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Injury Length and Arteriole Constriction Shape 
Clot Growth and Blood-Flow Acceleration in a 
Mouse Model of Thrombosis
Alexander Y. Mitrophanov , Glenn Merrill-Skoloff, Steven P. Grover, Vijay Govindarajan, Arun Kolanjiyil, Daniel S. Hariprasad,  
Ginu Unnikrishnan, Robert Flaumenhaft, Jaques Reifman

OBJECTIVE: Quantitative relationships between the extent of injury and thrombus formation in vivo are not well understood. 
Moreover, it has not been investigated how increased injury severity translates to blood-flow modulation. Here, we investigated 
interconnections between injury length, clot growth, and blood flow in a mouse model of laser-induced thrombosis.

APPROACH AND RESULTS: Using intravital microscopy, we analyzed 59 clotting events collected from the cremaster arteriole of 
14 adult mice. We regarded injury length as a measure of injury severity. The injury caused transient constriction upstream 
and downstream of the injury site resulting in a 50% reduction in arteriole diameter. The amount of platelet accumulation and 
fibrin formation did not depend on arteriole diameter or deformation but displayed an exponentially increasing dependence 
on injury length. The height of the platelet clot depended linearly on injury length and the arteriole diameter. Upstream 
arteriolar constriction correlated with delayed upstream velocity increase, which, in turn, determined downstream velocity. 
Before clot formation, flow velocity positively correlated with the arteriole diameter. After the onset of thrombus growth, flow 
velocity at the injury site negatively correlated with the arteriole diameter and with the size of the above-clot lumen.

CONCLUSIONS: Injury severity increased platelet accumulation and fibrin formation in a persistently steep fashion and, together 
with arteriole diameter, defined clot height. Arterial constriction and clot formation were characterized by a dynamic change 
in the blood flow, associated with increased flow velocity.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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The formation of a clot inside a blood vessel—throm-
bosis—links the molecular and cellular factors that 
cause it with its anticipated fluid-dynamical final out-

come: the change of blood flow through the stenosed 
vessel.1 Despite the existing detailed knowledge about 
the molecular and cellular determinants of thrombus 
formation, the complex interplay between biological and 
physical factors involved is still insufficiently understood.2,3 
Improved understanding of the relationships between 
the degree of thrombus growth and the magnitude of 

the resulting changes in the blood flow may improve our 
ability to control the flow by modulating clot growth via 
therapeutic intervention.

Microfluidic experiments with manufactured throm-
bogenic surfaces generally indicate that clot growth 
under flow is enhanced by increasing tissue factor 
abundance, and also by increasing thrombogenic-sur-
face length within certain limits.4–7 This enhancement 
can display threshold-like behavior6,7; yet, thresholds 
are not always observed.4,5,8 Moreover, the effect of 
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thrombogenic-surface length on platelet-clot height may 
not always be clearly pronounced,5 suggesting that bulk 
clot size and the clot’s ability to obstruct the channel may 
be regulated differently. Tissue factor is regarded as the 
main physiological activator of clot formation. In static 
(no flow) in vitro assays, increased tissue factor level is 
expected to accelerate the formation of thrombin and, 
therefore, fibrin—the essential biochemical components 
of the clot.9,10 The other key process is platelet accumu-
lation, which can be interlinked with fibrin formation.11,12 
The influence of these (and possibly many other) factors 
on clot growth initiation and propagation are challenging 
to disentangle in vivo.

Availability of this information raises the question of 
how the severity of an injury—which can expose TF13 and 
trigger platelet accumulation11—affects clot formation in 
vivo, and the existing experimental evidence is limited. 
Thrombus formation in the rabbit femoral artery displayed 
a possible correlation with injury length upon post-stenotic 
endothelial damage.14 In a laser-injury mouse thrombosis 
model, injury severity (depth) correlated with its length; 
the deep injury resulted in a considerably increased 
thrombus area compared with the superficial injury.15,16 
A recent study combined confocal-microscopy data on 
10 clots with a computational clot-volume reconstruc-
tion algorithm to quantify the dependence of platelet-clot 
volume on injury length and blood-vessel diameter; the 
dependence was found to be nonlinear.17 Yet, the effects 
of injury severity on the amount of distinct clot compo-
nents, the rate of their deposition, and ultimately on the 
ability of a growing clot to obstruct the blood vessel 
remain insufficiently characterized. Moreover, the current 
views regarding the effects of clot formation on blood-
flow velocity in vivo seem to show opposing patterns. 
On the one hand, clot formation inside a blood vessel—
similarly to a stenosis or ligation—is expected to reduce 
the velocity of the flow near it under realistic conditions 
in vitro18,19 and in vivo,20–23 because the increased resis-
tance diverts the flow elsewhere.24,25 On the other hand, 
different simulation approaches to thrombus formation 
suggest that, as the clot continues to grow, the velocity 
in its vicinity will continue to increase;17,26,27 which may 
contribute to platelet activation in vivo.1,28

Here, we attempted to address these knowledge gaps 
using intravital-microscopy data on laser-induced throm-
bus formation in the mouse cremaster arteriole. Our 
approach was based on the analysis of three types of 
intravascular-microscopy data: (1) injury-length and arte-
riole-diameter measurements from brightfield images, 
(2) platelet and fibrin fluorescence kinetics at the injury 

site, and (3) flow-velocity estimates using fluorescently 
labeled red blood cells (RBCs; Figure 1A), which is a 
novel application of this approach in the context of clot 
formation. We hypothesized a steep functional depen-
dence of platelet and fibrin deposition on injury size (spe-
cifically, on its length), which would consistently translate 
to increased clot height, indicative of the clot’s capacity 
for flow obstruction. Moreover, we hypothesized that, in 
the presence of a clot or a vessel constriction, the blood-
flow velocity can indeed be increased, which may differ 
from the typical pattern observed for unperturbed blood 
vessels in a microvascular bed.

MATERIALS AND METHODS
The data that support the findings of this study are available 
from the corresponding authors upon reasonable request.

The Mouse Data Set
This study was approved by the Beth Israel Deaconess Medical 
Center Institutional Animal Care and Use Committee (Boston, 
MA) and the US Army Animal Care and Use Review Office (Ft. 
Detrick, MD). The experiments and raw image-data process-
ing were performed at Beth Israel Deaconess Medical Center, 
whereas the subsequent computational and statistical analysis 
was carried out at the DoD Biotechnology High Performance 
Computing Software Applications Institute (BHSAI).

We used wild-type mice (see the Major Resources Table in 
the Data Supplement) to collect clot-growth and flow-velocity 
data, cremaster-arteriole diameter data, and injury-length mea-
surements on individual thrombi (clotting events) (Figure 1A). 
Although there are other preparations and surgical approaches 
for studying thrombus formation via intravital microscopy, the 
cremaster muscle in the male anatomy provides for a particu-
larly clean preparation that leaves the arteriole free of excessive 
connective tissue. For these advantages, we were restricted to 
using male mice.

Nonstandard Abbreviations and Acronyms

RBC red blood cell

Highlights

• Laser-induced injury to mouse cremaster arteriole 
was followed by a rapid, yet transient, constriction up 
to 2-fold upstream and downstream of the injury site.

• Bulk platelet and fibrin accumulation exponentially 
increased with injury length and was uncorrelated 
with arteriole deformation.

• Absolute and relative platelet-clot height were 
increasing linear functions of injury length.

• In the first seconds post-injury, flow velocity at the 
injury site positively correlated with the arteriole 
diameter.

• Blood-flow velocity upstream and downstream of 
the injury site increased because of arteriole con-
striction, and the velocity at the injury site during clot 
growth negatively correlated with the arteriole diam-
eter and the above-clot lumen size.
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Figure 1. Thrombus growth, vessel deformation, and red blood cell (RBC) flow in the mouse cremaster arteriole.
A, time dependence of thrombus growth and arteriole deformation in combined widefield (fluorescence) and brightfield images. The top 
and bottom panels show a less occlusive and a more occlusive representative clots, respectively. Red, platelets; green, fibrin; gold streaks 
(such as the one indicated by a circle in the top panel), RBCs. The numbers on top indicate time in seconds. The arrow on the right 
shows blood-flow direction. The vertical red and green bars on the right show the color-intensity scales. The white horizontal bar in the 
bottom left corner marks a 70-µm distance. B, a representative clot in three dimensions. Magenta, platelets; green, fibrin; blue, endothelial 
cells. The distance between the thin lines is 50 µm. The endothelium surrounds the clot. Fibrin formation occurs in close apposition to 
the endothelium and typically at the site of laser injury. Platelets accumulate in the lumen of the vessel. In this representative image, the 
clot is subocclusive because the platelets do not occupy the entire diameter of the vessel. C, Schematic of essential characteristics of 
an individual clotting event analyzed in the present study, corresponding to 2-dimensional widefield and brightfield views. D and E, Bulk 
accumulation kinetics for platelets and fibrin, respectively (N=59). Solid and dashed lines correspond to the medians and interquartile 
distances, respectively. For platelets, the ≈2-fold median decay was significant (peak median [marked with the asterisk] vs end-point 
median [at 215.5 s], P=1.6×10−5). RFU indicates raw fluorescence unit.
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We excluded some of the clots for different reasons. A list 
of clot-exclusion criteria, defined before study initiation, is given 
in the Data Supplement. We additionally excluded eight thrombi 
for which the collected data were insufficient for flow-velocity 
estimation. We performed full analysis on 59 thrombi from 14 
mice. To evaluate the spatial relationships between the clot and 
endothelium, we additionally collected confocal-microscopy 
data on a separate group of 48 cremaster-arteriole clots from 
7 more mice (Figure 1B).

As preoperative anesthetic, we used a cocktail of 125 mg/
kg ketamine with 12.5 mg/kg xylazine injected intraperitoneally 
one time in 300 µL sterile saline. As intraoperative anesthetic, we 
used pentobarbital (50 mg/kg) injected intravenously via a jugu-
lar vein catheter as needed (≈every 30 minutes) in 30 µL ster-
ile saline. These procedures were terminal, and euthanasia was 
achieved by a one-time bolus of intravenous injection of pento-
barbital in excess of 200 mg/kg followed by cervical dislocation.

Cremaster-Arteriole Model of Thrombosis
We performed the laser-injury thrombosis model as previously 
described.29 Briefly, we injured cremaster arterioles using 24 
pulses (in a two-by-two closely spaced array, repeated 6×) from a 
dye-tuned nitrogen pulse laser (Andor; Belfast, United Kingdom) 
configured to produce nanosecond laser-light pulses at 440 nm. 
We aimed the pulses at or near the arteriole vessel wall, which 
produced a distortion discernable by eye in brightfield images. We 
measured platelet and fibrin accumulation following injury using 
a 40×, numerical aperture 1.0 objective lens (Olympus; Tokyo, 
Japan). We used SlideBook 6 (Intelligent Imaging Innovations, 
Inc; Denver, CO) to handle hardware control, image capture, and 
much of the image analysis. Ultimately, we digitized the image 
data and subjected them to computational analyses.

Intravital Microscopy
The widefield intravital fluorescence microscopy system has 
previously been described.13 Modifications of the imaging sys-
tem that were used in the present study include an Orca-Flash 
4.0 sCMOS camera (Hamamatsu; Hamamatsu City, Japan) 
to capture digital video images, a LED-based SpectraX light 
engine (Lumencor; Beaverton, OR) using 6 solid-state light 
sources, and a LED-based white-light source (Prior Scientific; 
Rockland, MA). See Data Supplement for further details.

We used the SlideBook 6 and ImageJ (National Institutes of 
Health; Bethesda, MD) software to measure injury lengths and 
arteriole diameters directly from the brightfield images acquired 
simultaneously with the widefield fluorescence images. We 
quantified injury length by measuring the distance along the 
long axis of the ovoid-shaped distortion produced in the arteri-
ole wall at the injury site following the ablative event. We mea-
sured the arteriole diameters at the injury site, as well as 130 
µm upstream and downstream of it. We chose to focus on loca-
tions closer to the thrombus to investigate possible interfer-
ence. We used the widefield images to measure the height of 
platelet clots at the time of their maximum extent.

RBC Labeling and Blood-Flow Velocity 
Measurement
We measured RBC velocity approximating the centerline 
flow velocity in the regions of the arteriole upstream and 

downstream from the injury site, as well as in the region over it. 
The velocity was determined by introducing three to four million 
exogenous RBCs via a jugular-vein catheter before the first 
injury in a series. We isolated these RBCs from donor mice 
and labelled them using the Cell-Tracker Orange CMTMR dye 
(Thermo-Fisher Scientific; Waltham, MA). After image capture, 
we measured the distance traveled per unit time for up to 400 
individual RBCs over the entire time course of the experimental 
observation using ObjectJ, an ImageJ plug-in. To convert the 
raw data (velocity values for distinct red blood cell markers) to 
velocity time courses for each clotting event, we used custom-
written scripts in MATLAB R2017b (MathWorks; Natick, MA).

Further methodological details regarding our experimental 
procedures are provided in the Data Supplement.

Statistical Analysis
We performed all statistical analyses in MATLAB R2017b (with 
the Statistics and Machine Learning Toolbox) using custom-
written scripts. In all computational procedures, we analyzed the 
data from individual clotting events (N=59), which we pooled 
from 14 mice. The pooling was based on our analysis of data 
variables (such as the area under the curve for the platelet and 
fibrin bulk-fluorescence time courses) from individual mice 
using the Kruskal-Wallis test, which did not identify statisti-
cally significant differences between the 14 mice. We regarded 
P<0.05 as statistically significant.

We reported the data as the mean±1 SD (referred for nor-
mally distributed quantities) or as the median and interquartile 
range.30 We used the Jarque-Bera test to assess normality.31 
For pairwise comparisons of means and medians, we used the 
paired t-test and Wilcoxon signed rank test, respectively.30

We used stepwise linear regression to analyze the depen-
dence of the (natural) logarithms of platelet and fibrin bulk-
fluorescence parameters on 3 predictor variables: injury length 
and the maximum upstream- and downstream-diameter fold 
changes.32 For each individual clotting event, we divided the 
upstream-diameter values measured at times greater than zero 
by the upstream diameter at time zero; if the result was <1, 
then the reciprocal value was taken. (Time zero corresponded 
to the frame immediately following the ablation event, and 
was the same for platelet and fibrin accumulation as it was for 
RBC velocity measurements.) Then, we defined maximum fold 
change as the largest of these values. We calculated maximum 
downstream-diameter fold change analogously.

In the stepwise regression, we rescaled the predictor vari-
ables using the min–max scaling, which restricted them to 
varying in the (−1, 1) range.32 The initial regression equation 
included all one-variable terms and also 2- and 3-way inter-
action terms (ie, products of variables). We then fit the initial 
model to the data and obtained a reduced regression equa-
tion with fewer terms. The P-value thresholds for automatic 
term removal and addition were 0.05 and 0.01, respectively 
(MATLAB requires them to be different). In other cases of linear 
regression analysis, we used bivariate or univariate regression 
without model reduction. We performed nonlinear univariate 
regression analysis by fitting the equation y=a×exp(b×x). We 
assessed the strength of nonlinear regression using its coef-
ficient of determination (R 2); for linear regression, R 2 was sup-
plemented by a P-value testing the null hypothesis of a flat 
regression function. To assess the strength of monotonic (not 
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necessarily linear) associations between 2 data samples, we 
used Spearman correlation coefficient (ρ) with a P-value test-
ing the null hypothesis of ρ=0.

One particular case of univariate linear regression con-
cerned the relationship between cremaster-arteriole diameter 
(or the above-clot lumen, Figure 1C) and flow velocity. The 
rationale for such a linear relationship is provided in the Data 
Supplement.

RESULTS
Injuries of Variable Length Are Followed by Clot 
Growth, Dynamic Arteriole Deformations, and 
Flow-Velocity Change
The bulk-fluorescence time courses were characterized 
by a peak, sometimes preceded by a smaller peak, for 
platelets and by largely monotonic increase, sometimes 
reaching a plateau, for fibrin. This was manifested in the 
median behavior (Figure 1D and 1E) and also in the time 
courses for individual clotting events. Injury length demon-
strated considerable variability (mean±1 SD, 75.7±22.7 
µm), which was a key observation motivating our data-
driven approach. Notably, the cremaster-arteriole diameter 
(mean±1 SD, 52.1±8.2 µm) was smaller (P=1.6×10−10) 
than injury length, suggesting an elliptical injury shape with 
the ellipse’s major axis aligned with the arteriole axis. This 
was consistent with both our widefield and our confocal 
data showing prolonged platelet-clot shapes, which were 
additionally impacted by platelet wash-off (Figure 1A and 
1B). These data consistently showed clot morphology 
where the platelet-accumulation region defined the over-
all clot boundary, which justified our focus on platelet clot 
height (Figure 1C). Of the 59 clots analyzed, 16 reached 
maximum possible (100%) relative height (with respect 
to the arteriole diameter)—that is, their above-clot lumen 
(defined in Figure 1C) was zero.

We detected dynamic changes in the cremaster-
arteriole diameter that occurred immediately following 
injury. The arteriole quickly constricted (the measured 
reduction in the average diameter was most pronounced 
at 15 seconds) and then slowly dilated toward its initial 
diameter (Figure 2A through 2C). As was evident from 
the brightfield images, the constriction typically affected 
arteriole segments stretching for a certain length up- and 
downstream of the injury site (Figure 1A). The average 
diameter decreased up to 1.14-fold at the injury site, and 
up to ≈2-fold 130 µm upstream and downstream of the 
injury (Figure 2A through 2C). Whereas there was an 
apparent causal relationship between injury induction and 
vessel constriction, the maximum diameter fold change 
and injury length were uncorrelated (Figure I in the Data 
Supplement). These results allowed us to regard injury 
length and the extent of arteriole constriction as indepen-
dent variables in our subsequent statistical analyses.

Our velocity measurements demonstrated tempo-
ral velocity changes at the injury site, as well as in the 

upstream and downstream segments of the cremaster 
arteriole. For each of the 3 locations, the main trend in 
the median velocity was an increase (up to ≈2-fold) fol-
lowed by a slower decrease (Figure 2D through 2F). For 
all clotting events, the velocities were positive, even for 
those with zero above-clot lumen (full-diameter clots).

Injury Length Determines the Amount of 
Platelet and Fibrin Deposition
Maximum platelet and fibrin accumulation reflects the 
maximum capacity of a clot to block blood flow. Because 
we were interested in this capacity, we used maximum 
fluorescence (ie, the maximum value of the bulk-fluores-
cence time course), calculated for individual thrombi, as 
the integral measure of bulk accumulation for platelets 
and fibrin at the injury site. Maximum platelet fluores-
cence on the logarithmic scale did not show a significant 
correlation with the arteriole diameter at the injury site 
(Figure II in the Data Supplement). Thus, we considered 
the following 3 variables as potential predictors for maxi-
mum platelet fluorescence: injury length and the maxi-
mum up- and downstream-diameter fold change. Using 
stepwise regression, we obtained a reduced regression 
equation, which we then extrapolated to the case of no 
upstream and no downstream deformation (by setting 
maximum diameter fold change to one). This yielded a 
regression equation with only one predictor—the injury 
length, which captured the data (R 2=0.43; Figure 3A). A 
separate fit of a single-variable regression model to the 
data produced an almost identical regression line, cor-
roborating that the measured upstream and downstream 
deformations indeed played a minimal role in bulk clot 
accumulation (R 2=0.35; Figure 3A).

The generated linear model suggested that linear-
scale maximum platelet fluorescence could be captured 
by an exponential dependence on injury length. This 
dependence captured the data, albeit with a higher level 
of statistical variability (ie, a smaller R 2=0.19; Figure 3B). 
Consistent with the stepwise-regression analysis, there 
was no correlation between the arteriole deformations 
and linear-scale maximum platelet fluorescence (Figure 
III in the Data Supplement).

We next applied this analysis strategy to the fibrin flu-
orescence data. This analysis was more straightforward 
because stepwise regression automatically reduced 
the initial, multivariable regression model to a univari-
ate model depending only on injury length (Figure 3C). 
Interestingly, the exponential model (Figure 3D) fit the 
data with a slightly higher R 2=0.45 than that for the cor-
responding log-scale model (R 2=0.42, Figure 3C; this 
effect was even more pronounced for the fibrin area 
under the curve mentioned below).

We applied the same analysis strategy to the plate-
let and fibrin area under the curve, which is another 
frequently used quantitative parameter of time-course 
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data. The results were similar to those for maximum 
fluorescence (Figure IV in the Data Supplement; Fig-
ure 3E and 3F).

Injury Length and Arteriole Diameter Determine 
Platelet Clot Height, but Time to Maximum 
Fluorescence Is Independent of Injury Length
The logarithmic-scale functional relationships for the 
platelet bulk-accumulation parameters suggested that 
such logarithmic quantities could be quantitatively linked 

to clot height. Indeed, univariate linear regression iden-
tified a strong functional relationship of this kind (Fig-
ure 4A and 4B). These results, together with the linear 
relationship between the bulk-accumulation logarithms 
and injury length, suggested a possible linear associa-
tion between injury length and clot height. Naturally, we 
expected that the arteriole diameter would also affect 
clot height, which prompted us to perform a 2-vari-
able linear regression analysis. It identified a significant 
increasing relationship between clot height and injury 
length (Figure 4C and 4D).

Figure 2. Arteriole deformation and blood-flow dynamics.
In each subplot, N=59. A, B, and C, Cremaster-arteriole diameters measured at the injury site, upstream of it (130 µm), and downstream of 
it (130 µm), respectively. The diameters were measured at 0, 15, 30, 60, 90, 180, and 210 s. The data points and error bars represent the 
means and 1 SD, respectively; the lines are shown to enhance visual presentation of the trends. The asterisks show statistically significant 
differences (P<0.0033; Bonferroni-corrected with correction factor 6) between the diameter at the indicated time and that at time 0. D, E, 
and F, Flow-velocity dynamics measured at the injury site, upstream of it, and downstream of it, respectively. Solid and dashed lines show 
the medians and interquartile distances, respectively. The asterisks designate peak median. The increase in the injury-site, upstream, and 
downstream velocity (median velocity at the initial time vs peak median) was significant (P=6.3×10−7, 1.0×10−8, and 6.0×10−3, respectively).
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Taken together, our findings indicated that injury 
length was a strong determinant of the amount of plate-
let and fibrin accumulation. In contrast, the times to maxi-
mum bulk fluorescence for the individual platelet and 
fibrin bulk-fluorescence time courses did not show a 
well-pronounced association with injury size (Figure 4E 
and 4F). For a small fraction of the clots, the maximum 
levels were achieved at the very beginning (Figure 4E and 
4F), reflecting the (transient) platelet and fibrin accumu-
lation that was already occurring when the time-course 

measurements began (ie, within ≈1 seconds from the 
time of injury).

After Clot Growth Onset, Injury-Site flow 
Velocity Is Negatively Correlated With Arteriole 
Diameter and With the Above-Clot Lumen Size
Centerline flow-velocity is expected to be proportional to 
the arteriole diameter in unperturbed microvascular beds 
(see Equations I through IV in the Data Supplement). 

Figure 3. Bulk platelet and fibrin accumulation as a function of injury length.
In each subplot, the circles represent individual clotting events (N=59). The solid and dashed lines represent the univariate regression lines and 
the corresponding 95% prediction intervals, respectively. A, Maximum of the platelet bulk-fluorescence time course (logarithmic fluorescence 
units [LFU]). The dotted line represents the reduced regression equation (ie, the result of stepwise regression) with maximum deformation 
fold change set to 1. Regression analysis: R2=0.43, P=1.0×10−5 (stepwise); R2=0.35, P=6.7×10−7 (univariate). B, Maximum of the platelet 
bulk-fluorescence time course (raw fluorescence units [RFUs]). Regression analysis: R2=0.19. C, Maximum of the fibrin bulk-fluorescence time 
course (LFU). Regression analysis: R2=0.42, P=3.4×10−8. D, Maximum of the fibrin bulk-fluorescence time course (RFU). Regression analysis: 
R2=0.45. E, Platelet bulk-fluorescence time-course area under the curve (AUC). Regression analysis: R2=0.21. F, Fibrin bulk-fluorescence time-
course AUC. Regression analysis: R2=0.57.
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To test this relationship in our laser-injury model, we 
performed univariate linear regression analysis for the 
injury-site velocity values measured at an early time 
point (9 seconds). The analysis identified a pronounced 
positive association (Figure 5A), which persisted when 
we repeated this analysis for other early time points. 
In contrast, when we chose a significantly later time 
point, the pattern dramatically changed. Specifically, for 

injury-site velocity at 90 seconds (chosen as a charac-
teristic time for a pronounced thrombus [Figure 1D]), the 
linear relationship became negative (Figure 5B)—a trend 
that persisted for velocity values measured at other 
(similar) times.

Because the arteriole constriction at the injury site 
was quick, small, and transient (Figure 2A), and because 
substantial clots were present by as late as 70 seconds 

Figure 4. Dependence of the platelet-clot height and time to maximum fluorescence on injury length.
In each subplot, the circles represent individual clotting events (N=59). LFU, logarithmic fluorescence units (log of RFU). A, B, and E, The 
solid and dashed lines represent univariate regression lines and the corresponding 95% prediction intervals, respectively. A, The height of the 
platelet clot measured at its maximum value. Regression analysis: R2=0.55, P=1.4×10−11. B, Relative clot height, defined as the percent-ratio of 
the platelet-clot height (measured at the time of the clot’s maximum extent) to the arteriole diameter at the site of injury (measured at the same 
time). Regression analysis: R2=0.58, P=3.0×10−12. C, Clot height as a function of injury length and arteriole diameter at the injury site measured 
when the platelet clot reached its maximum height. Bivariate linear regression (surface): R2=0.45, P=6.5×10−8. Black arrow indicates the slope 
of the dependency of clot height on injury length. D, Relative clot height as a function of injury length and arteriole diameter at the injury site 
measured at the time of the clot’s maximum extent. Bivariate linear regression (surface): R2=0.23, P=6.3×10−4. Black arrow, as in (C). E, Time 
to maximum platelet bulk fluorescence as a function of injury length. Regression analysis: R2=0.01, P=0.41. F, Time to maximum fibrin bulk 
fluorescence as a function of injury length. The time-to-maximum values were binned into 30 equal-sized bins, and the center of the bin with the 
largest number of time-to-maximum values is indicated by the solid line.
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to 90 seconds (Figure 1D), the detected change in the 
velocity pattern could be attributed directly to the pres-
ence of the clot. Interestingly, the pattern was driven by 
the 16 thrombi with a zero above-clot lumen (full-diam-
eter thrombi), because this pattern was reflected by the 
regression calculated for this group of thrombi (R 2=0.49, 
P=0.003), whereas the regression calculated for the 43 
partial-diameter thrombi (R 2=0.04, P=0.18) returned a 
flat line (Figure V in the Data Supplement).

These findings suggested that, for partial-diameter 
thrombi, a more informative velocity-associated parame-
ter could be the size of the above-clot lumen (rather than 
arteriole diameter). We probed this association using 

linear regression for the 43 partial-diameter (ie, non-
zero-lumen) thrombi (Figure 5C). The analysis showed 
that, consistent with our expectations, the velocity at 90 
seconds was increased for small lumens (Figure 5C). 
We then tested this pattern for the velocities measured 
at other times. To this end, we calculated correlation 
coefficients between the lumen size and the velocities 
measured at different times and set the nonsignificant 
correlation coefficients to zero. As expected, the result-
ing temporal dependence demonstrated a persistent 
negative correlation between the lumen and the veloc-
ity (Figure 5D). That correlation was the strongest at 
≈100 seconds, which corresponded to the time frame 

Figure 5. Flow velocity in the vicinity of the injury site.
A–C, The circles represent individual clotting events; the solid and dashed lines represent univariate regression lines and the corresponding 
95% prediction intervals, respectively. A, Dependence of the velocity measured at 9 s on the preinjury arteriole diameter measured at the injury 
site (N=59). Regression analysis: R2=0.26, P=3.3×10−5. B, Dependence of the velocity measured at 90 s on the arteriole diameter measured 
at the injury site at the time of the clot’s maximum extent (N=59). The black circles mark the 16 clots with zero above-clot lumen. The regression 
(R2=0.16, P=0.002) was performed with the robustopt (robust regression) option activated to decrease the influence of apparent outliers. C, 
Dependence of the velocity measured at 90 s on the size of the arteriole above-clot lumen (Figure 1C) measured at the injury site at the time of 
the clot’s maximum extent. The analysis was performed only for the clots with nonzero lumen (N=43). The regression (R2=0.12, P=0.02) was 
performed with the robustopt option activated. D, Correlation coefficients between the velocity measured at the indicated times (x-axis) and 
the size of the above-clot lumen measured at the injury site at the time of the clot’s maximum extent. The thin lines correspond to statistically 
significant (P<0.05) correlation coefficients, and the thick line is a result of moving-average smoothing of the thin line. The analysis was 
performed only for the clots with nonzero lumen (N=43).
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of maximum median platelet deposition at the injury site 
(Figure 1D). These results suggested that the detected 
increase in the injury-site flow velocity was largely due to 
the growth of the clot.

Upstream Flow Velocity Is Defined by Arteriole 
Deformation and a Time Delay and Determines 
Downstream Velocity
To investigate the relationship between the upstream 
flow velocity and the upstream arteriole diameter, we 
first calculated, for each clotting event, the correla-
tion coefficient between the time-dependent diameter 
measurements and the velocity values measured at the 

corresponding times. For 47 out of 59 clotting events, 
the correlation coefficients were negative, indicating a 
decreasing functional relationship (Figure 6A). Yet, 12 of 
the coefficients was positive, prompting further analysis. 
We then used all 59 clots to calculate the velocity-diam-
eter correlation coefficient for these quantities measured 
at 15 seconds (ie, when the measured arteriole constric-
tion was maximal [Figure 2B]). The results indicated no 
significant correlation (Figure 6B). We then hypothesized 
that a stronger association could be detected between 
the diameter measured at 15 seconds and the veloc-
ity measured at 50 seconds, that is, around the time 
when median upstream velocity reached its peak value 
(Figure 2E). Regression analysis of these 2 quantities 

Figure 6. Flow velocity upstream of the injury site.
In each subplot, N=59. A, histogram of the correlation coefficients between the upstream-diameter measurements (at the times indicated in 
Figure 2A through 2C) and the corresponding upstream-velocity measurements for each clotting event. Six of the coefficients were significant. 
The vertical line separates positive and negative correlation coefficients. In (B) and (C), the circles represent individual clotting events. The solid 
and dashed lines represent univariate regression lines and the corresponding 95% prediction intervals, respectively. B, Dependence of the 
upstream velocity measured at 15 s on the upstream diameter measured at 15 s. Correlation analysis: ρ=0.04, P=0.76. C, Dependence of the 
upstream velocity measured at 50 s on the upstream diameter measured at 15 s. Regression analysis: R2=0.22, P=1.8×10−4. D, Correlation 
coefficients between the upstream velocity measured at the indicated times (x-axis) and the upstream diameter at 15 s. The thin lines 
correspond to statistically significant (P<0.05) correlation coefficients, and the thick line is a result of moving-average smoothing of the thin line.
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demonstrated a pronounced negative association (Fig-
ure 6C). We repeated this analysis (similarly to Fig-
ure 5D), calculating the correlation coefficients for the 
diameter at 15 seconds and upstream velocities at dif-
ferent time points. The results indicated consistent nega-
tive correlations, with the strongest negative correlations 
at times near 50 seconds (Figure 6D), when the velocity 
was the highest (Figure 2E).

These results suggested that the fast constriction of 
the arteriole upstream of the injury caused a delayed 
increase in the upstream velocity. The correlation coef-
ficients in Figure 6A were calculated without taking the 
delay into account, which may explain why some of them 
were positive. Because the arteriole diameters up- and 
downstream of the injury were very similar (Figure 2B 
and 2C), we expected—based on the law of mass con-
servation—that the up- and downstream velocity profiles 
would be similar as well, which was confirmed by our 
data (Figure 2E and 2F).

DISCUSSION
Here, we investigated the interrelations between injury 
severity, clot formation, cremaster-arteriole deforma-
tion, and blood flow in a mouse model of laser-induced 
injury. In our experiments, bulk platelet and fibrin deposi-
tion demonstrated nonlinear dependencies on the injury 
length. The height of the platelet clot and its relative 
height (with respect to arteriole diameter) were deter-
mined by injury length and the arteriole diameter. Clot 
growth was linked to a change in the flow-velocity pattern 
in the injured vessel, which differed from that for unper-
turbed flow. In this altered pattern, increased injury-site 
velocity corresponded to a reduced size of the above-clot 
lumen in the arteriole. Upstream and downstream veloc-
ity synchronously increased and then decreased, which 
correlated with transient arteriole constriction.

The constriction of arterioles is controlled by their 
muscular walls. The consistent pattern of the detected 
constrictions (namely, similarly pronounced upstream and 
downstream, much less pronounced at the injury site) 
suggests tight regulation (Figure 2A through 2C). The 
speed of the constriction reaction (seconds after injury) 
suggests that its main mechanism involves either neural 
regulation33 or the spontaneous ability of the muscle to 
constrict in response to injury.34

The similarity of injury-dependent regulation patterns 
between platelets and fibrin (Figure 3) is intriguing, given 
their intrinsic functional differences. Another intriguing 
result is the contrast between exponential bulk-clot accu-
mulation and the linear relationship between platelet-clot 
height and injury length (and also the arteriole diameter, 
Figure 4C and 4D). The link between clot height and 
injury length serves as evidence that increased injury 
severity can result in an increased capacity for blood-ves-
sel obstruction and, possibly, thrombotic complications.

The effects of blood flow on clot growth in vivo 
have been extensively studied.2,35 Here, we focused on 
the effects of clot growth on blood flow. Microvascular 
research suggests that, in general, blood-flow velocity is 
positively correlated with vessel diameter.36 More specifi-
cally, based on considerations of mechanical energy min-
imization, volumetric flow rate in arterioles is expected to 
be proportional to diameter cubed,37,38 leading to the pos-
itive linear relationship between the diameter and cen-
terline flow velocity outlined in the Equations I through 
IV in the Data Supplement. Our results for the blood flow 
measured before clot formation were consistent with this 
pattern (Figure 5A). Yet, the picture for both clot forma-
tion (Figure 5B and 5C) and arteriole constriction (Fig-
ure 6C) was directly opposite, with a negative relationship 
between the velocity and the passage size. This suggests 
that clot formation and arteriole constriction were asso-
ciated with a dynamic change in the physiology of the 
system, with a flow-velocity increase (Figure 2D through 
2F) reminiscent of reactive hyperemia39 but without full 
arterial occlusion. This physiological change may be 
explained by the action of microvascular networks, which 
can actively regulate and redistribute blood flow.24,25 The 
resultant negative diameter-velocity relationship may 
contribute to the flow-mediated effects on the clot—
some of which, such as shear-induced platelet activation, 
require increased flow velocity at clot surface.1,28

In a blood-vessel segment, the pressure drop, flow 
resistance, and volumetric flow rate are the 3 main 
physical quantities characterizing the fluid mechanics 
within the vessel. These quantities are coupled together 
through a relationship wherein the pressure drop is equal 
to the product of flow resistance and flow rate. Our anal-
ysis has focused primarily on the associations between 
flow velocity and arteriole diameter, because centerline 
velocity is directly proportional to volumetric flow rate,40 
and arteriole diameter is inversely related to flow resis-
tance (for Poiseuille flows, the resistance is inversely 
proportional to the diameter raised to the power four41). 
Whereas it is natural to expect that the arterial-segment 
resistance (modulated by the growing clot) will affect 
the velocity of the flow through the segment, this rela-
tionship is complicated by the potential influence of the 
microvascular bed surrounding the arteriole segment. 
Indeed, laser injury might lead to a complex redistribution 
of pressure gradients, resistances, and flows in the local 
arteriolar network. This possibility complicates causal 
analysis of the mechanistic factors that determine the 
velocity changes detected in our experiments, and pro-
vides a justification for our data-driven analysis.

Our study has limitations. First, there are general limi-
tations associated with our thrombosis model, including 
the artificial clotting trigger (laser light). While each of 
the existing experimental models of thrombosis has its 
limitations,42 our model has been extensively studied11 
and could therefore yield reliable measurements directly 
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comparable with the results of other investigations. At 
the same time, our methods and results can be tested 
using other injury models in other mouse blood ves-
sels, as well as in genetically modified or diseased mice. 
The second limitation is associated with our data-driven 
approach centered on correlation and regression analy-
sis of imaging data. This methodology could not provide 
insights into the physiological mechanisms behind the 
detected arteriole constriction or a detailed explanation 
of the transition from a positive diameter-velocity rela-
tionship to a negative one. Moreover, the potential influ-
ence of the surrounding microvascular network on the 
flow in the arteriole segment of interest could not be 
quantified, which complicated causal interpretation of the 
observed velocity changes. Yet, the diverse mechanistic 
questions raised by the present work would require very 
different research methodologies and would be unfea-
sible to unite in one study. The strength of the identi-
fied statistical dependencies reflects the dominance of 
the factors included in the analysis in the presence of 
possible confounders. The third potential limitation is the 
presence of considerable variability in our platelet and 
fibrin bulk-accumulation data. Whereas some of the vari-
ability could be attributed to variations in injury length 
(Figures 3 and 4), and while platelet response is known 
to be intrinsically heterogeneous,12 the noise may have 
blurred certain functional relationships between variables 
of interest. In addition, injury depth could have influenced 
clot growth but was not investigated in our study. Further 
research is needed to more fully explain the variability of 
thrombus formation in vivo and to increase the robust-
ness of the detected quantitative patterns.

The quantitative relationships established in this 
study can be tested not only for diverse pathological 
conditions but also in the presence of therapeutic inter-
ventions aimed to control thrombus development. This 
may allow us to better understand how the strength and 
dosage of antithrombotic agents can be fine-tuned to 
achieve the desired blood-flow control without shifting 
the hemostatic balance toward bleeding. Moreover, the 
established quantitative patterns can facilitate the cali-
bration and validation of computational models of clot 
formation in vivo, which would improve their accuracy 
and practical utility.
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