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The impact of physical activity and intensity
on clot mechanical microstructure

and contraction in middle-aged/older
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Abstract

Background Exercise in healthy individuals is associated with a hypercoagulable phase, leading to a temporary
increase in clot mass and strength, which are controlled by an effective fibrinolytic system. Conversely, people with
cardiovascular diseases often have a reduced fibrinolytic pathway, increased clot mass and abnormal clot contraction,
resulting in poorer outcomes. We assessed clot microstructure, particularly the contractile forces of clot formation, in
response to two exercise intensities in middle-aged/older runners.

Methods Twenty-eight habitual male and female runners aged over 40 years completed a 10 km moderate-
intensity run; 14 of them performed a 3 km high-intensity run. Blood samples were collected at baseline, immediately
postexercise and after 1 h of rest. Clot structural biomarkers dﬁ gel time, and measurements of mature clot mechanical
properties (gel time, G'y,,, and CF,,.,) were analysed alongside conventional plasma markers.

Results Both exercise intensities altered markers of coagulant activity (PT, APTT and FVII) and fibrinolysis (D-dimer),
indicating hypercoagulability. Compared with longer-duration lower-intensity exercise, dy was greater after short-

duration intensified exercise bouts. Following an hour of rest, d; dropped to baseline levels. Additionally, CF,,,,,
decreased across timepoints at both exercise intensities. This effect was noted after one hour of rest compared with

baseline, suggesting continuous fibrinolytic activity postexercise.

Conclusion Exercise transiently induces an intensity-dependent hypercoagulable state, resulting in denser
clot formation and a reduced clot contractile force due to fibrinolysis. These findings can help guide the safe
commencement of rehabilitation exercise programs for cerebrovascular patients.
Highlights
- Precise rheological techniques were applied to assess the effects of exercise on clot microstructure (d;) and
clot contraction in middle-aged/older-aged men and women.
- The hypercoagulable phase, as determined by plasma markers and d; increased after intense exercise.
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Clot contractile forces (CF,,,,)
enhanced fibrinolysis.
We propose that dand CF,

max

Endurance-trained, Runners

were reduced one hour after moderate and intense exercise, indicating

may serve as indicators of health risks and benefits of exercise in patients
undergoing exercise rehabilitation after undergoing adverse cardiovascular events.
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Introduction

A normal hemostatic system is sustained by a delicate
balance between thrombotic and fibrinolytic processes.
The resulting activity of the procoagulant phases, when
activated, leads to the initial formation of clots. This bio-
mechanical structure is modified and maintained by the
balancing effect of the fibrinolytic system. Furthermore,
clot stabilisation and strengthening occur through plate-
lets pulling fibrin and cross-linking, resulting in a mature
clot that subsequently contracts.

Increased blood flow and shear rates associated with
exercise are known to influence platelet activity and
clotting factors, leading to a recognised temporary
hypercoagulable phase that returns to baseline levels
postexercise. In trained adults, the regulation of fibrino-
lysis [1-4] and a healthy functional vascular endothelial
system [5] contribute to an even more pronounced and
positive effect on maintaining hemostasis. Recent studies
have shown that exercise promotes hypercoagulability in
young and untrained individuals, resulting in increased
clot formation and density, and that the impact of exer-
cise increases with intensity [6, 7]. However, few studies
have utilised exercise as an intervention that determines
the impact of clot mechanical development and the con-
tractile phase in middleaged/olderadults.

The hypercoagulable phase directly influences the tem-
plating of the primary structure of the incipient clot (df),
which is known to define its mature architecture [8, 9].
The newly formed clot produced during the early phase
of coagulation develops a cross-linked fibrin network.
A denser, more tightly packed fibrin network composed
of thinner fibres is far less susceptible to lysis and may
enhance thrombogenicity; a loose, open, and permeable
fibrin network allows lysis enzymes to degrade blood
clots more easily. This information can be quantified
through the rheological biomarker fractal dimension
(dy), which quantifies the “sample-spanning” network of a
fractal structure [10].

The incipient clot network, as characterised by d,; pro-
vides a microstructural template for the mature form of
the clot. This biomarker has been used to quantify the
thrombotic potential of a range of conditions, including
stroke and ischaemic heart disease [11-15], and to evalu-
ate the secondary effects of clinical treatments [16, 17].
This clot microstructure biomarker has also been utilised
to assess the influence of a period of exercise training on

the hypercoagulable phase in healthy middleaged/older
female participants and has demonstrated a significant
effect [18, 19]. Interestingly, in a recent study examining
the effect of acute exercise and its intensity in poststroke
patients, researchers reported a significant increase in
df after exercise [20]. However, the investigation did not
ascertain the effects of the contractile properties of the
clot.

Clot contraction may provide crucial insights into
pathological development, the quality of the clot and its
altered functionality, especially in determining how the
mature clot decreases in size over time, which aids in
the recanalisation of blood vessels and prevents further
thrombus formation [21]. However, this effect has mostly
been evaluated via nonhemorheological methods. The
paucity of evidence on the mechanical properties of the
developing clot and its associated clot contraction dur-
ing exercise has proven to be a worthwhile area of inves-
tigation. Furthermore, altered contractile forces in clot
development have been noted to be important factors in
abnormal clot formation in vascular diseases [22, 23].

Our aim was to determine how exercise at moderate
or more intensive exercise affects the microstructure of
an incipient clot (dy) and the maximum contractile force
(CF, ) of the mature clot in a cohort of well-trained,

max.
middle and older-aged runners.

Materials and methods
Healthy participant recruitment
We recruited people above 40 years of age from local
running clubs who regularly engage in endurance exer-
cise, where self reported regular exercise frequency was
at least 3-4x per week, and for whom a 10 km run could
be completed with difficulty, Two-stage informed con-
sent was obtained following proper health screening.
They were screened for acute and chronic medical condi-
tions, particularly relating to cardiovascular health using
a healthy volunteer questionnaire delivered by trained
clinicians. Individuals reporting these conditions or tak-
ing regular medications were not invited to participate.
The choice of a cohort upwards of 40 without an upper
age limit was a pragmatic approach to recruit a cohort
of an appropriate age to draw conclusions on throm-
botic diseases which become increasingly prevalent in
the population with age. There is no widely accepted
scientific distinction between middle and older-age and
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a recognition of the transition between these groups is
dependent on an array of health, socio-economic and
cultural factors. Within this study, a lower age cut off for
inclusion was necessary, whilst other inclusion criteria of
good health and regular physical exercise provided a self-
selecting upper age limit on the study.

The study was divided into two arms: the longer 10 km
at moderate intensity (LMI) arms and the shorter 3 km
at a higher intensity (SHI) arms. For the LMI study arm,
participants ran at a steady self-selected pace along a flat
10 km route. Following completion of the LMI arm of
the study, all participants were re-invited back to com-
plete the SHI arm until the necessary number of partici-
pants was obtained. There were no additional inclusion
or exclusion criteria for re-invitation to the SHI arm
once the LMI arm was completed. For the SHI arm, par-
ticipants ran 3 km around a 400 m athletics track as fast
as possible, with the option to perform a self-selected
warm-up routine beforehand. Lactate levels taken at each
time point were used to confirm the intensity of the self
selected paces and ensure adequate distinction in the
intensities between the two arms [24, 25].

Sample collection and timing

Blood samples were taken by a trained phlebotomist
atraumatically from an antecubital vein via a 21G butter-
fly needle at baseline, immediately following exercise, and
after 1 h of rest. To avoid the effects of diurnal variation,
the experiments were conducted in the morning, and all
samples were obtained before 12 p.m.

Conventional markers of coagulation and full blood count
We measured standard full blood counts and mark-
ers of coagulation, full blood count (FBC), prothrombin
time (PT), activated partial thromboplastin time (aPTT),
D-dimer, and factor VIII (FVIII).

For FBC, 4 mL was collected in a plastic dipotassium
EDTA vacuette (BD, Plymouth, UK Ref 367839) analysed
in Sysmex XN9000.

For standard coagulation tests, two 2.7 mL samples
were collected into PET 0.109 M 3.2% citrated vacutain-
ers (BD, Plymouth, UK Ref: 363095). The first citrated
vacutainer included PT, APTT, and Clauss fibrinogen
and was measured via a Sysmex CS5100 analyser with
reagents for PT-Siemens Innovin, APTT- Siemens Actin
ES and fibrinogen- Siemens thrombin. D-dimer analy-
sis was performed with a Sysmex CS5100. The second
citrated sample was used for FVIII analysis and placed
in a centrifuge using an Eppendorf 5427R + FA-45-12-
17 Rotor at 2000 x g for 10 min to obtain platelet-poor
plasma (PPP).
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Lactate measurement

A total of 2.7 mL of venous blood was collected into a
BD Vacutainer REF 368,921 at each time point, and the
lactate concentration was analysed via the Roche assay in
Cobas 8000.

Rheological technique

8 ml. Whole unadulterated blood was collected to mea-
sure the time to gel point (Tp), fractal dimension (df),
maximum value of G’ (G,,) and maximum contrac-
tile force (CF,,,,). The data were anonymised and inde-
pendently reviewed as per the STARD and STROBE
guidelines.

The rheological measurements were performed via
small-amplitude oscillatory shear measurements at sev-
eral discrete frequencies [10]. Approximately 6.7 ml of
blood was transferred to a double concentric measuring
geometry of an AR-G2 (TA Instruments, New Castle, DE,
USA), controlled at a temperature of 37 °C. A negligible
quantity of standard silicon oil (10 mPa.s) was placed
around the edge of the geometry to prevent evapora-
tion of the sample. The phase angle (i.e., the lag in phase
between the stress and strain waveforms) was monitored
during clotting. The gel point was detected by the fre-
quency independence of the phase angle, and the time to
reach this point was recorded as the time to the gel point
(Tgp). The fractal dimension (dy) was calculated from an
established mathematical relationship at Gel Point [26]
and provides quantification of the incipient clot micro-
structure [10].

CF,,., is calculated from rheological measurements of
normal force and represents a measurement of the con-
tractile forces generated by blood during clotting [21,
22, 27]. As clotting progresses, the matrix scaffold inter-
linked by the fibrin network, platelets and other com-
ponents generates and applies forces to the surrounding
microstructure and the rheometer geometry. Normal
force measurements were conducted via the parallel plate
geometry (60 mm diameter) of a second AR-G2 rheom-
eter, with the lower plate controlled at 37°C. Approxi-
mately 0.84 ml of the same sample of blood was loaded
onto the lower plate of the rheometer, and the upper plate
was gradually lowered to confine the sample between the
plates at a fixed gap of 300 microns. Standard 10 mPa.s
silicon oil (Brookfield) was again placed around the edge
of the geometry to prevent evaporation of the sample.
The measurements involved the application of small-
amplitude oscillatory shear at a single frequency of 1 Hz.
The normal force generated between the two plates was
recorded over time by the normal force transducer fitted
to the lower plate. CF,,,, was defined herein as the differ-
ence between the value of the normal force at the instant
corresponding to the gel point and the maximum value
of the normal force registered during clot formation.
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This ensured that CF,,,, was attributable to the forces
exerted on the fibrin network that was established at the
gel point. The test ran for 75 minutes to record the maxi-
mum value of G’, which is representative of the elasticity
of the fully formed clot (G’,,,,), and the value of CF,

max max
generated by the clot.

Statistical analysis

IBM SPSS Statistics 29.0.1.0.171 was utilised to perform
the statistical analysis. To estimate the necessary sample
sizes, the alpha level was set to 0.05 with a power level
of 0.85 on the basis of previous reports measuring frac-
tal dimension [6, 10, 12, 13, 28]. The sample size needed
was 10 for each additional time point. For attrition, we
recruited 28 endurance runners aged over 40 years for
the LMI group, and 14 were invited to return for the SHI
arm of the study.

The normality of the data was confirmed via the Shap-
iro-Wilk test. Outliers were detected via boxplot analysis
in IBM SPSS; however, none were excluded, as this was
not justified from either a clinical or a technical stand-
point. Statistical significance was accepted at p<0.05.
Normally distributed data are reported as the mean (M)
and standard deviation (SD) and are displayed in figures
as bar charts with uncertainty bars, whereas nonnormally
distributed data are shown as the median (Mdn) and
interquartile range (/QR) and are presented as box and
whisker plots.

All the statistical analyses were performed using
repeated-measures analysis of variance (RM-ANOVA)
with a Bonferroni post hoc correction for normally dis-
tributed data sets involving three time points and the
Friedman test for nonnormally distributed data followed
by a nonparametric Wilcoxon matched-pairs signed rank
test with a Bonferroni adjustment level set at p<0.016,
which helps correct for type I error for any variables
with a significance value of p<0.05. For RM-ANOVA,
if the assumption of sphericity was violated, the Green-
house—Geisser correction p value was accepted for
interpretation.

To compare individual variables between groups,
paired t tests were carried out for normally distributed
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Table 1 Basic demographic data of the study participants

Demographic LMI (10 km) SHI (3 km)
n=28 n=14

Age 57+8 60+6

Sex 13 Female: 15 Male 6 Female: 8 Male

Height (cm) 168.9+9.5 1669+12.8

Weight (kg) 682+135 66.9+129

BMI 235+3 237422

Pace (mm: ss) 6:00+60 s 4:57+45s

Note: Each participant habitually runs three to six times weekly. Pace was
recorded as the average time taken to complete each kilometer (minutes:
seconds/km). Pace during LMI for the participants that also conducted SHI was
06:05+65s

data, and the Wilcoxon matched-pairs signed rank test
was used as the nonparametric counterpart. The differ-
ence scores were assessed for distributional assumptions.
If the data were not met, appropriate data transforma-
tions or sign tests were utilised. Figures were created via
GraphPad Prism (version 9.3.1) (Tables 1 and 2).

Results

Standard blood and coagulation markers

Hb, Hct and Rbc slightly but significantly decreased
after both exercise bouts, with a marked decrease after
a shorter run at higher intensity. Statistically significant,
but clinically non-relevant increases in WBC were seen
in both groups following exercise, while the platelet
count returned to baseline levels after exercise activity.

Although PT and APTT remained within their normal
ranges, exercise resulted in an inverse trend compared
with baseline; PT increased, whereas APTT slightly
decreased. The effect was more significantly different
for SHI, and the increasing hypercoagulable phase even
lasted after 1 h of rest postexercise. Despite these statisti-
cally significant values, no clinical interpretation can be
derived, as they remain within the normal range. Figure 5
(supplementary section) depicts these changes.

The levels of FVIII and D-dimer in both groups were
the only variables that exceeded their preestablished
clinical normal ranges after exercise. D-dimer levels were
greater in both groups immediately after exercise than
at baseline (LMI: Mdn 200 pg/L vs. 335 pg/L, p=<0.001;

Table 2 Selected paired comparisons of the LMI and SHI intensity groups

Measured parameter Long moderate intensity

Short high intensity

Test statistics Significance value (p)

M/Mdn SD/IQR M/Mdn SD/IQR
PT 105 IQR0.75 10.5 QR 0.42 z=-5.37 p 0.59
APTT 25 +1.59 255 +1.49 t(1)=-14 p 0.1
Fibrinogen 29 +0.46 2.88 +042 t(11)=0.18 p 0.86
WBC 74 +2 793 +23 t(13)=-1.01 p03
Hb 145.7 +8.97 144.5 +10.02 t(13)=0.87 p 04
Platelets 289 IQR 63 279 IQR 54 7=-0.88 p 038
RBC 4.8 +037 4.8 +0.38 t(13)=0.28 p0.79
HCT 04 +0.02 044 +0.26 t(13)=-2.2 p 0.05
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SHI: Mdn 202 pg/L vs. 560 pg/L, p=0.01), and the lev-
els returned to baseline levels after 1 h of rest (LMI: Mdn
200 pg/L vs. 236 pg/L, p=0.05; SHL: Mdn 202 pg/L vs.
231 pg/L, p=0.13).

The factor VIII levels increased from baseline to after
exercise in both groups (LMI Mdn 129 iu/dl vs. 171 iu/dl,
p=0.012; SHI Mdn 128 iu/dL vs. 202 iu/dL, p=<0.001)
and remained elevated after an hour of rest compared
with the baseline data (LMI, Mdn 129 iu/dl vs. 156 iu/dl,
p=0.01; SHI Mdn 128 iu/dl vs. 187 iu/dl, p = <0.001). Fig-
ure 6 in the supplementary section demonstrates these
changes.

Both the factor VIII (p<0.01) and D-dimer (p<0.05)
levels were significantly greater in the SHI group imme-
diately after exercise. Figure 7 in the supplementary sec-
tion illustrates these changes.

Lactate levels

The blood lactate levels measured at each time point are
shown in Fig. 1a and b. In the LMI group, lactate levels
increased (p =< 0.001) from baseline to after exercise, and
the levels returned to baseline at 1 h of rest. In the SHI
group, there was an increase (p=<0.001) from baseline
to after exercise, and the level remained elevated at 1 h
of rest (p=<0.001). Moreover, a direct comparison of the
lactate response in the subgroup of 14 participants who
underwent both SHI and LMI revealed a statistically sig-
nificant difference in lactate levels after exercise between
the two bouts (Fig. 1b; p =0.008).
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Hemorheological data
The results for the LMI and SHI are shown in Fig. 2. In
the LMI group, there were no significant changes in d,
between any of the time points. In the SHI group, there
were no significant changes in d; between baseline and
immediately after exercise; however, a significant reduc-
tion in d, was observed between immediately after exer-
cise and after 1 h of rest (Mdn 1.74 vs. 1.66, p=0.003).
Both groups exhibited an overall reduction (main
effect) in CF,,,, with time. In the LMI group, there was
no difference in the CF,,,, between baseline and immedi-
ately after exercise (p=0.2). Conversely, the CF,,  values
immediately postexercise and after 1 h of rest were sig-
nificantly lower (Mdn 0.30 vs. 0.19, p=0.014). Overall, a
significant decrease was observed in the CF,,,, between
baseline and after 1 h of rest in the LMI group (Mdn 0.42
vs. 0.19, p=0.002). In the SHI group, there was no dif-
ference in the CF,,,, between baseline and immediately
after exercise (p=0.5), and there was no significant dif-
ference between immediately after exercise and after one
hour of rest (p=0.15). However, there was a significant
reduction in the CF,,, from baseline to after 1 h of rest

(Mdn 0.36 vs. 0.18, p=<0.001).

Paired comparisons of hemorheological data

The haemorheology results comparing values obtained
immediately after exercise in the LMI and SHI runs
are displayed in Fig. 3. d; immediately after exercise
was significantly lower in the LMI group than in the
SHI group (Mdn 1.68 vs. 1.76, p=0.02), whereas CF,,,,,

G’ax @and T¢p were not significantly different. The rela-
tionship between dyand the total amount of fibrin mass
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Fig. 1 Lactate levels before and after LMI and SHI. Note. (left) A Lactate levels across three time points. (right) B Paired comparison of lactate levels mea-
sured immediately after exercise at LMl and SHI exercise intensities. PRE (before exercise), POST (immediately after exercise), and ThPO (1 h after rest) were
used. Error bars (IQRs) for median values; *p < 0.05, **p <0.01, and *** p<0.001 denote the statistical level; ns, not significant
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Fig. 2 Hemorheological markers of the LMI and SHI intensity groups at three time points. Note. PRE (before exercise), POST (immediately after exercise),
and 1hPO (1 h after rest) were used. The dashed line on the y-axis depicts the upper and lower ranges. The error bars represent the SDs for the means and
IQRs for the median values; *p <0.05, **p < 0.01, and *** p<0.001 denote the statistical level; ns, not significant

incorporated into the clot structure is nonlinear, and
relatively small changes in the absolute value of d reflect
large differences in clot mass. Computationally simu-
lated fractal networks (Adapted from Lawrence et al.
2015, reproduced with permission from Elsevier) depict-
ing the increase in incipient clot mass corresponding to
increases in df are shown in Fig. 4E [14]. The observed
difference of 1.68 after the 10 km run compared with 1.76
after the more intense 3 km run represents a 250% differ-
ence in clot mass.

Discussion

The present study used exercise intensity to assess the
hypercoagulable effect and changes in clot microstruc-
ture in habitually trained middle-aged/older male and
female runners. While d; remained stable in both imme-
diately post-exercise bouts, a more hypercoagulable

phase was detected after shorter, more intense exercise
was compared to longer duration, less intensive exercise
in the same participants. The hypercoagulability was
transient, returning to baseline within an hour of rest.
Additionally, there was a statistically significant decrease
between immediately post and after 1 h rest in LMI, this
change was non-significant post-hoc correction when
compared to its baseline values. Primarily, this effect may
be due to the release of plasminogen as a physiological
fibrinolytic response during an increase physical activity
which makes the clot’s fibrin network less strong as mea-
sured by the df. Our study validated previous findings
that dj accurately measures the alteration of clot micro-
structure in healthy and trained athletes [18]. Interest-
ingly, untrained participants in a previous study achieved
higher d; levels as a result of intense exercise than older
trained athletes [6]. This study supports the idea that
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higher exercise intensities lead to a temporary alteration
in clot microstructure and density.

Fractal dimension (df)

The trained middle-aged/olderolder participants had
a lower post-exercise level of d; than the young and
untrained participants (1.70+0.07 vs. 1.79+0.05) [6],
primarily because of their improved hemostatic profile
[29-31]. This improvement is partly due to the marked
effect of endurance training on endothelial function,
leading to increased production of nitric oxide (NO)
[32, 33], a potent vasodilator and anti-inflammatory
compound. It also increases the capacity for the forma-
tion of prostacyclin, a strong vasodilator and an impor-
tant inhibitor of platelets [34]. The vasodilatory effects of
NO and prostacyclin lead to a reduction in intravascular
shear stress when combined with their platelet inhibitory
effects, effectively decreasing platelet-vessel wall contact
[35, 36]. This leads to dampening of the hypercoagulable
phase and reduces the risk of thrombosis. The evidence
suggests that, with as little as one month of endurance
training, this response can be sufficiently achieved [37].
Furthermore, compared with sedentary runners, endur-
ance runners present a reduced level of von Willebrand
factor (vWf) antigen activity [38] and decreased platelet
aggregation [39].

Another factor that could contribute to this effect is
the efficiency and effectiveness of the fibrinolytic system.
This is supported by a stable df, a reduction in CFmax
and increased D-dimer levels, which returned to base-
line. Fibrinolysis occurs simultaneously alongside the
primary development of the fibrin network in the vascu-
lature [40]. Similarly, acute endurance exercise not only
generates an immediate fibrinolytic response [4, 41, 42]
but also enhances fibrinolysis in the long-term [1-4]. A
recent study demonstrated that postmenopausal women
who had recently completed a structured exercise train-
ing program for more than 8 weeks had a 40% reduction
in incorporated clot mass following the training period
[18]. Individuals adapted to physical activity are known
to have heightened resting fibrinolytic activity, which
is attributed to increased tPA release, decreased PAI-1
activity and decreased tPA-PAI-1 complex formation [1,
4]. Our data support this finding in showing that df was
relatively stable across the three time points at both exer-
cise intensities. However, when a paired comparison was
made, post-exercise df was greater in SHI than in LML As
higher-intensity exercise is associated with an increase in
shear and blood flow, these factors might have surpassed
the effect of increased basal fibrinolytic activity

In a previous exercise study involving young, untrained
participants, d; was observed to significantly increase
during the duration of exercise activity before returning
to baseline after a period of rest [6]. This finding showed
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that moderate-intensity exercise was sufficient to lead to
an increase in d While our results revealed a higher level
of d; after a higher exercise intensity, a sequential com-
parison of dvalues in two separate bouts revealed that d,
remained stable over time. As other studies have demon-
strated that the fibrinolytic response can vary with fitness
level [43] we suggest that hemostatic adaptations caused
by exercise between our trained group and the young
sedentary group can explain the differing responses to
these exercise bouts.

G’'max and TGP
G’ax and Tp remained stable at both intensities despite
the hypercoagulable phase and fibrinolytic activity, as
shown by changes in d;and CF,,,,,, respectively. This find-
ing contrasts with previous findings using ROTEM, in
which maximum clot firmness (MCF) has been shown
to increase with exercise [44, 45]. Notably, d; is the only
structural marker, whereas G’,,,, reflects the mechanical
properties of the mature clot, and T is a kinetic marker
of clot formation. The different findings from our earlier
study of untrained yet healthy young participants showed
that a more marked response to the hypercoagulable
phase corresponds to increasing clot mass and intensity.
This response is normalised within an hour [6]The sig-
nificance of these findings is that they might in future be
used to develop and guide exercise intensity targets for
patients embarking on an exercise programme as part of
a structured exercise prescription such as those used fol-
lowing conditions such as stroke or myocardial infarction
(MI).

Standard blood, coagulation markers and lactate response
to exercise bouts

We hypothesize that the platelet response is likely due to
recognised exercise-induced haemoconcentration [46]
and increasing intensity. Although there were significant
changes in Hb, Hct and Rbc across timepoints, the levels
remained within their clinically assigned normal ranges,
as expected given that the participants were physically
active and healthy. Figure 4 (supplementary section) pro-
vides a detailed view. In SHI only, fibrinogen was mark-
edly lower after 1 h of rest. The primarily reason for this
could be due to volume changes [47], chronic adaptation
[48] and initial utilisation of fibrinogen in clot formation,
as reflected by increasing d; immediately postexercise.
The marked increase in FVIII and D-dimer with increas-
ing exercise intensity indicates increased thrombotic
and fibrinolytic activity.As seen in Fig. 1, there was a sig-
nificant difference in the exercise intensities achieved in
both arms of the study, While a small degree of overlap
was seen, no individual participant had a higher lactate
level in the LMI arm than in the SHI arm. Addition-
ally participants all had a faster pace and higher rate of
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perceived exertion (RPE) in the SHI arm compared with
the LMI arm. More complex intensity validation proce-
dures are possible, including real time analysis of RPE,
lactate via point of care testing, or heart rate. However
the focus of these exercise targets is implementation of
large scale exercise prescriptions, often these take place
with initial supervision, followed by transition to unsu-
pervised or non-clinician supervised activities. The focus
in these programmes is to provide simple recommenda-
tions deliverable at scale, as such more complex intensity
validation techniques may be less appropriate.

The effects of exercise and its hypercoagulable phase on
clot contractile forces

There was a significant reduction in the CF,, . following
exercise. A lower level of CF,,,, accompanied by a nor-
mal d; may suggest a less dense fibrin network, which
may allow greater accessibility of fibrinolytic agents. This
effect appeared to persist longer than the other measured
markers, as CF,, . remained low even after an hour of
rest.

Previous studies using different techniques have sug-
gested that clot contraction is reduced in patients who
suffer a stroke and that this poor contraction is associ-
ated with a worse outcome [49]. In our cohort study,
which used a different technique, we showed that the
clot contractile forces were also reduced with increas-
ing intensity exercise under the influence of a hyperco-
agulable phase, as measured by the CF,,,,. The reason for
this may be that the participants in our study may have
had a highly effective and conditioned fibrinolytic system
[1, 4, 38, 50, 51], which reduces the contractile forces,
leading to a normal physiological process and reduced
thrombogenicity. However, patients who have suffered
a stroke are known to have an enhanced prothrombotic
pathway and an altered fibrinolytic system, which in turn
alters the mechanical properties of the clot microstruc-
ture, producing an obstructive thrombus. In our previous
study, we examined the effects of exercise and intensity
on lacunar stroke patients and confirmed that exercise
transiently increased df levels [20]. Compared with the
control group, the physically inactive group was found to
have greater thrombogenic risk posed by acute moderate
exercise. However, this research did not examine the rela-
tionship between the templating effect of d,and its asso-
ciated clot contractile forces.

The prolonged reduction in clot contraction after one
hour of rest is likely due to factors affecting clot initia-
tion and fibrinolysis. Compared with untrained healthy
participants, trained healthy participants exhibit reduced
platelet activity [39]. This, combined with the transient
effect of thrombin generation, which leads to short-lived
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hypercoagulability following exercise [52], may have con-
tributed to the reduced CF,,,,. Conversely, the fibrino-
lytic activity induced by exercise in trained individuals is
known to last up to 24 h [53, 54]. This may account for
the long-term effect of exercise in reducing the amount
of clot contractile mechanical process and its functional
activity.

Hence, fibrinolysis is likely involved in the prolonged
reduction in clot contraction. While clot degradation
products such as D-dimer return to baseline levels after
one hour of rest, trained individuals’ endogenous fibrino-
lytic activity can last longer [53, 54]. The effective break-
down of clots immediately after exercise through known
adaptive levels of lytic enzymes such as t-PA and PAI-1
[38] may effectively lyse fibrin and dampen the overall
contractility of the clot. This may act as a protective com-
ponent against cardiovascular and cerebrovascular dis-
eases in trained individuals because of more effective clot
dissolution. Ultimately, the novelty of these findings lies
in the accurate measurement of the clot contractile force,
leading to the assessment of the fibrinolytic response fol-
lowing exercise. Understanding the contributing factors
for such findings requires thorough and in vitro investi-
gations, which are underway.

Summary and conclusion

We describe for the first time the utility of d;and CF,,,,,
throughout the hypercoagulable phase associated with
exercise in trained middle and older-aged runners. Addi-
tionally, d, showed sensitivity to exercise intensity in this
trained cohort. It remains to be seen if these findings
could be translated to clinical practice to identify patients
with high thrombotic risk when a new exercise program
is commenced. It may be applied to those undergoing a
rehabilitation programme following conditions such as
stroke or MI. Furthermore, the ability to measure the
effects of hypercoagulable changes and the clot contrac-
tile force via these biomarkers in whole blood during
near-patient testing can increase its diagnostic potential
in hypercoagulable states.

We propose that d,and CF,,,, are valuable biomarkers
that can be used to guide safe commencement of exer-
cise, which may help determine the appropriate intensity
thresholds throughout exercise progression in different
populations. The biomarkers may be specifically useful in
patients with cerebrovascular disease undergoing reha-
bilitation programs of varying intensities and who might
be at risk of developing adverse cerebrovascular events.
Further work is underway to further determine the appli-
cability of these biomarkers in relation to exercise in this
disease group.



Zaldua et al. BMC Neurology (2025) 25:81

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512883-025-04074-y.

[ Supplementary Material 1 ]

Acknowledgements
Thanks to Janet Whitley for assisting with proofreading and submission. We
also thank all staff at the Welsh Centre for Emergency Medicine Research.

Author contributions

JCZ: Validation; project administration; formal analysis; investigation; data
curation; writing original draft; writing - review and editing. OW: Validation;
formal analysis; investigation; data curation; writing; writing - review and
editing. JG Investigation: writing - review and editing. SP: Methodology;
Validation; formal analysis; writing - original draft; writing - review and
editing. YH: Methodology; validation; formal analysis; writing - original draft;
writing - review and editing. KH: Methodology; validation; formal analysis;
writing - original draft; writing - review and editing. PAE: Conceptualisation;
methodology; resources: validation; formal analysis; writing - original draft,
writing - review and editing.

Data availability
The data sets used and/or analysed during the current study are available
from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

This study was approved by the Swansea University Internal Ethics Committee
(ref: 1 2023 6945 5766) and was conducted in accordance with the
Declaration of Helsinki. All participants signed informed consent forms.

Consent for publication
Not Applicable.

Competing interests
The authors declare no competing interests.

Author details

'The Welsh Centre for Emergency Medicine Research, Emergency
Department Morriston Hospital, Swansea Bay University Health Board,
Swansea, Wales SA6 6NL, UK

The August Krogh Section for Human Physiology, Department of
Nutrition, Exercise and Sports, University of Copenhagen, Copenhagen,
Denmark

3Faculty of Medicine and Life Health Sciences, Medical School, Swansea
University, Swansea SA6 6NL, UK

Received: 5 December 2024 / Accepted: 6 February 2025
Published online: 01 March 2025

References

1. DePaz JA, Lasierra J, Villa JG, Viladés E, Martin-Nufo MA, Gonzalez-Gallego J.
Changes in the fibrinolytic system associated with physical conditioning. Eur
J Appl Physiol Occup Physiol. 1992;65(5):388-93.

2. Karampour S, Gaeini AA. Response of coagulation and anti-coagulant factors
of elite athletes following acute resistance and high-intensity interval train-
ing. J Sports Med Phys Fit. 2018;58(1-2):120-6.

3. Watts EJ. Haemostatic changes in long-distance runners and their relevance
to the prevention of ischaemic heart disease. Blood Coagul Fibrinolysis.
1991;2(2):221-5.

4. Womack CJ, Nagelkirk PR, Coughlin AM. Exercise-induced changes in coagu-
lation and fibrinolysis in healthy populations and patients with cardiovascular
disease. Sports Med. 2003;33(11):795-807.

20.

21.

22.

23.

24.

25.

26.

27.

Page 10 of 11

Papathanasiou G, Tsamis N, Georgiadou P, Adamopoulos S. Beneficial effects
of physical training and methodology of exercise prescription in patients
with heart failure. Hellenic J Cardiol. 2008;49(4):267-77.

Davies NA, Liwyd O, Brugniaux JV, Davies GR, Marley CJ, Hodson D, et al.
Effects of exercise intensity on clot microstructure and mechanical properties
in healthy individuals. Thromb Res. 2016;143:130-6.

Cadroy Y, Pillard F, Sakariassen KS, Thalamas C, Boneu B, Riviere D. Strenuous
but not moderate exercise increases the thrombotic tendency in healthy
sedentary male volunteers. J Appl Physiol (1985). 2002;93(3):829-33.

Brown MR, Curtis DJ, Rees P. Summers HD, Hawkins K, Evans PA, et al. Fractal
discrimination of random fractal aggregates and its application in biomarker
analysis for blood coagulation. Chaos Solitons Fractals. 2012;45(8):1025-32.
Curtis D, Williams P, Badiei N, Campbell A, Hawkins K, Evans P, et al. A study of
microstructural templating in fibrin-thrombin gel networks by spectral and
viscoelastic analysis. Soft Matter. 2013,9:4883-9.

Evans PA, Hawkins K, Morris RH, Thirumalai N, Munro R, Wakeman L, et al.

Gel point and fractal microstructure of incipient blood clots are significant
new markers of hemostasis for healthy and anticoagulated blood. Blood.
2010;116(17):3341-6.

Stanford SN, Sabra A, D'Silva L, Lawrence M, Morris RHK, Storton S, et al. The
changes in clot microstructure in patients with ischaemic stroke and the
effects of therapeutic intervention: a prospective observational study. BMC
Neurol. 2015;15(1):35.

Davies GR, Pillai S, Lawrence M, Mills GM, Aubrey R, D'Silva L, et al. The effect
of sepsis and its inflammatory response on mechanical clot characteristics: a
prospective observational study. Intensive Care Med. 2016;42(12):1990-8.
Davies NA, Harrison NK, Morris RH, Noble S, Lawrence MJ, D'Silva LA, et al.
Fractal dimension (df) as a new structural biomarker of clot microstructure in
different stages of lung cancer. Thromb Haemost. 2015;114(6):1251-9.
Lawrence MJ, Sabra A, Thomas P, Obaid DR, D'Silva LA, Morris RH, et al. Fractal
dimension: a novel clot microstructure biomarker use in ST elevation myocar-
dial infarction patients. Atherosclerosis. 2015;240(2):402-7.

Pillai S, Davies G, Lawrence M, Whitley J, Stephens J, Williams PR, et al. The
effect of diabetic ketoacidosis (DKA) and its treatment on clot microstructure:
are they thrombogenic? Clin Hemorheol Microcirc. 2021;77(2):183-94.
Lawrence MJ, Evans V, Whitley J, Pillai S, Williams PR, Coulson J, et al. The
effects of apixaban on clot characteristics in atrial fibrillation: a novel pharma-
codynamic biomarker. Pharmacol Res Perspect. 2022;10(2):e00937.

Evans VJ, Lawrence M, Whitley J, Johns C, Pillai S, Hawkins K, et al. The treat-
ment effect of rivaroxaban on clot characteristics in patients who present
acutely with first time deep vein thrombosis. Clin Hemorheol Microcirc.
2022;80(2):139-51.

Ngrregaard LB, Wickham KA, Ehlers T, Rocha MP, Fischer M, Lundberg
Slingsby MH, et al. Exercise training induces thrombogenic benefits in
recent but not late postmenopausal females. Am J Physiol Heart Circ Physiol.
2023;325(2):H346-61.

Negrregaard LB, Wickham KA, Ehlers T, Rocha MP, Fischer M, Slingsby

MHL, et al. Exercise training induces thrombogenic benefits in recent

but not late postmenopausal females. Am J Physiol Heart Circ Physiol.
2023;325(2):H346-61.

Ngrregaard LB, Wickham KA, Jeppesen JS, Rytter N, Christoffersen LC,
Gliemann L, et al. Exercise transiently increases the density of incipient blood
clots in antiplatelet-treated lacunar stroke patients. Thromb J. 2024;22(1):35.
Litvinov RI, Weisel JW. Blood clot contraction: mechanisms, pathophysiology,
and disease. Res Pract Thromb Haemost. 2023;7(1):100023.

Tran R, Myers DR, Ciciliano J, Trybus Hardy EL, Sakurai Y, Ahn B, et al. Bio-
mechanics of haemostasis and thrombosis in health and disease: from the
macro- to molecular scale. J Cell Mol Med. 2013;17(5):579-96.

Tutwiler V, Litvinov RI, Lozhkin AP, Peshkova AD, Lebedeva T, Ataullakhanov
FI, et al. Kinetics and mechanics of clot contraction are governed by the
molecular and cellular composition of the blood. Blood. 2016;127(1):149-59.
Goodwin ML, Harris JE, Hernandez A, Gladden LB. Blood lactate measure-
ments and analysis during exercise: a guide for clinicians. J Diabetes Sci
Technol. 2007;1(4):558-69.

Dominguez R, Maté-Murioz JL, Serra-Paya N, Garnacho-Castafio MV. Lactate
threshold as a measure of aerobic metabolism in Resistance Exercise. Int J
Sports Med. 2018;39(3):163-72.

Muthukumar M, Winter HH. Fractal dimension of a crosslinking polymer at
the gel point. Macromolecules. 1986;19(4):1284-5.

Williams EK, Oshinowo O, Ravindran A, Lam WA, Myers DR. Feeling the force:
measurements of platelet contraction and their diagnostic implications.
Semin Thromb Hemost. 2019;45(3):285-96.


https://doi.org/10.1186/s12883-025-04074-y
https://doi.org/10.1186/s12883-025-04074-y

Zaldua et al. BMC Neurology

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

(2025) 25:81

Lawrence MJ, Davies G, Nyberg M, Whitley J, Evans V, Williams R, et al. The
effect of tyramine infusion and exercise on blood flow, coagulation and clot
microstructure in healthy individuals. Thromb Res. 2018;170:32-7.

Cerneca E, Simeone R, Bruno G, Gombacci A. Coagulation parameters in
senior athletes practicing endurance sporting activity. J Sports Med Phys Fit.
2005;45(4):576-9.

Cerneca F, Crocetti G, Gombacci A, Simeone R, Tamaro G, Mangiarotti MA.
Variations in hemostatic parameters after near-maximum exercise and
specific tests in athletes. J Sports Med Phys Fit. 1999;39(1):31-6.

Hilberg T, Menzel K, Wehmeier UF. Endurance training modifies exer-
cise-induced activation of blood coagulation: RCT. Eur J Appl Physiol.
2013;113(6):1423-30.

Tsao PS, Lewis NP, Alpert S, Cooke JP. Exposure to shear stress alters endothe-
lial adhesiveness. Role of nitric oxide. Circulation. 1995;92(12):3513-9.

Tsao PS, Buitrago R, Chan JR, Cooke JP. Fluid flow inhibits endothelial adhe-
siveness. Nitric oxide and transcriptional regulation of VCAM-1. Circulation.
1996;94(7):1682-9.

Moncada S, Vane JR. The role of prostacyclin in vascular tissue. Fed Proc.
1979;38(1):66-71.

Turitto VT, Weiss HJ. Red blood cells: their dual role in thrombus formation.
Science. 1980;207(4430):541-3.

Ruslan N, Ghosh AK. H R. A comparative study on platelet activation markers
between continuous and intermittent Exercise Training Programs in healthy
males. J Hematol. 2014;3:72-5.

Dubach P, Myers J, Dziekan G, Goebbels U, Reinhart W, Muller P, et al. Effect
of high intensity exercise training on central hemodynamic responses to
exercise in men with reduced left ventricular function. J Am Coll Cardiol.
1997;29(7):1591-8.

van der Vorm LN, Huskens D, Kicken CH, Remijn JA, Roest M, de Laat B, et

al. Effects of repeated bouts of Exercise on the Hemostatic System. Semin
Thromb Hemost. 2018;44(8):710-22.

Kestin AS, Ellis PA, Barnard MR, Errichetti A, Rosner BA, Michelson AD. Effect
of strenuous exercise on platelet activation state and reactivity. Circulation.
1993;88(4 Pt 1):1502-11.

Whyte CS, Mostefai HA, Baeten KM, Lucking AJ, Newby DE, Booth NA et al.
Role of Shear stress and tPA concentration in the fibrinolytic potential of
Thrombi. Int J Mol Sci. 2021;22(4).

El-Sayed MS, Sale C, Jones PG, Chester M. Blood hemostasis in exercise and
training. Med Sci Sports Exerc. 2000;32(5):918-25.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

Page 11 of 11

Prentice CRM, Forbes CD, Smith SM. Rise of factor VIII after exercise and
adrenaline infusion, measured by immunological and biological techniques.
Thromb Res. 1972;1:493-505.

Baker MK, Atlantis E, Fiatarone Singh MA. Multi-modal exercise programs for
older adults. Age Ageing. 2007;36(4):375-81.

Sumann G, Fries D, Griesmacher A, Falkensammer G, Klingler A, Koller A, et
al. Blood coagulation activation and fibrinolysis during a downhill marathon
run. Blood Coagul Fibrinolysis. 2007;18(5):435-40.

Sucker C, Zotz RB, Senft B, Scharf RE, Kroger K, Erbel R, et al. Exercise-Induced
hemostatic alterations are detectable by Rotation Thrombelastography
(ROTEM): a Marathon Study. Clin Appl Thromb Hemost. 2009;16(5):543-8.
El-Sayed MS, Ali N, El-Sayed Ali Z. Haemorheology in exercise and training.
Sports Med. 2005;35(8):649-70.

El-Sayed MS, Jones PG, Sale C. Exercise induces a change in plasma fibrino-
gen concentration: fact or fiction? Thromb Res. 1999;96(6):467-72.

Ernst E. Regular exercise reduces fibrinogen levels: a review of longitudinal
studies. BrJ Sports Med. 1993,27(3):175-6.

Tutwiler V, Peshkova AD, Andrianova IA, Khasanova DR, Weisel JW, Litvinov RI,
Arteriosclerosis. Thromb Vascular Biology. 2017;37(2):271-9.

Ernst E. Influence of regular physical activity on blood rheology. Eur Heart J.
1987;8:59-62. SUPPL. G).

Lippi GMD, Maffulli NMD. Biological Influence of Physical Exercise on Hemo-
stasis. Seminars in thrombosis & hemostasis coagulopathies and thrombosis:
Usual and Unusual causes and associations. Part I. 2009;35(3):269-76.
Lamprecht M, Moussalli H, Ledinski G, Leschnik B, Schlagenhauf A, Koesten-
berger M, et al. Effects of a single bout of walking exercise on blood coagula-
tion parameters in obese women. J Appl Physiol (1985). 2013;115(1):57-63.
Kupchak BR, Volk BM, Kunces LJ, Kraemer WJ, Hoffman MD, Phinney SD, et al.
Alterations in coagulatory and fibrinolytic systems following an ultra-mara-
thon. Eur J Appl Physiol. 2013;113(11):2705-12.

Prisco D, Paniccia R, Bandinelli B, Fedi S, Cellai AP, Liotta AA, et al. Evaluation of
clotting and fibrinolytic activation after protracted physical exercise. Thromb
Res. 1998,89(2):73-8.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿The impact of physical activity and intensity on clot mechanical microstructure and contraction in middle-aged/older habitual runners
	﻿Abstract
	﻿Highlights
	﻿Introduction
	﻿Materials and methods
	﻿Healthy participant recruitment
	﻿Sample collection and timing
	﻿Conventional markers of coagulation and full blood count
	﻿﻿Lactate﻿ measurement
	﻿Rheological technique
	﻿Statistical analysis

	﻿Results
	﻿Standard blood and coagulation markers
	﻿Lactate levels
	﻿Hemorheological data
	﻿Paired comparisons of hemorheological data

	﻿Discussion
	﻿Fractal dimension (﻿df)﻿
	﻿G’max and TGP
	﻿Standard blood, coagulation markers and lactate response to exercise bouts
	﻿The effects of exercise and its hypercoagulable phase on clot contractile forces

	﻿Summary and conclusion
	﻿References


