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Abstract

   Ex vivo shear-induced and in vivo helium-neon laser-induced thrombosis/fibrinolysis tests were compared in animal models. The 
results of this paired ex vivo global thrombosis test (GTT) and in vivo thrombosis test comparison showed that both tests were well-
matched. Thrombotic disorders are classified as type I, II, or III. Type I is due to increased thrombotic and decreased fibrinolytic activ-
ity, while type II is caused only by decreased fibrinolytic activity. Type III is caused by endothelial dysfunction which is independent 
of thrombotic and fibrinolytic activities of blood. Based on these animal experiments, specific medications can be considered also for 
humans. Daily intake of an antithrombotic diet and suitable individual-matched exercise may prevent thrombotic episodes and aid 
rehabilitation.
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Introduction

Prevention, early detection, and proper treatment are crucial 
for thrombotic disorders. We previously used animal models to 
study the effects of physical exercise and foods with antithrombot-
ic activity on the prevention of thrombotic disorders [1-3]. It was 
essential to perform a pathologically relevant blood test for these 
experiments; however, we did not find such a blood test among 
the platelet function or coagulation tests currently used in clini-
cal practice. Anticoagulation as is commonly used in measuring 
platelet reactivity, coagulability, and coagulation cascade-related 
factors is one of the biggest hurdles in this respect. Anticoagula-

tion namely decreases the physiologically important calcium ion 
concentration. It also inhibits the activity and production of throm-
bin and other thrombin-generating cascade enzymes. In addition, 
assessing the impact of individual factors - biomarkers- in a multi-
factorial thrombotic status is long unsolved.

D-dimer measurement appears to be popular among various 
clinical blood tests [4-7]. D-dimer is the product of fibrin degra-
dation, and an increase in D-dimer level results from enhanced fi-
brinolysis. However, most doctors may administer antithrombotic 
drugs because removing fibrin deposits may increase D-dimer lev-
els. If possible, medication should be determined after confirming 
the thrombotic and fibrinolytic activities which can be measured 
at present. We will compare the in vivo and ex vivo results obtained 
using animal experiments in our laboratory.
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We used the in vivo helium-neon laser-induced thrombosis/
thrombolysis (fibrinolysis) model in our laboratory to evaluate in 
vitro (ex vivo) tests (i.e., Haemostatometry, Thrombotic Status Anal-
yser [TSA], and Global Thrombosis Test [GTT. These tests measure 
thrombotic and fibrinolytic activities simultaneously. We correlat-
ed the results of in vivo and in vitro tests [8-16].

Arterial thrombi are platelet-rich white thrombi with red cell-
rich fibrin tails formed from non-anticoagulated (native) blood. 
Such thrombi are shear-dependent [17]. GTT is a high shear-in-
duced thrombosis/fibrinolysis test that targets arterial thrombosis. 
It was first introduced in the literature in 2003 and was used in a 
clinical study on stroke in 2010 [18]. GTT has also been used to as-
sess venous thrombosis in cancer patients [3,19]. We proposed that 
the prothrombotic status in these patients was due to suppressed 
fibrinolysis and was independent of platelet activity, emphasizing 
the importance of endogenous fibrinolytic activity [20-22]. GTT is 
a commercially available test that is capable of simultaneously as-
sessing endogenous fibrinolytic and platelet reactivity.

Materials and Methods
Assessment of thrombotic and fibrinolytic activities using in 
vivo thrombosis tests in the vessels of animal models

Thrombi are formed by the interaction between blood vessels 
and blood under flow (Virchow’s triad). This process was exam-
ined in animal models. Laboratory animals were anesthetized with 
pentobarbital. The mesenteric or pial microvessels of rats or the 
carotid arteries of mice were exposed to facilitate intravenous in-
jection of Evans blue dye. The exposed blood vessels were then 
irradiated with a helium-neon laser beam. The injected dye spe-
cifically absorbs the laser energy and converts it into heat, burning 
the blood vessel from the inside and inducing thrombus formation. 
Video monitoring was conducted throughout the process (https://
drive.google.com/file/d/1EMaD-Rwt_lDlc_99rwy_q2WeSIWaX-
wF/view?usp=sharing;

 https://drive.google.com/file/d/1VNMjAjbQFRF18ZgdxEsRSz
qpFX0gyh-W/view?usp=sharing).

The severity of the thrombotic reaction was expressed as the 
number of irradiations required to cause complete stoppage of 
blood flow. In the mouse carotid artery, video recording was per-
formed for 10 min after irradiation, and the total size of the emboli 
following irradiation was measured every 10 s [8-9,23-26].

Simultaneous measurement of thrombotic and fibrinolytic 
activities in non-anticoagulated blood using ex vivo shear-in-
duced thrombosis/fibrinolysis tests

In tests using anticoagulated blood, thrombotic status is mea-
sured under non-physiological conditions, such as low concen-
tration of calcium ions and inhibition of thrombin and thrombin-
generating cascade enzymes. A parallel-plate perfusion chamber, 

developed by Sakariassen., et al. [27], used human non-anticoagu-
lated blood to measure thrombotic status. This chamber has been 
used in many human clinical studies, including studies with anti-
thrombotic and anti-bleeding therapeutics in healthy humans and 
in patients with thrombotic risk and with various bleeding disor-
ders [28-42].

Haemostatometry
High shear-induced thrombosis tests using non-anticoagulated 

blood include Haemostatometry, TSA and GTT [10-16]. We set up a 
Haemostatometer and purchased TSA and GTT to assess the effects 
of suitable physical exercise and antithrombotic foods. A syringe 
was used to deliver blood into a specially manufactured polyeth-
ylene tubing (OD, 1.00 mm; ID, 0.50 mm), which was punctured 
with a 0.18-mm diameter needle. A hemostatic plug was formed 
by shear forces (375 dyn/cm2, immediately after puncture). A 
reservoir detected the pressure changes in the system. The tub-
ing was punctured 2.5 minutes after blood withdrawal, resulting 
in bleeding, hemostatic plug formation, and coagulation. Plug for-
mation and coagulation were assessed using the changes in pres-
sure, which were recorded and analyzed by a computer. Pressure 
decreased after the puncture and returned to the initial level (60 
mmHg) as the hemostatic plug was formed, followed by a gradual 
pressure drop caused by subsequent coagulation. The areas with 
up to 30% (H1, mmHg·s) and 90% (H2) recovery from the maximal 
pressure drop were used as indices of hemostatic plug formation. 
The time until a 10-mmHg pressure drop from baseline was used 
as an index of the onset of coagulation of flowing blood (CT1, min). 
The time until the pressure could be maintained at 10 mmHg for 
1 minute was used as an index of coagulation completion (CT2) 
[10-12].

Thrombotic status analyser
The principle of TSA is similar to that of Haemostatometry. The 

parts which cause high shear are ready made in contrast to Haemo-
statometer [13,14].

Global thrombosis test
The GTT test tube had a conical section in which two ceramic 

ball bearings were placed. Due to the three flat segments formed 
on the inner surface of the tube, there were three narrow gaps ad-
jacent to the ball bearings. When blood is added to the tube, it flows 
through the narrow gaps, and the droplets are collected in a reser-
voir downstream. Platelets are exposed to high shear stress and 
become activated while passing through the gaps. Platelet aggre-
gates and thrombin are generated from activated platelets in the 
space between the two ball bearings. As fibrin-stabilized thrombi 
reach the lower ball bearing, blood flow gradually decreases and 
is finally arrested. The instrument detects the time interval (d, s) 
between two consecutive blood drops falling into the reservoir. At 
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the start of the test, flow is rapid and hence d is small. Subsequently, 
the flow rate decreases, and d increases. When the actual default d 
≥ 15 s is reached, this time is displayed as the occlusion time (OT, 
s). Subsequently, the flow is completely arrested. After OT, a preset 
“thrombi stabilization period” follows, during which the sensors 
ignore the blood drops. This allows the stabilization of the fully oc-
clusive thrombi. Eventually, flow is partially restored due to endog-
enous thrombolysis (fibrinolysis), as indicated by the detection of 
the first blood drop after OT. This was recorded as the lysis time 
(LT). The GTT-3 test was started by placing a disposable test tube 
into the heated channel of the instrument, setting the instrument in 
standby mode, and waiting for the blood sample to start the mea-
surement (https://drive.google.com/file/d/1Up-MgDCFPEBWYN-
3hKrmCobMCm47XpTp8/view).

Blood was drawn from the antecubital vein, and the tourniquet 
constriction was limited to a short time, only during needle inser-

tion. A two-syringe blood collection technique was used to avoid 
platelet activation and coagulation during the blood draw. The first 
draw of 3-4 mL was used for laboratory tests, and only 4 mL of 
blood in the second syringe was used for GTT measurement. The 
non-anticoagulated blood sample was transferred from the syringe 
into the GTT test tube within 15 s of withdrawal. The test auto-
matically started once the blood was transferred into the test tube. 
Measurements for OT/thrombus stability and LT/rate of throm-
bolysis were taken, displayed, and simultaneously recorded on an 
SD memory card to allow for the display of the measurement in a 
graph form later using a specialized algorithm, GTT-Draw.

Results and Discussion
Thrombi formed in animal microvessel in vivo (A) and shear 

rate dependent thrombi ex vivo (B-1)
These are shown in figure 1.

Figure 1

Correlation between the in vivo and the ex vivo tests were con-
firmed by animal experiments
Comparison between two types of congenitally spontaneous 
diabetic rats, the Goto-Kakizaki (GK) strain and the Otsuka 
Long-Evans Tokushima Fatty (OLETF) strain

The thrombotic statuses of two types of congenitally spontane-
ous diabetic rats, GK rats and OLETF rats, were assessed by in vivo 
helium-neon (He-Ne) laser-induced thrombosis test and ex vivo 
shear-induced thrombosis test using non-anticoagulated blood. Re-
sults are shown in Figure 2 (GK in A and OLETF in B) [43-44]. In GK 
rats, the numbers of irradiation laser pulses required to occlude the 
blood flow in arterioles and venules were significantly fewer than 
those in control rats. Haemostatometry, an ex vivo shear-induced 
thrombosis test, revealed that the indices of thrombotic activity 
(i.e., H1 and H2) were significantly lower than those of Wistar rats, 

indicating that GK rats have higher thrombotic activity. In vivo tests 
were congruent and supported the finding of prothrombotic activ-
ity in GK rats. In contrast, both ex vivo and in vivo tests revealed that 
OLETF rats had antithrombotic activity compared to the control 
rats (LETO). These results showed that the in vivo thrombosis test 
and the ex vivo shear-induced thrombosis test were significantly 
and positively correlated in non-anticoagulated blood.

Comparison of the effect of two grape varieties on thrombotic 
status

The effect of juice from two grape varieties, Cabernet Sauvignon 
and Neo Muscat B, on thrombotic status was assessed by ex vivo 
GTT. The juice was added to non-anticoagulated rat blood, mixed, 
and added to a disposable GTT tube, and its effect on thrombotic 
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status was then assessed. The results are shown in Figure A. Cab-
ernet Sauvignon increased OT and decreased LT (A A-1) (Cabernet 
sauvignon), suggesting that Cabernet Sauvignon inhibits thrombo-
sis in vivo. Subsequently, the juice was orally administered to mice, 
and the effect of the juice was assessed using an in vivo He-Ne laser-
induced thrombosis test. Antithrombotic effect was confirmed in 
vivo (B A-1) (Cabernet sauvignon). In contrast, Neo Muscat B de-
creased OT and increased LT in the ex vivo GTT (A A-2) (Neo mus-
cat (A-2), suggesting that Neo Muscat B may enhance thrombosis, 
which was confirmed in vivo (B A-2) [45]. A similar relationship 
between the in vivo and ex vivo tests has also been confirmed us-
ing carrot varieties [46]. These results also demonstrated a posi-
tive correlation between the in vivo thrombosis test and the ex vivo 
shear-induced thrombosis test in non-anticoagulated blood.

Inconsistencies between the results obtained by the in vivo 
test and the ex vivo test in stroke-prone spontaneously hyper-
tensive rat (SHRSP)

The correlation between the in vivo and the ex vivo tests was 
examined in SHRSP rats (Figure 4). The in vivo He-Ne laser-induced 
thrombosis test caused occlusion with small irradiation number, 
showing that SHRSP rats had increased thrombotic activity in the 
arterioles and venules [A] [47]. However, the ex vivo Haemostatom-
eter demonstrated an antithrombotic status (B) [48]. Endothelial 
function was assessed in SHRSP rats and compared to its control, 
a normotensive rat WKY, by flow-mediated vasodilation (FMV or 
FMD) to resolve these contradictory findings (C). In the control 
rats, the femoral artery was dilated after the reflow of blood, show-
ing that endothelial function was normal. In contrast, the femoral 
artery of the SHRSP did not dilate, indicating that endothelial func-

Figure 2

Figure 3
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tion was damaged [48]. These findings suggest that thrombotic sta-
tus may be determined by endothelial function in SHRSP.

In case that the ex vivo blood test cannot detect the thrombotic 
status

The above results indicate that it is essential to clarify the contri-
bution of endothelial function to overall thrombotic status. There-
fore, FMV was used to assess endothelial function in the femoral 
arteries of mice [49]. Vasodilation after the release of blood flow 
stasis is shown as a percentage of the diameter before stasis. Peak 
vasodilation percentage was used to assess endothelial function.

Mice were fed four types of diets for 8 weeks: a Japanese-style 
low-fat diet (LF), a Western-style high-fat diet (HF), an experimen-
tal high triacylglycerol diet (TAG), and an experimental high diac-
ylglycerol diet (DAG). The in vivo He-Ne laser-induced thrombosis 
test and in vivo endothelial function test (FMV) were subsequently 
performed. The results are shown in Figure 5 [50,51]. The in vivo 
He-Ne laser-induced thrombosis test showed that TAG and HF re-
sulted in higher prothrombotic activity compared to LF and DAG 
diets. However, this difference was not observed in the ex vivo 
shear-induced thrombosis test. The HF and TAG diets significantly 
lowered vasodilation compared to the LF and DAG diets, indicat-
ing that the HF and TAG diets damaged endothelial function. These 
findings show that thrombotic status cannot be detected only by the 
ex vivo blood test in cases where endothelial function is dominant 
in determining thrombotic status. Based on these results, throm-
botic status is recommended for assessment, as shown in figure 6.

Figure 4

Types of thrombotic disorders classified by the ex vivo GTT in 
humans.
Type I: Thrombotic disorders caused by increased thrombotic 
and decreased fibrinolytic activity.

Taomoto., et al. compared the thrombotic status of stroke pa-
tients acutely after the onset of the event with that of healthy 
volunteers and those of stroke patients before and after 14 days 
medication [18]. The occlusion time (OT) of the patients was sig-
nificantly lower than that of the healthy volunteers, suggesting that 
thrombotic activity was enhanced. Conversely, the lysis time (LT) 
of the patients was significantly prolonged, indicating that the fi-
brinolytic activity was suppressed. Strokes may have been caused 
by either of these findings.

The thrombotic status of the patients before and 2 weeks af-
ter the antithrombotic therapy was assessed. OT was significantly 
increased, and LT was significantly decreased after 14 days of the 
medication, shifting towards the level of fibrinolytic and thrombot-
ic activities seen in healthy patients and indicating recovery.

All patients with cerebral infarctions received intravenous an-
tiplatelet or anticoagulant drugs in addition to oral aspirin, cilo-
stazol, or both. Lacunar infarctions were treated with intravenous 
ozagrel hydrochloride or ozagrel plus edaravone. Patients with 
atherothrombotic infarctions were managed with intravenous ar-
gatroban plus edaravone or heparin, while those with cardioem-
bolic infarctions were administered oral warfarin and antiplatelet 
or anticoagulant drugs. Medication was continued for 14 days. An-
tiplatelet drugs succeeded in restoring thrombotic activity to nor-
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Figure 5

Figure 6

mal levels; however, the question of how fibrinolytic activity, repre-
sented by LT, improves remains unclear. It is unclear whether the 
normalization of fibrinolytic activity is secondary to the recovery 
of thrombotic activity.

In this study, the antiplatelet drug, cilostazol, was frequently 
used. Cilostazol acts not only on platelets but also on the endothe-
lium. Cilostazol enhances endothelial function in flow-mediated 
vasodilation (FMV) tests [52-55]. Drugs targeting platelets may be 
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useful in this type of thrombosis. However, direct oral anticoagu-
lants (DOAC), including inhibitors of thrombin, factor Xa, and fac-
tor XIa, can be particularly beneficial because thrombin is a platelet 
agonist. However, attention must be paid to bleeding because anti-
platelets and anticoagulants might cause bleeding as aspirin does 
[56]. OT and LT measurements may be beneficial to avoid this side 
effect.

Type II: Thrombotic disorders caused by decreased fibrino-
lytic activity.

We compared the thrombotic status of patients with and with-
out cancer [3,19]. The OTs of the patients with cancer were lower 
than those of patients without cancer, but the difference was not 
statistically significant. In contrast, the LTs of patients with cancer 
were significantly higher than those of patients without cancer (p < 
0.001), indicating that the prothrombotic status of cancer patients 
is due to suppressed fibrinolytic activity. Thus, novel drugs that en-
hance fibrinolytic activity should be considered in these patients, 
including plasminogen activator inhibitor-1（PAI-1） inhibitors and 
activated thrombin activatable fibrinolysis inhibitor (thrombin ac-
tivatable fibrinolysis inhibitor a (TAFIa)) inhibitors [57-59]. Statins 
may also be beneficial because they decrease PAI-1 levels [60,61]. 
Such drugs may alleviate venous thrombosis in cancer patients. 
Drugs that act on endothelial cells and increase fibrinolytic activ-
ity should also be considered. However, as some anti-cancer drugs 
cause thrombosis [62,63], the thrombotic and fibrinolytic activities 
of individuals should be assessed with GTT after chemotherapy.

Type III: Thrombotic disorders caused by endothelial dysfunc-
tion.

Thrombotic disorders can result from endothelial dysfunction 
and occur independently of thrombotic and fibrinolytic activities. 
Thus, they cannot be assessed through GTT. Instead, an endothelial 
function test, such as an FMV test, may be useful. If endothelial dys-
function is detected, drugs that improve endothelial function may 
be useful. In addition, endothelial cell-effective antiplatelet drugs 
such as cilostazol might be beneficial [52-55]. We have previously 
reported that antithrombotic apple varieties prevent thrombosis 
by causing tissue plasminogen activator (tPA) release from en-
dothelial cells [64]. Thus, daily intake of antithrombotic fruit and 
vegetable varieties might be helpful. As trans-fatty acids promote 
thrombus formation in mice by aggravating anti-thrombogenic en-
dothelial functions via toll-like receptors, avoidance of trans-fatty 
acids is recommended [65].

Prevention and rehabilitation of thrombotic disorders in daily 
life.

We assessed the effects of aging and habitual smoking on throm-
botic and fibrinolytic activities. Smoking did not affect thrombotic 

activity (OT) but lowered fibrinolytic activity (LT), indicating that 
habitual smoking worsened thrombotic status. A similar effect was 
observed with aging [66], and these findings are similar to those of 
type II thrombotic disorders. Smoking cessation is recommended 
and daily intake of antithrombotic fruit and vegetable varieties, 
which are especially effective in increasing fibrinolytic activity, may 
be beneficial.

We selected fruit and vegetable varieties with antithrombotic 
activity using in vivo He-Ne laser-induced thrombosis test and ex 
vivo shear-induced thrombosis/fibrinolysis tests using non-anti-
coagulated blood. Fruit and vegetable varieties were classified as 
with or without antithrombotic activity [1-3,46,64,67]. Results ob-
tained from animal experiments have been confirmed in humans 
[68,69].

Exercise is widely believed to contribute to thrombosis preven-
tion. However, sudden death during exercise or “exercise paradox” 
is also acknowledged. A breakthrough in the exercise paradox 
has been long-awaited. We attempted to solve this problem using 
Haemostatometry and GTT [70-73]. Strenuous, short-duration ex-
ercise increased thrombotic activity but did not affect fibrinolytic 
activity. In contrast, mild, long-term exercise decreased thrombotic 
activity but not fibrinolytic activity. These results suggest that long-
term individually matched mild exercise after assessing individual 
thrombotic status using GTT is recommended to avoid sudden 
death. This trial may be beneficial for the prevention and treatment 
of thrombotic disorders or rehabilitation.

Individual and racial differences in thrombotic and fibrino-
lytic activities

Differences in thrombotic and fibrinolytic activities among indi-
viduals and races using GTT have been reported [74,75]. To the best 
of our knowledge, GTT is the sole commercially available point-of-
care blood test for assessing thrombotic and fibrinolytic activities. 
GTT enables worldwide medication for thrombotic disorders.

Conclusion and Future Perspective
Thrombotic disorders can be classified as type I, II, or III by the 

point-of-care ex vivo GTT, which enables simultaneous measure-
ment of thrombotic and endogenous fibrinolytic activities. Adjunct 
endothelial function tests, such as FMV, may be beneficial for de-
ciding the suitable medication. Antiplatelet drugs or DOACs should 
be considered and investigated for type I disease, which is charac-
terized by increased thrombotic activity and decreased fibrinolytic 
activity. For type II disorders, which result from decreased fibrino-
lytic activity, fibrinolytic drugs such as PAI-1 inhibitors and TAFIa 
inhibitors should be studied and examined. FMV could be benefi-
cial in assessing type III disorders because they show no change 
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