 
of clot analogues in vitro. Electrochemical impedance spectros-
copy has also been suggested for this purpose.41 Even though 
results are promising, further development of these methods are 
needed before they can be applied in a catheter- based technique 
for neurointerventional use. To the best of our knowledge, the 
DRS technique described in this paper is the only method for 
intravascular clot composition detection that has been success-
fully applied in an in vivo experimental stroke model.

The DRS technique has several beneficial features for intravas-
cular clot measurements. The single optic fiber used in DRS can 
be easily mounted on a regular micro guide wire, there is no need 
to flush the clot area free from blood before the test (as opposed 
to OCT39), and the strong optical absorption features of blood 
clots can be taken advantage of, as DRS employs optical rather 
than electrical spectroscopy. Also, the spectral data provided by 
DRS allows for development of algorithms for automated inter-
pretation. In this proof- of- concept study, we show that DRS 
can be used to differentiate between RBC- rich, fibrin- rich and 
mixed clot analogs. DRS has previously been used to identify 
a wide variety of tissues including fat42 and bone of different 
densities.33 43 Even though not tested in this paper, based on 
the results from the current and previous studies on DRS, it is 
highly probable that an algorithm for detection of atheroma-
tous plaques and calcifications as in intracranial atherosclerotic 
disease can be developed as well.

A possible drawback with the DRS technique described in this 
study is that the probe is positioned distally to the clot by means 
of a standard microcatheter and then pulled back, meaning an 
extra microcatheter passage through the clot, or rather between 
the vessel wall and the clot, is required as this is the route that 
the microcatheter usually takes. The negative effects of repeated 

Table 1 Confusion matrix of the decision tree model

  n=266 RBC clot Fibrin clot Mixed clot Blood Vessel wall

Predicted RBC clot 13 0 0 3 0

Fibrin clot 0 32 1 0 9

Mixed clot 1 4 16 2 12

Blood 0 1 0 109 0

Vessel 
wall

0 3 6 2 52

The result of the validation of the decision tree model presented as a confusion 
matrix based on the validation dataset. The rows represent how the model classified 
each DRS reading according to clot or tissue type, and the columns represent the 
actual type of the clot and tissue that was examined. Correctly classified DRS 
readings are presented in cells with white background. Falsely positive and negative 
readings can be identified for each clot and tissue type from the rows and columns 
respectively, and are presented in cells with gray background.
DRS, diffuse reflectance spectroscopy; RBC, red blood cell.

Table 2 Accuracy of the decision tree model

Tissue type Sensitivity Specificity

RBC clot 92.9% (13/14) 98.8% (249/252)

Fibrin clot 80.0% (32/40) 95.6% (216/226)

Mixed clot 69.6% (16/23) 92.2% (224/243)

Blood 94.0% (109/116) 99.3% (149/150)

Vessel wall 71.2% (52/73) 94.3% (182/193)

The sensitivity and specificity of the decision tree model for each individual tissue 
type was calculated from the confusion matrix of the validation dataset.
RBC, red blood cell.

Table 3 Confusion matrix of the random forest classification

  n=555 RBC clot Fibrin clot Mixed clot Blood Vessel wall

Predicted RBC clot 31 3 0 3 0

Fibrin clot 4 50 0 0 7

Mixed clot 0 0 33 0 0

Blood 0 0 0 263 0

Vessel wall 7 9 0 0 145

The result from the random forest classification presented as a confusion matrix. 
The rows represent how the random forest model classified each DRS reading 
according to clot or tissue type. The columns represent the actual type of the clot 
and tissue that was examined. Correctly classified DRS readings are presented 
in cells with white background. Falsely positive and negative readings can be 
identified for each clot and tissue type from the rows and columns respectively, and 
are presented in cells with gray background.
RBC, red blood cells.

Table 4 Accuracy of the random forest model

Tissue type Sensitivity Specificity

RBC clot 73.8% (31/42) 98.8% (507/513)

Mixed clot 100% (33/33) 100% (522/522))

Fibrin clot 80.6% (50/62) 97.8% (482/493)

Blood 98.9% (263/266) 100% (289/289)

Vessel wall 95.4% (145/152) 96.0% (387/403)

The sensitivity and specificity of the random forest model presented for each tissue 
type.
RBC, red blood cell.



6 of 7 Skyrman S, et al. J NeuroIntervent Surg 2022;14:304–309. doi:10.1136/neurintsurg-2020-017273

Basic science

device passages may also apply to the retrograde passage of the 
DRS micro probe itself, even though this slender guidewire- like 
probe cannot be directly compared with passage with a microca-
theter or a thrombectomy attempt by a stent retriever. Alterna-
tive ways of DRS recording where the clot is not passed could be 
considered, for example, recording while pushing the probe only 
into the proximal end of the clot.

In a real- life thrombectomy scenario, brain tissue is threat-
ened by ischemia and any delay to revascularization increases 
the risk of cerebral infarction. In this context, it is noted that 
DRS recordings are fast. In this study a large number of DRS 
recordings (n=200) were performed for each clot, and yet the 
measurement time was approximately 90 s. Arguably, this proce-
dural delay will be acceptable in most cases, and in cases where 
the clot analysis results in a more efficient clot removal this delay 
will be well compensated. In addition, the number of spectral 
recordings performed for each clot in this study served to collect 
large amounts of data rather than provide sampling for a rapid 
determination of clot type. For use in a clinical setting, the device 
and interface must be further developed with optimization for 
accuracy and speed, automatic automated analysis of the DRS 
data and feedback in real- time.

LIMITATIONS
This study was conducted in an experimental animal model, 
with blood clot analogs created in a controlled laboratory envi-
ronment. In real life, blood clots are less homogeneous. Further 
studies on human ex vivo tissue is planned as a first step to vali-
date the result in a clinical setting. This is a proof- of- concept 
study of DRS as a suitable technique for intravascular clot compo-
sition determination; however, the sample size was limited, and 
further studies with larger sample sizes are warranted to get a 
more robust estimate of the accuracy of the technique.

CONCLUSIONS
Intravascular DRS with a guidewire- like probe can be used for 
reliable in vivo determination of clot composition in a porcine 
model of mechanical thrombectomy. To the best of our knowl-
edge, this is the first time intravascular clot composition detec-
tion has been reported in an in vivo experimental stroke model. 
This novel approach has the potential of improving efficacy of 
thrombectomy procedures and patient outcomes in AIS as well 
as saving costs.

Contributors Study conception and design: All authors. Preparation of blood 
clots: MM, GL. Conduction of animal experiments: SS, FA, TA, MM, MO, GL. 
Histopathological exam of clot; OADRS data analysis/parameter fitting: MM, GL. 
Analysis and interpretation of data: All authors. Draft of manuscript: SS. Critically 
revising the manuscript for important intellectual content: All authors. Final approval 
of the version to be published: All authors. All authors agree to be accountable for all 
aspects of the work in ensuring that questions related to the accuracy or integrity of 
any part of the work are appropriately investigated and resolved.

Funding The authors have not declared a specific grant for this research from any 
funding agency in the public, commercial or not- for- profit sectors.

Competing interests TA holds equity for Ceroflo and is a consultant for Amnis 
Therapeutics, Anaconda, Cerenovus- Neuravi, Medtronic, Rapid Medical and Stryker. 
None of the authors who are affiliated with clinical institutions or universities (SS, 
GB, EE, OA, AE- T, FA, TA) have financial interests in the subject matter, materials, 
or equipment or with any competing materials and did not receive any payments 
from Philips. Karolinska University hospital and Philips Healthcare have a major 
collaboration agreement. The authors affiliated with Philips Research and Philips 
Healthcare (MM, GL) have financial interests in the subject matter, materials, and 
equipment, in the sense that they are employees of Philips. Philips provided support 
in the form of salaries but did not have any additional role in the study design, data 
collection and analysis, decision to publish, or preparation of the manuscript. The 
specific roles of these authors are articulated in the ’author contributions’ section. 
Authors without conflicts of interest had full control of all data labeling, data 

analysis and information submitted for publication and over all conclusions drawn in 
the manuscript.

Patient consent for publication Not required.

Ethics approval The procedures in this study were approved by the Stockholm 
ethical committee, Stockholms tingsrätt, Box 8307, 104 20 Stockholm (N87/15 and 
N162/16).

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request. Further 
data can be obtained by email request to the corresponding author.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Adrian Elmi- Terander http://orcid.org/0000-0002-3776-6136
Marcus Ohlsson http://orcid.org/0000-0002-1577-5509

REFERENCES
 1 Goyal M, Menon BK, van Zwam WH, et al. Endovascular thrombectomy after 

large- vessel ischaemic stroke: a meta- analysis of individual patient data from five 
randomised trials. Lancet 2016;387:1723–31.

 2 Berkhemer OA, Fransen PSS, Beumer D, et al. A randomized trial of intraarterial 
treatment for acute ischemic stroke. N Engl J Med 2015;372:11–20.

 3 Bracard S, Ducrocq X, Mas JL, et al. Mechanical thrombectomy after intravenous 
alteplase versus alteplase alone after stroke (THRACE): a randomised controlled trial. 
Lancet Neurol 2016;15:1138–47.

 4 Broderick JP, Palesch YY, Demchuk AM, et al. Endovascular therapy after intravenous 
t- PA versus t- PA alone for stroke. N Engl J Med 2013;368:893–903.

 5 Campbell BCV, Mitchell PJ, Kleinig TJ, et al. Endovascular therapy for ischemic stroke 
with perfusion- imaging selection. N Engl J Med 2015;372:1009–18.

 6 Goyal M, Demchuk AM, Menon BK, et al. Randomized assessment of rapid 
endovascular treatment of ischemic stroke. N Engl J Med 2015;372:1019–30.

 7 Jovin TG, Chamorro A, Cobo E, et al. Thrombectomy within 8 hours after symptom 
onset in ischemic stroke. N Engl J Med 2015;372:2296–306.

 8 Kidwell CS, Jahan R, Gornbein J, et al. A trial of imaging selection and endovascular 
treatment for ischemic stroke. N Engl J Med 2013;368:914–23.

 9 Saver JL, Goyal M, Bonafe A, et al. Stent- retriever thrombectomy after intravenous 
t- PA vs. t- PA alone in stroke. N Engl J Med 2015;372:2285–95.

 10 Saver JL, Jahan R, Levy EI, et al. Solitaire flow restoration device versus the Merci 
retriever in patients with acute ischaemic stroke (SWIFT): a randomised, parallel- 
group, non- inferiority trial. Lancet 2012;380:1241–9.

 11 Fanous AA, Siddiqui AH. Mechanical thrombectomy: stent retrievers vs. aspiration 
catheters. Cor Vasa 2016;58:e193–203.

 12 Maegerlein C, Berndt MT, Mönch S, et al. Further development of combined 
techniques using stent retrievers, aspiration catheters and BGC: The PROTECTPLUS 
technique. Clin Neuroradiol 2020;30:59–65.

 13 Ospel JMet al. Seminars in interventional radiology. Thieme Medical Publishers, 
2021: 119–31.

 14 Zaidat OO, Castonguay AC, Linfante I, et al. First pass effect: a new measure for stroke 
thrombectomy devices. Stroke 2018;49:660–6.

 15 Nikoubashman O, Dekeyzer S, Riabikin A, et al. True first- pass effect. Stroke 
2019;50:2140–6.

 16 Yoo AJ, Andersson T. Thrombectomy in acute ischemic stroke: challenges to procedural 
success. J Stroke 2017;19:121–30.

 17 Denorme F, Langhauser F, Desender L, et al. ADAMTS13- mediated thrombolysis of 
t- PA- resistant occlusions in ischemic stroke in mice. Blood 2016;127:2337–45.

 18 Laridan E, Denorme F, Desender L, et al. Neutrophil extracellular traps in ischemic 
stroke thrombi. Ann Neurol 2017;82:223–32.

 19 Staessens S, De Meyer SF. Thrombus heterogeneity in ischemic stroke. Platelets 
2021;32:331–9.

 20 Staessens S, Denorme F, Francois O, et al. Structural analysis of ischemic 
stroke thrombi: histological indications for therapy resistance. Haematologica 
2020;105:498–507.

 21 Gunning GM, McArdle K, Mirza M, et al. Clot friction variation with fibrin content: 
implications for resistance to thrombectomy. J Neurointerv Surg 2018;10:34–8.

 22 Brinjikji W, Duffy S, Burrows A, et al. Correlation of imaging and histopathology of 
thrombi in acute ischemic stroke with etiology and outcome: a systematic review.  
J Neurointerv Surg 2017;9:529–34.

 23 Cline B, Vos J, Carpenter J, et al. O- 027 Pathological analysis of extracted 
clots in embolectomy patients with acute ischaemic stroke. J Neurointerv Surg 
2013;5:A15.2–16.

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-3776-6136
http://orcid.org/0000-0002-1577-5509
http://dx.doi.org/10.1016/S0140-6736(16)00163-X
http://dx.doi.org/10.1056/NEJMoa1411587
http://dx.doi.org/10.1016/S1474-4422(16)30177-6
http://dx.doi.org/10.1056/NEJMoa1214300
http://dx.doi.org/10.1056/NEJMoa1414792
http://dx.doi.org/10.1056/NEJMoa1414905
http://dx.doi.org/10.1056/NEJMoa1503780
http://dx.doi.org/10.1056/NEJMoa1212793
http://dx.doi.org/10.1056/NEJMoa1415061
http://dx.doi.org/10.1016/S0140-6736(12)61384-1
http://dx.doi.org/10.1016/j.crvasa.2016.01.004
http://dx.doi.org/10.1007/s00062-018-0742-9
http://dx.doi.org/10.1161/STROKEAHA.117.020315
http://dx.doi.org/10.1161/STROKEAHA.119.025148
http://dx.doi.org/10.5853/jos.2017.00752
http://dx.doi.org/10.1182/blood-2015-08-662650
http://dx.doi.org/10.1002/ana.24993
http://dx.doi.org/10.1080/09537104.2020.1748586
http://dx.doi.org/10.3324/haematol.2019.219881
http://dx.doi.org/10.1136/neurintsurg-2016-012721
http://dx.doi.org/10.1136/neurintsurg-2016-012391
http://dx.doi.org/10.1136/neurintsurg-2016-012391
http://dx.doi.org/10.1136/neurintsurg-2013-010870.27


7 of 7Skyrman S, et al. J NeuroIntervent Surg 2022;14:304–309. doi:10.1136/neurintsurg-2020-017273

Basic science

 24 Duffy S, Farrell M, McArdle K, et al. Novel methodology to replicate clot 
analogs with diverse composition in acute ischemic stroke. J Neurointerv Surg 
2017;9:486–91.

 25 Bourcier R, Mazighi M, Labreuche J, et al. Susceptibility vessel sign in the ASTER trial: 
higher recanalization rate and more favourable clinical outcome after first line stent 
retriever compared to contact aspiration. J Stroke 2018;20:268–76.

 26 Madjidyar J, Pineda Vidal L, Larsen N, et al. Influence of thrombus composition on 
thrombectomy: ADAPT vs. balloon guide catheter and stent retriever in a flow model. 
Rofo 2020;192:257–63.

 27 Liebeskind DS, Sanossian N, Yong WH, et al. CT and MRI early vessel signs reflect clot 
composition in acute stroke. Stroke 2011;42:1237–43.

 28 Tanis E, Spliethoff JW, Evers DJ, et al. Real- time in vivo assessment of radiofrequency 
ablation of human colorectal liver metastases using diffuse reflectance spectroscopy. 
Eur J Surg Oncol 2016;42:251–9.

 29 Farrell TJ, Patterson MS, Wilson B. A diffusion theory model of spatially resolved, 
steady- state diffuse reflectance for the noninvasive determination of tissue optical 
properties in vivo. Med Phys 1992;19:879–88.

 30 Nachabé R, Hendriks BHW, van der Voort M, et al. Estimation of biological 
chromophores using diffuse optical spectroscopy: benefit of extending the 
UV- VIS wavelength range to include 1000 to 1600 nm. Biomed Opt Express 
2010;1:1432–42.

 31 Bydlon TM, Nachabé R, Ramanujam N, et al. Chromophore based analyses of steady- 
state diffuse reflectance spectroscopy: current status and perspectives for clinical 
adoption. J Biophotonics 2015;8:9–24.

 32 Hendriks BHW, Balthasar AJR, Lucassen GW, et al. Nerve detection with optical 
spectroscopy for regional anesthesia procedures. J Transl Med 2015;13:1–11.

 33 Burström G, Swamy A, Spliethoff JW, et al. Diffuse reflectance spectroscopy accurately 
identifies the pre- cortical zone to avoid impending pedicle screw breach in spinal 
fixation surgery. Biomed Opt Express 2019;10:5905–20.

 34 Breiman L. Random forests. Mach Learn 2001;45:5–32.
 35 Liaw A, Wiener M. Classification and regression by randomForest. R news 2002;2:18–22.
 36 Cornelissen SA, Andersson T, Holmberg A, et al. Intracranial stenting after failure of 

thrombectomy with the EmboTrap® device. Clin Neuroradiol 2019;29:677–83.
 37 Fitzgerald ST, Wang S, Dai D, et al. Platelet- rich clots as identified by Martius scarlet 

blue staining are isodense on NCCT. J Neurointerv Surg 2019;11:1145–9.
 38 De Meyer SF, Andersson T, Baxter B, et al. Analyses of thrombi in acute ischemic 

stroke: a consensus statement on current knowledge and future directions. Int J 
Stroke 2017;12:606–14.

 39 Ding Y, Abbasi M, Eltanahy AM, et al. Assessment of blood clot composition by 
spectral optical coherence tomography: an in vitro study. Neurointervention 
2021;16:29–33.

 40 Liu H- C, Abbasi M, Ding YH, et al. Characterizing blood clots using acoustic radiation 
force optical coherence elastography and ultrasound shear wave elastography. Phys 
Med Biol 2021;66:035013.

 41 Xu Y, Xie X, Duan Y, et al. A review of impedance measurements of whole cells. 
Biosens Bioelectron 2016;77:824–36.

 42 van Veen RLP, Sterenborg HJCM, Pifferi A, et al. Determination of visible near- IR 
absorption coefficients of mammalian fat using time- and spatially resolved diffuse 
reflectance and transmission spectroscopy. J Biomed Opt 2005;10:054004.

 43 Swamy A, Spliethoff JW, Burström G, et al. Diffuse reflectance spectroscopy for breach 
detection during pedicle screw placement: a first in vivo investigation in a porcine 
model. Biomed Eng Online 2020;19:1–12.

http://dx.doi.org/10.1136/neurintsurg-2016-012308
http://dx.doi.org/10.5853/jos.2018.00192
http://dx.doi.org/10.1055/a-0998-4246
http://dx.doi.org/10.1161/STROKEAHA.110.605576
http://dx.doi.org/10.1016/j.ejso.2015.12.005
http://dx.doi.org/10.1118/1.596777
http://dx.doi.org/10.1364/BOE.1.001432
http://dx.doi.org/10.1002/jbio.201300198
http://dx.doi.org/10.1186/s12967-015-0739-y
http://dx.doi.org/10.1364/BOE.10.005905
http://dx.doi.org/10.1023/A:1010933404324
http://dx.doi.org/10.1007/s00062-018-0697-x
http://dx.doi.org/10.1136/neurintsurg-2018-014637
http://dx.doi.org/10.1177/1747493017709671
http://dx.doi.org/10.1177/1747493017709671
http://dx.doi.org/10.5469/neuroint.2020.00297
http://dx.doi.org/10.1088/1361-6560/abcb1e
http://dx.doi.org/10.1088/1361-6560/abcb1e
http://dx.doi.org/10.1016/j.bios.2015.10.027
http://dx.doi.org/10.1117/1.2085149
http://dx.doi.org/10.1186/s12938-020-00791-2

	Identifying clot composition using intravascular diffuse reflectance spectroscopy in a porcine model of endovascular thrombectomy
	Abstract
	Introduction
	Methods
	DRS system and custom guidewire-like probe
	Animal preparation
	Clot preparation and validation
	Angiography, clot injection and DRS measurements
	Data analysis
	Diffuse reflectance spectral data analysis

	Statistical analysis
	Decision tree
	Random forest


	Results
	Histological clot composition verification
	DRS recordings in the experimental model
	Decision tree
	Random forest classification

	Discussion
	Limitations
	Conclusions
	References


