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Direct evaluation of antiplatelet therapy in
coronary artery disease by comprehensive
image-based profiling of circulating platelets
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Norifumi Takeda 1, Huidong Wang3, Chuiming Kong3, Yunjie Deng3,
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Hiroshi Kanno 3,4, Nao Nitta 5, Takeaki Sugimura5, Norihiko Takeda1,
Makoto Kurano 2, Yutaka Yatomi2,6 & Keisuke Goda 3,5,7,8,9

Coronary artery disease (CAD) is a leading cause of death globally. Antiplatelet
therapy remains crucial in preventing and treating CAD-associated thrombotic
complications, but it concurrently amplifies the risk of bleeding. Unfortu-
nately, traditional platelet function measurement methods cannot directly
evaluate its efficacy and safety. Here we demonstrate comprehensive image-
based profiling of circulating platelets to directly observe thrombotic condi-
tions and assess antiplatelet therapy in CAD patients. Deep learning-based
analysis of whole blood samples from 207 CAD patients revealed elevated
concentrations of circulating platelet aggregates, especially in acute versus
chronic coronary syndrome patients. It also indicated a regimen-dependent
reduction in these concentrations upon treatment with antiplatelet drugs,
thereby verifying the direct efficacy of the therapy. Notably, consistent con-
centrations of these aggregates were found in both venous and arterial blood,
suggesting venous blood as a reliable therapy efficacy indicator, despite CAD’s
arterial nature. These findings support personalized and improved antiplatelet
therapy in CAD management.

Coronary artery disease (CAD) is a significant health challenge world-
wide, affecting over 200 million people and resulting in about 10
million deaths each year1. Histological studies have identified
increased platelet aggregation and subsequent thrombus formation as
key factors in the pathogenesis of CAD, encompassing both acute
coronary syndrome (ACS) and chronic coronary syndrome (CCS)2–6.
While recent progress in CAD management has improved patient

outcomes and reduced symptoms7–9, the cornerstone of thrombotic
event prevention and treatment in post-revascularization scenarios
heavily relies on antiplatelet therapy, primarily through the adminis-
tration of aspirin and P2Y12 receptor inhibitors10–12. Despite its clear
benefits, this therapy concurrently amplifies the risk of bleeding,
potentially increasing mortality rates 3-fold to 5-fold13,14. Hence, indi-
vidualized assessment of the effects of antiplatelet drugs on platelet
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aggregation is vital to strike a balance between their efficacy and
safety.

Unfortunately, traditional methods for measuring platelet func-
tion fall short of addressing the full spectrumof clinical needs. A range
of techniques have been explored, including clinical laboratory-based
methods such as light transmission aggregometry, impedance aggre-
gometry, and flow-cytometric analysis of vasodilator-stimulated
phosphoprotein, along with point-of-care assays such as VerifyNow
and Multiplate15–18. However, a major limitation of these methods is
their indirect nature in assessing platelet responses to specific anti-
platelet agents (Supplementary Table 1)16,19,20. Furthermore, these
methods generally do not replicate the complex in vivo conditions
under which platelets operate within the human body21,22. Critical
factors such as blood flow dynamics, interactions with vascular
endothelium, and the presence of other blood cells significantly
influence platelet behavior15,19,23. In vitro tests can fail to capture these
critical aspects, potentially leading to discrepancies between the test
results and the actual platelet function in the patient’s body.

In this work, we build on our recent development of a compre-
hensive image-based profiling method for circulating platelets24 to
directly observe thrombotic conditions and assess the effectiveness of
antiplatelet treatment in CAD patients. Specifically, as shown in Fig. 1,
our data-driven study follows four steps: (i) collecting a 1mL blood
sample from each of 207 CAD patients (Supplementary Table 2, Source
Data); (ii) isolating platelet-related objects, including single platelets,
platelet-platelet aggregates, and platelet-leukocyte aggregates (Supple-
mentary Fig. 1); (iii) high-throughput, blur-free, bright-field imaging of
the objects; and (iv) performing digital image analysis including deep
learning-based phenotypic classification and statistical analysis of the
objects in the acquired images. Deep learning-based analysis of whole
blood samples from the 207 CAD patients revealed elevated con-
centrations of circulating platelet aggregates, particularly in ACS versus
CCS patients. Furthermore, a regimen-dependent reduction in these
aggregates was observed following antiplatelet therapy, confirming its
direct efficacy. Notably, similar aggregate concentrations were detected
in both venous and arterial blood, indicating that venous blood, despite
CAD’s arterial nature, may serve as a reliable indicator of therapy

efficacy. These findings support personalized and improved antiplatelet
therapy for CAD management.

Results
Baseline characteristics, peri-procedural antithrombotic treat-
ment, and procedural strategies
Supplementary Table 2 displays baseline characteristics, including risk
factors, medical history, and laboratory parameters for the 207 CAD
patients (81.6% male). The average age was 72 ± 11 years. Among the
patients, 42 (20.3%) presented with ACS, and 88 (42.5%) had a history of
coronary artery revascularization, including 76 (36.7%) with percuta-
neous coronary intervention (PCI) alone, 6 (2.9%) with coronary artery
bypass grafting (CABG) alone, and 6 (2.9%) with a combination of PCI
and CABG. Upon admission, 169 (81.6%) patients were prescribed
antithrombotic drugs. Angiographic findings, presented in Supple-
mentary Table 2, reveal that 131 (63.3%) patients hadmultivessel disease.

Details of peri-procedural antithrombotic treatment are
provided in Supplementary Table 3. Briefly, 197 patients (95.2%)
received antithrombotic drugs prior to coronary angiography
(CAG) or PCI, with 62 patients (30.0%) on monotherapy, 124
(59.9%) on dual therapy, and 11 (5.3%) on triple therapy. Among
them, 193 patients (93.2%) were prescribed antiplatelet medica-
tions, including 76 (36.7%) on single antiplatelet therapy (SAPT)
and 117 (56.5%) on dual antiplatelet therapy (DAPT), while 34
patients (16.4%) were on anticoagulant therapy.

Procedural strategies are summarized in Supplementary Table 4.
Of the 144 patients who underwent PCI, stents were implanted in 114
(79.2%), with 90 treated with a single stent. Drug-coated balloons were
used in 38 patients (26.4%), and debulking techniques (rotational/
orbital atherectomy or intravascular lithotripsy) in 24 patients (16.7%).
Intravascular imaging was employed in all patients, revealing vulner-
able plaques in 34 (23.6%), thrombi in 19 (13.2%), and heavily calcified
plaques (over 180 degrees) in 62 (43.1%) patients.

Comprehensive image acquisition
We applied an optical frequency-division-multiplexed (FDM) micro-
scope previously developed by ourselves24–26 to acquire high-

Fig. 1 | Comprehensive image-based profiling of circulating platelets. The
experimental workflow consists of blood draw, sample preparation, high-
throughput imaging, and digital image analysis. Insets show the study flow chart

and the details of the digital image analysis. CAD coronary artery disease, CAG
coronary angiography, PCI percutaneous coronary intervention.
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throughput, blur-free, bright-field images of circulating platelets
flowing rapidly at 1m/s on a hydrodynamic-focusing microfluidic
chip (Supplementary Fig. 2a, Methods). The FDM microscope was
specifically triggered by fluorescence signals from anti-CD61-PE-
labeled platelets to capture images of platelet-related objects,
thereby enhancing focus on relevant events while avoiding its
throughput from being consumed by non-platelet events (see Meth-
ods for further details). Figure 2 shows the typical histograms for the
bright-field images (67 × 67 pixels per image) of circulating single
platelets and platelet aggregates. These images were captured over a
field of view of 53.6 × 53.6 μm² with a spatial resolution of 0.8 μm
(Supplementary Fig. 2b). For each imaging run (sample), 25,000 ima-
ges were acquired with the event rate ranging from 100 to 300 events
per second (eps), where an event is identified as a single platelet, a
platelet aggregate, or a piece of cellular debris containing one ormore
platelets. Residual components such as erythrocytes, leukocytes
excluding those contained in platelet-leukocyte aggregates, and cel-
lular debris were ignored and not detected as events. The event rate

was chosen to avoid clogging the microchannel in the microfluidic
chip, although the theoretical event rate of the FDM microscope was
over 10,000 eps.

Intelligent phenotypic classification
We developed a deep convolutional neural network (CNN) model
trained via AIDeveloper (v. 0.2.3)27 to perform deep learning-based
phenotypic classification of all objects in all patient and control samples
(Supplementary Fig. 3a, b, “Methods”). Firstly, object recognition based
on an efficient contour detection algorithm was performed on 25,000
images using OpenCV28,29. All blank images where no objects
were detected were removed. The remaining images were fed into the
CNN model and classified into seven categories: (i) noise, (ii) a single
platelet, (iii) a platelet-platelet aggregate, (iv) a platelet aggregate
composed of a single leukocyte and a single platelet, (v) a platelet
aggregate composed of a single leukocyte and multiple platelets, (vi)
a platelet aggregate composed of multiple leukocytes and a single
platelet, and (vii) a platelet aggregate composed of multiple leukocytes

Fig. 2 | Representative histograms of platelet-related objects in CAD patients.
The objective area is defined as the area of a platelet-related object (i.e., a single
platelet, a platelet-platelet aggregate, or a platelet-leukocyte aggregate) in each
image. Each histogram comprises 25,000 images of platelet-related objects. Insets

show the representative images of platelet-related objects. ACS acute coronary
syndrome, CCS chronic coronary syndrome, SAPT single antiplatelet therapy,
DAPT dual antiplatelet therapy. Source data are provided as a Source Data file.
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and multiple platelets. The category of (i) noise was defined as images
containing other less critical components, such as residual erythrocytes,
leukocytes, and cellular debris. Categories (iv) – (vii) were divided to
improve model accuracy and were all considered as platelet-leukocyte
aggregates. The CNN model achieved a confusion matrix with classes
(i), (ii), (iii), and (iv)–(vii) combined, reaching an average accuracy
of 96.4% (Supplementary Fig. 3c, d). The concentration of circulating
whole platelet aggregates was defined as the ratio of the number
of images containing objects with an area exceeding 48 µm2

(the threshold value beyond which single platelets were absent in
control samples)24 in each image to the total number of non-blank
images across categories (ii) to (vii), which is roughly equal to the
total number of non-blank images in category (ii), reflecting the pre-
dominance of platelets (150,000–450,000 platelets/µL of blood)
over leukocytes (4000–11,000 leukocytes/µL of blood) in blood. Simi-
larly, the concentration of circulating platelet-leukocyte aggregates
was defined as the ratio of the number of images in categories (iv) to
(vii) to the total number of non-blank images in categories (ii) – (vii),
which is nearly equivalent to the total number of non-blank images in
category (ii).

Comparing in vivo platelet aggregation levels between CAD
patients and healthy subjects
We conducted a comparative analysis of the concentration of circu-
lating platelet aggregates in 248 venous blood samples from 207 CAD
patients against 128 venous samples from 12 healthy individuals
(control group), ensuring identical conditions for sample preparation
and image acquisition on the same day. Despite 86.5% of the patients
undergoing antithrombotic therapy, they displayed elevated platelet
aggregate concentrations compared to thehealthy subjects (p < 0.001;
Fig. 3a). This discrepancy was also confirmed for platelet-leukocyte
aggregates, including platelet-monocyte aggregates (p < 0.001;
Fig. 3b), likely because activated platelets have a higher tendency to
bind to monocytes, making platelet-monocyte aggregates a sensitive
marker for in vivo platelet activation30,31. These findings are consistent
with previous research31,32, demonstrating significantly enhanced pre-
cision by virtue of the CNN-based phenotypic classification in this
study. Moreover, when segregating CAD patients into ACS and CCS
groups receiving similar types of P2Y12 inhibitors (clopidogrel or
prasugrel), both groups continued to show higher platelet aggregate
concentrations compared to the control group (both p <0.001) and
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more pronounced platelet aggregation in ACS than CCS (p =0.037
Fig. 3c). The consistent associationswere shown regarding theplatelet-
leukocyte aggregates (p < 0.001 for both ACS and CCS vs control,
p =0.006 for ACS vs CCS; Fig. 3d). A sensitivity analysis, excluding
patients with intermediate stenosis who had no prior coronary revas-
cularization (n = 4), confirmed consistent associations between CAD
patients and healthy subjects, as well as among ACS, CCS, and control
groups.

Analyzing antiplatelet therapy’s effect on in vivo platelet
aggregation in CAD patients
We explored the correlation between different antithrombotic regi-
mens and the concentration of platelet aggregates using venous blood
samples, with the details of the antithrombotic therapy provided in
Supplementary Table 3. At the time of blood collection, 179 (86.5%)
patients were receiving some form of antithrombotic treatment: 68
(32.9%) were on monotherapy, 104 (50.2%) on dual therapy, and 7
(3.4%) on triple therapy. Of these patients, 169 (81.6%) were prescribed
antiplatelet medications, including 73 (35.3%) on SAPT and 96 (46.4%)
on DAPT. Additionally, 32 (15.5%) patients were on anticoagulant
medications (Supplementary Table 3). Our analysis showed a sig-
nificant decrease in the concentrations of whole platelet aggregates
and platelet-leukocyte aggregates in CAD patients treated with multi-
ple (≥2) antithrombotic drugs, in comparison to those without any
antithrombotic therapy (p < 0.001 in thewhole platelet aggregates and
p =0.003 in the platelet-leukocyte aggregates) and those on mono-
therapy (p = 0.023 in thewhole platelet aggregates and p =0.254 in the
platelet-leukocyte aggregates; Fig. 4a, b). When examining antiplatelet
therapy more closely, we found that both the SAPT and DAPT groups
exhibited a significant reduction in the concentration of whole platelet
aggregates compared to patients not receiving antiplatelet therapy
(both p <0.05). However, there was no significant difference in whole
platelet aggregate and platelet-leukocyte aggregate concentrations
between the SAPT and DAPT groups (p <0.3; Fig. 4c, d). A sensitivity
analysis, which excluded patients on anticoagulant therapy, revealed a
significant reduction in the concentration of whole platelet aggregates
within theDAPT (p <0.001) group and in the concentration of platelet-
leukocyte aggregates within the DAPT group (p =0.002), although
there was no significant difference in these concentrations between
the SAPT and DAPT groups (Fig. 4e, f). Finally, we performed a sensi-
tivity analysis of 203 CAD patients with significant stenosis or a history
of coronary revascularization showed consistent results with the
overall study population.

Comparing in vivo platelet aggregation levels across different
blood sampling sites in CAD patients
In an analysis of 129 CAD patients with blood samples taken from
both peripheral and coronary arteries, we examined the rela-
tionship between the site of blood sampling and the concentra-
tion of platelet aggregates (see Supplementary Tables 5–7 for
their baseline and procedural characteristics, pharmacological
therapy, and procedural outcomes). Our findings indicate no
significant difference in platelet aggregate concentration between
venous, peripheral arterial, and coronary arterial blood. Intrigu-
ingly, while the activated clotting time (ACT), a measure of
unfractionated heparin (UFH) efficacy, was considerably longer in
the coronary artery than in peripheral arteries [196 (161–289)
seconds vs. 112 (102–147) seconds, p < 0.001], this extended
clotting time did not correspond to a difference in platelet
aggregate concentration between these arterial sites. Notably,
there was a strong correlation between platelet aggregate con-
centrations in peripheral and coronary arteries (r = 0.91,
p < 0.001; Fig. 5a). Venous samples showed a moderate correla-
tion with both peripheral (r = 0.76, p < 0.001; Fig. 5b) and cor-
onary arterial samples (r = 0.76, p < 0.001; Fig. 5c). Furthermore,

we conducted an exploratory analysis on 36 patients who had
their venous blood sampled on the same day as CAG or PCI. This
subset demonstrated a similar relationship between the periph-
eral and coronary arteries (r = 0.89, p < 0.001; Fig. 5d), and even
stronger correlations between the vein and peripheral artery
(r = 0.86, p < 0.001; Fig. 5e) and between the vein and coronary
artery (r = 0.86, p < 0.001; Fig. 5f). In addition, we compared the
concentrations of platelet-leukocyte aggregates among venous,
peripheral and coronary arterial blood samples, displaying mod-
erate associations between the peripheral and coronary arteries
(r = 0.75, p < 0.001), the vein and peripheral artery (r = 0.44,
p < 0.001), and the vein and coronary artery (r = 0.43, p < 0.001).
Further analysis on patients receiving blood sampling on the day
of catheterization also revealed similar correlations of platelet-
leukocyte aggregate concentrations than whole platelet aggre-
gates; r = 0.74, p < 0.001 in the peripheral and coronary arteries;
r = 0.53, p < 0.001 in the vein and peripheral artery; r = 0.56,
p < 0.001 in the vein and coronary artery (Supplementary
Fig. 4a–c). An extensive analysis of 127 patients with significant
stenosis or a history of coronary artery revascularization also
confirmed the strong correlations in these concentrations
between venous and arterial sampling sites. These findings indi-
cate that venous blood can reflect the state of platelet aggrega-
tion in both coronary and peripheral arteries in vivo on the day of
blood collection. They also suggest that venous blood may serve
as a reliable marker for the effectiveness of antiplatelet therapy in
CAD patients, despite the primarily arterial nature of the disease.
This insight could have significant implications for non-invasive
monitoring and managing CAD.

Longitudinal assessment of antiplatelet therapy’s effect on in
vivo platelet aggregation in CAD patients
We observed the temporal effect of antiplatelet therapy on the con-
centrations of circulating whole platelet aggregates in 32 CAD patients
who underwent multiple procedures during the study period. For
instance, Patient 1, diagnosedwith CCS and treatedwith SAPT (aspirin)
before an initial CAG procedure, exhibited a reduced level of whole
platelet aggregates in a venous sample after switching toDAPT (aspirin
and clopidogrel), which was maintained through the first and second
PCI procedures (Fig. 6a). Patient 2, alsowithCCS,wason SAPT (aspirin)
during a CAG procedure and moved to DAPT (aspirin and prasugrel)
for a subsequent PCI procedure involving drug-eluting stents. This
patient’s whole platelet aggregate concentration decreased after the
procedure, with a further reduction observed after the second PCI
(Fig. 6b). Moreover, Patients 3 and 4, both diagnosed with ACS and
initially treated with SAPT (aspirin), underwent emergency PCI and
started on DAPT (aspirin and prasugrel) during the procedure, show-
ing significant reductions in circulating whole platelet aggregate con-
centrations following the upgrade in antiplatelet therapy (Fig. 6c, d).
Variations in baseline whole platelet aggregate concentrations across
these cases may be linked to underlying conditions (chronic lympho-
cytic leukemia without disease progression in Patient 1 and a pro-
longed history of CAD marked by multiple prior PCI procedures and
chronically completely occluded lesions aside from the culprit lesion
in Patient 4). The slight fluctuations in whole platelet aggregate levels
observed are likely due to individual differences and the inherent
variability among patients33.

Discussion
This study yielded three significant findings: (1) Patients with CAD,
particularly those with ACS versus CCS, exhibited increased
concentrations of circulating whole platelet aggregates and platelet-
leukocyte aggregates in peripheral veins compared to healthy sub-
jects; (2) The concentrations of circulating whole platelet aggregates
and platelet-leukocyte aggregates significantly diminished in
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CAD patients undergoing antiplatelet therapy, whereas they remained
similar between those receiving and not receiving anticoagulant
drugs; (3) The concentrations of circulating whole platelet aggregates
and platelet-leukocyte aggregates in peripheral veins closely
mirrored those in both peripheral and coronary arteries, despite
CAD’s arterial nature. These insights were enabled by the FDM
microscope and deep learning-based phenotypic classification,

allowing for the direct assessment of thrombotic conditions and the
efficacy of antiplatelet therapy in CAD. These findings offer a promis-
ing pathway to personalized and improved antiplatelet therapy inCAD
management.

It is well-established histologically that heightened platelet
aggregation, leading to thrombus formation, is a primary factor in the
progression of CAD, including ACS and CCS2–6. Despite the critical role
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of platelet aggregation in CAD, accurately assessing it has remained
technically challenging. In previous research, Satoh et al. observed an
increase in circulating platelet aggregate concentration in myocardial
infarctionpatients using an imagingflowcytometer34.Michaelson et al.
also identified an enhanced concentration of circulating platelet-
monocyte aggregates in patients with acute myocardial infarction
using a flow cytometer30. However, there was a notable lack of com-
prehensive data on circulating platelet aggregates in broader CAD
conditions, such as ACS and CCS. Our study aimed to address this gap
by demonstrating that CAD patients, regardless of their use of anti-
platelet drugs, exhibit significantly greater platelet aggregation,
including not only platelet-leukocyte (platelet-monocyte) aggregates
but whole platelet aggregates, compared to healthy individuals.
Patients with ACS exhibited a higher level of platelet aggregation
compared to thosewith CCS. This observation can be attributed to the
distinct pathophysiological mechanisms underlying each condition:
ACS is typically characterized by coronary artery thrombosis following
plaque instability, rupture, ulceration, or calcified nodules, whereas
CCS is primarily associated with coronary artery stenosis due to stable
atherosclerotic plaque buildup. Despite these distinct pathophysiolo-
gical features, no significant differences were observed in whole

platelet aggregate concentrations regardless of these features in ACS
patients (p >0.300). The increased platelet aggregation observed in
peripheral blood samples from ACS patients indicates that systemic
platelet activation is particularly pronounced in the context of ACS,
suggesting a heightened thrombotic risk in these patients3. This find-
ing is particularly relevant considering that traditional methods for
diagnosing CAD primarily involve various anatomical and functional
tests35, yet they often lack simple biochemical or hematological mar-
kers for effective detection36,37. While C-reactive protein levels, a non-
specific inflammatory marker, are elevated in CAD patients37, and
myocardial troponin serves as a specific and robust diagnostic tool for
ACS38, the latter has limited utility in diagnosing CCS36. In light of these
challenges, our findings propose that evaluating the concentration of
circulating platelets in peripheral venous blood could serve as an
advanced hematological approach to assist in detecting CAD, applic-
able tobothACSandCCScases. This approach couldpotentiallyfill the
existing gap in diagnostic methods, providing a more direct and spe-
cific means of assessing the risk and presence of CAD.

This study builds upon and expands the scope of previous small-
scale studies39,40 by establishing linear correlations in the concentra-
tion of circulating platelet aggregates across vein, peripheral artery,

Fig. 4 | Reduced in vivo platelet aggregation observed in CAD patients fol-
lowing antiplatelet therapy. P values of each pair of adjacent classes were
obtained using the two-sided Steel-Dwass test and are shown in the figure.
a, b Effect of antithrombotic therapy on the concentrations of circulating whole
platelet aggregates andplatelet-leukocyte aggregates inCADpatients (n = 28 for no
drug, n = 68 for one drug administered, n = 111 for two or more drugs adminis-
tered). p = 2.82 × 10−4 (a) and 1.23 × 10−3 (b) with the Kruskal–Wallis test. c, d Effect
of antiplatelet therapy on the concentrations of circulating whole platelet

aggregates and platelet-leukocyte aggregates in CAD patients (n = 38 for no ther-
apy, n = 73 for SAPT, n = 96 for DAPT). p = 1.30× 10−3 (c) and 3.84 × 10−3 (d) with the
Kruskal–Wallis test. e, f Effect of antiplatelet therapy on the concentrations of
circulating whole platelet aggregates and platelet-leukocyte aggregates in CAD
patientswhodid not receive anticoagulant therapy (n = 28 for no therapy,n = 58 for
SAPT, n = 89 for DAPT). p = 3.09× 10−4 (e) and 9.16 × 10−4 (f) with the Kruskal–Wallis
test. IQR interquartile range, SAPT single antiplatelet therapy, DAPT dual anti-
platelet therapy. Source data are provided as a Source Data file.
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Fig. 5 | Comparison of in vivo platelet aggregation levels across different blood
sampling sites in CAD patients. a–c Associations between the concentrations of
circulating whole platelet aggregates in the peripheral artery, coronary artery, and
vein in CAD patients (n = 129). d–f Associations between the concentrations of

circulating whole platelet aggregates in the peripheral artery, coronary artery, and
vein in CAD patients (n = 36) on the day of catheterization. P values were obtained
using the one-sidedF test and are shown in the figure. Source data areprovided as a
Source Data file.
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and coronary artery samples. Using the FDM microscope and intelli-
gent phenotypic classification, we were able to rapidly and accurately
analyze the size distribution and morphological characteristics of cir-
culating platelet aggregates within extensive imaging datasets. Our
findings are in good agreement with a smaller study using flow cyto-
metry on cardiac surgery patients, which found most platelet func-
tional parameters to be consistent between venous and arterial blood,
aside from a higher presence of monocyte-platelet and neutrophil-
platelet conjugates in venous samples40. Similarly, another investiga-
tion reported comparable platelet aggregation responses to adenosine
diphosphate or arachidonic acid in both types of samples41, while
increased inflammatory cytokines were suggested to contribute to
microthrombus formation systemically and locally in both veins and
arteries42. These corroborating studies partially underpin our obser-
vationof strong correlations inwhole platelet aggregate concentration
and moderate associations in platelet-leukocyte aggregate con-
centration between venous and arterial samples. Notably, the corre-
lation between circulating whole platelet aggregates and platelet-
leukocyte aggregates was more pronounced with same-day blood

collection, hinting at the feasibility of using venous samples to esti-
mate real-time platelet aggregation in systemic and coronary arteries.
Consequently, our findings advocate for the use of venous blood
assessments as a means to gain insights into the dynamics of platelet
aggregation across both peripheral and coronary arteries. This
approach could significantly streamline the monitoring of platelet
aggregation, facilitating the delicate balance between the efficacy of
antiplatelet therapy and the risk of bleeding, thereby enhancing
patient care in cardiovascular disease management.

This study’s single-center, retrospective, and observational nature
may limit the generalizability of our findings. Variations in patient
characteristics, such as age, sex, and comorbidities, could also influ-
ence the observed increase in the concentration of circulating platelet
aggregates in CAD patients compared to the control group. Further-
more, due to the cross-sectional design of our study, we could not
directly establish a causal link between the concentration of circulating
platelet aggregates and specific thrombotic or bleeding events. To
truly understand whether an increased concentration of circulating
platelet aggregates is predictive of adverse clinical outcomes in the
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long term, longitudinal studies are necessary. Such studies would help
confirm the potential of circulating platelet aggregates as a biomarker
for thrombotic risks and the efficacy of antiplatelet therapy in a more
diverse and larger population.

Methods
Human subjects
We retrospectively enrolled 282 patientswhounderwent CAGor PCI at
theUniversity of TokyoHospital betweenOctober 2022 andDecember
2023. CAD was defined with significant (≥70%) or intermediate
(40–69%) stenosis in CAG43. CCS and ACS were defined in accordance
with the recently published guidelines35,44. After excluding duplicates
(n = 36), patients without CAD (n = 17), and those lacking venous blood
samples available for analyses (n = 22), the final study population
included 207 patients with CAD. The control group comprised 12
healthy participants (6 males, 6 females, ages 23–53). Informed con-
sent forparticipation in the studywasobtained from thepatients using
an opt-out process on the webpage of the University of Tokyo Hos-
pital. Individuals who refused participation in our study were exclu-
ded. Written informed consent was obtained from the healthy
participants. The study was conducted in accordance with the
Declaration of Helsinki, and the institutional ethics committee of the
University of Tokyo approved the study protocol (no. 11049, no.
11344). The subjects were not paid for their participation in this study.

Patient demographics and laboratory parameters
Patient demographic and medical history data were sourced from
electronic health records. Peripheral venous blood samples were col-
lected within two weeks prior to the catheterization procedure. We
conducted comprehensive laboratory analyses measuring various
parameters, including blood cell count, creatinine, low-density lipo-
protein (LDL), C-reactive protein (CRP), creatine kinase (CK), B-type
natriuretic peptide (BNP), hemoglobin A1c, prothrombin time inter-
national normalized ratio (PT-INR), and activated partial thrombo-
plastin time (APTT). Additionally, the estimated glomerular filtration
rate (eGFR) was calculated using the abbreviated Modification of Diet
in Renal Disease (MDRD) formula: eGFR (ml/min/1.73m2) = 194 ×
(serum creatinine)−1.094 × (age)−0.287 × (0.739 if female). For the assess-
ment of platelets, we used residual coagulation test samples contain-
ing 3.2% citrate after the completion of requested clinical laboratory
tests at the University of Tokyo Hospital. Similarly, we collected blood
sampleswith 3.2%citrate fromoneof the 12healthy subjects on eachof
128 different days as the control samples for comparison.

Catheter intervention procedure
The catheter intervention was executed following standard
procedures43. Initially, a sheath ranging from 5 to 8 Fr was inserted into
the radial or femoral artery. Once in place, the activated coagulation
time (ACT) was measured, and the residual coagulation test sample was
retained for subsequent platelet aggregation analysis. Heparin was then
administered at a dose of 3000U forCAGor 100U/kg for PCI. Following
this, a guiding catheter was engaged in the coronary artery using a
0.035-inch guidewire through the sheath, and ACTwas reassessed using
the remaining blood sample for further platelet aggregation assessment.
In instances of notable stenosis, a functional assessmentwas conducted,
with revascularization performed as deemed necessary by the operator.
The PCI was carried out in alignment with established guidelines,
encompassing procedures such as balloon dilatation, stent implanta-
tion, and atherectomy for calcified lesions43. Patients who were free of
DAPT before PCI received a loading dose of an antiplatelet drug (mainly
the P2Y12 inhibitor) before or during the procedure.

Timing of blood sampling
Preprocedural venous blood samples were drawn within 2 weeks
prior to catheterization. During the procedure of CAG or PCI,

peripheral arterial samples were derived immediately after inserting a
sheath, while coronary arterial samples were obtained through
a guiding catheter immediately after the engagement of the catheter.
In addition, postprocedural venous sampling was conducted
1–3 days after the procedure. The sampling protocol was applied
to multiple procedures in the enrolled patients during the study
period.

Sample preparation
Our sample preparation protocol is shown in Supplementary Fig. 1. To
enhance the detection efficiency of circulating single platelets and pla-
telet aggregates from whole blood, we employed a density-gradient
centrifugation technique as outlined in prior reports24,29. In summary,
1mL of blood, diluted in 5mL of 0.9% NaCl saline, was layered over
Lymphoprep solution (STEMCELLS, ST07851). This mixture was
then centrifuged at 800× g for 20min following the manufacturer’s
recommended protocol. After centrifugation, 500μL of the fluid was
extracted from the mononuclear layer. To ensure comprehensive
detection of all platelets and platelet aggregates within the sample,
platelets were immunofluorescently tagged using 10μL of anti-CD61-PE
(Beckman Coulter, IM3605) and 5μL of anti-CD45-PC7 (Beckman
Coulter, IM3548). To prevent the platelet aggregates from fragmenting
due to prolonged storage or shear stress, we added 500μL of 2% par-
aformaldehyde (Wako, 163-20145) to the sample, a step that was always
completedwithin 4h of drawing the blood. Negative control image data
were also obtained from healthy subjects under the same sample pre-
paration and image acquisition conditions on the same day to mitigate
potential bias in the image data that may have come from experimental
variations in blood draw, sample preparation, optical alignment, and
hydrodynamic focusing conditions and hence to maintain the state of
platelet aggregation in vivo while minimizing the effect of aggregation
in vitro.

FDMmicroscope
The FDM microscope, an advanced high-speed, blur-free, bright-field
imaging system, employs a spatially distributed optical frequency comb
as its light source and a single-pixel photodetector for image sensing25,45.
The optical frequency comb, comprising multiple spatially distributed
beams, can simultaneously capture the one-dimensional spatial profile
of fast-flowing objects such as single platelets and platelet aggregates.
Each beam within the comb is uniquely identified by a different mod-
ulation frequency, allowing the construction of a spatially encoded
image through Fourier transformation of the time-domain waveform
captured by the single-pixel photodetector. As detailed in Supplemen-
tary Fig. 2a, our setup includes a continuous-wave laser (Cobolt Calypso,
491 nm, 106mW) as the light source. The laser light undergoes splitting,
deflection, and frequency shifting through a series of optical elements,
including a beam splitter and acousto-optic deflectors (Brimrose TED-
150-100-488, 100-MHz bandwidth), before being recombined and
focused onto the flowing objects in a custom hydrodynamic-focusing
microfluidic channel (Hamamatsu Photonics) by an objective lens
(Olympus UPLSAPO20X, NA:0.75). The transmitted light is then col-
lected by an avalanche photodiode (Thorlabs APD430A/M) and pro-
cessed using a customLabVIEWprogram (LabVIEW2016) to reconstruct
the bright-field images. This FDM microscope boasts a line scan rate of
3MHz, a spatial resolution of 0.8 μm, a field of view of 53.6 μm × 53.6
μm, and an image resolution of 67 × 67 pixels after correcting the pixel
aspect ratio. Additionally, we collected fluorescence emitted from pla-
telets and leukocytes, tagged by anti-CD61-PE and anti-CD45-PC7,
respectively, to aid in triggering image acquisitions and identifying
platelet aggregates containing leukocytes. The image acquisition oper-
ates at an event rate of 100–300 eps, with an event defined as the
detection of a single platelet or platelet aggregate. This rate is carefully
chosen to prevent microchannel clogging, although the microscope’s
theoretical event rate exceeds 10,000 eps.
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Statistical analysis
Continuous variables were presented as mean± standard deviations or
medians (interquartile ranges) and analyzed using the Kruskal-Wallis test,
supplemented by Steel-Dwass posttest corrections. Categorical variables
were expressed in counts and percentages. Initially, we evaluated the
difference in the concentration of whole platelet aggregates and platelet-
leukocyte aggregates between the CAD patient group and healthy indi-
viduals. Subsequently, we examined how platelet aggregate concentra-
tions varied with different antithrombotic and antiplatelet therapies. Due
to the small number of patients undergoing triple antithrombotic therapy
(n=7), we grouped the participants based on the number of antith-
rombotic drugs they received (0, 1, or ≥ 2). Additionally, a sensitivity
analysiswas conducted tomitigate the influenceof anticoagulant therapy.
Furthermore, we explored the relationship between platelet aggregate
concentrations across various blood sampling sites using the one-sided F
test and linear regression analysis, applying a log transformation to the
platelet aggregate concentrations. Ap-value of less than0.05was deemed
indicative of statistical significance. All statistical procedures were carried
out using JMP Pro 17 (SAS Institute, Cary, NC) and OriginPro 2023b
(OriginLab Corporation, Northampton, MA).

CNN model
AIDeveloper (v. 0.2.3)26,27, software designed for deep neural network
training, was employed to train a CNN model to differentiate images
containing noise, platelets, platelet-platelet aggregates, and platelet-
leukocyte aggregates (Supplementary Fig. 3a and b). We manually
labelled 37,199 images of noise, 66,611 images of single platelets, 12,269
images of platelet aggregates, and 10,274 images of leukocytes using
YouLabel (version 0.2.4) to train the CNNmodel, with 19.4% of the entire
dataset designated as the validation set. To create a balanced dataset,
random sampling was used. Image augmentation techniques such as
rotation,flipping, shifts, brightness adjustments, Gaussiannoise, andblur
were applied to prevent overfitting. A CNN architecture featuring four
convolutional layers and 475,362 trainable parameters was chosen. The
CNN structure consists of two sets of convolutional layers with 3x3
kernels and ReLU activation functions, followed by max pooling and
dropout (0.25) layers (Supplementary Fig. 3a). Specifically, the first two
convolutional layers have 32 filters, and the subsequent two have 64
filters. After flattening the output, a dense layer with 256 units and ReLU
activation was used, followed by a dropout of 0.5. The final output layer
uses a softmax activation function for classification. A learning rate of
0.0002 was used and the mini-batch size was 128. AIDeveloper (v. 0.2.3)
automatically saved the best-performing models based on validation
accuracy or loss during the training process. The limited imaging cap-
abilities of the FDMmicroscopeon themicrofluidic chip, such as a spatial
resolution of only 0.8 μmwhich is inadequate to clearly resolve platelets
measuring 2–3 μm in diameter, the use of two-dimensional imaging for
three-dimensional objects, and image blurring caused by imprecise
hydrodynamic focusing of cells, resulted in the CNNmodel achieving an
accuracy of 96.4% (Supplementary Fig. 3c, d; Supplementary Fig. 5). This
occasionally caused the model to incorrectly identify platelet-related
objects and other objects of similar size, leading to erroneous counts of
circulating whole platelet aggregates and platelet-leukocyte aggregates
(Supplementary Fig. 6). Nevertheless, this did not impact the statistical
outcomes presented in Figs. 2–4, as the error rate was below 5%. Also,
the errors were uniformly distributed across all classes so there was no
significant influence on the overall trends or findings in this work.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study
are available within the paper and its Supplementary Information.

Other supporting data are available from the corresponding authors
upon request. Source data are provided with this paper.

Code availability
All the codes used in this study are available on the Zenodo database
with access code 13896279 and from the corresponding authors upon
reasonable request.
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