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Abstract

Delays in identifying internal bleeding are life-threatening, thus underscoring the need for rapid
and comprehensive coagulation profiling at the bedside. We review a novel optical coagulation
profiler that measures several coagulation metrics including prothrombin time (PT), activated
clotting time (ACT), clot polymerization rate (a-angle), clot stiffness (MA), fibrinolysis (LY) and
platelet function, using a single multifunctional instrument. The optical profiler is based on the
principles of Laser Speckle Rheology (LSR) that quantifies tissue viscoelasticity from light
scattering patterns called laser speckle. To operate the optical profiler, whole blood (40 L) is
loaded into a disposable cartridge, laser speckle patterns are recorded via a camera and the
viscoelasticity of clotting blood is estimated from speckle intensity fluctuations. By monitoring
alterations in viscoelastic moduli over time during clot initiation, thrombin generation, fibrin
crosslinking, clot stabilization and fibrinolysis, global coagulation parameters are obtained within
10 minutes using a drop of whole blood. Clinical testing in over 500 patients to date has confirmed
the accuracy of the optical profiler for comprehensively assessing coagulation status against
conventional coagulation tests and Thromboelastography (TEG). Recent studies have further
demonstrated the capability to quantify platelet aggregation induced by adenosine diphosphate
(ADP) in a drop of platelet-rich-plasma in the absence of applied shear stress. Together, these
studies demonstrate that global coagulation profiling in addition to platelet function may be
accomplished using a single multifunctional device. Thus, by enabling rapid and comprehensive
coagulation and platelet function profiling at the bedside, the optical profiler will likely advance
the capability to identify and manage patients with an elevated risk for hemorrhage.

Keywords
coagulation; laser speckle; point of care; viscoelastic; platelet

Address for Correspondence: Seemantini Nadkarni, PhD, Associate Professor, Wellman Center for Photomedicine, Massachusetts
General Hospital, Harvard Medical School, 40 Blossom St, Boston, MA, 02114. snadkarni@mgh.harvard.edu Phone: (617)724-1381.

Declaration of Interests
The author reports no declaration of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nadkarni Page 2

Introduction

Impaired blood coagulation or coagulopathy is a frequent cause of hemorrhage following
acute trauma and surgery, and the leading cause of in-hospital preventable deaths.1: 2
Multiple factors, including depletion of clotting factors, impaired platelet function and
systemic activation of fibrinolytic pathways, contribute to development of coagulopathic
bleeding. To ameliorate bleeding, and depending on the type of coagulopathy, treatment may
entail transfusing packed red blood cells (pRBCs), fresh frozen plasma (FFP), platelets
and/or cryoprecipitate. In an attempt to proactively manage bleeding, liberal (potentially
excess) transfusion strategies may be employed in the absence of timely information about
the patient’s coagulation state.3 4 This gives rise to a confounding clinical conundrum.
Delayed or inadequate transfusion is life-threatening, whilst overuse of blood products is
associated with an increased risk of myocardial infarction, acute lung injury, overall
mortality and hospital length-of-stay.> Together, these factors highlight the imminent need to
identify patients at risk of severe in-hospital bleeding, prevent excessive blood loss, and
tailor transfusion to ensure safe, rapid and effective hemostasis management.

To identify the underlying cause of bleeding, a battery of conventional coagulation tests
(CCT) may be conducted to assess prothrombin and activated partial thromboplastin times
(PT, APTT), fibrinolysis, values of fibrinogen and clotting factors, along with platelet
function. Unfortunately, given the long reporting time (0.5—4hrs), CCTs are often unsuitable
in the context of rapidly changing coagulation conditions, such as in trauma and surgical
patients. As a result, transfusion decisions are frequently based on empirical information that
does not truly reflect the immediate coagulation state of the patient, thus resulting in delays
in transfusion or overuse of blood products, both of which magnify the risk of
complications. Studies conducted in cardiac surgical patients indicate that incorporating
comprehensive coagulation testing at the bedside achieves a 40% reduction in blood product
use, 50% reduction in reoperation rates and lower incidence of organ injury and
thromboembolic events after surgery.% 7 These factors together highlight the need for novel
tools to improve hemostasis management during interventional procedures by
comprehensively and swiftly evaluating coagulation and platelet profiles at the bedside.

Approaches for point-of-care coagulation testing

Activated clotting time (ACT) is a widely-used point-of-care test for hemostasis
management during interventional procedures requiring intensive heparin anticoagulation.
Several ACT devices are commercially-available, which utilize celite, glass beads or kaolin-
based activators, and detect clot initiation via mechanical, optical or amperometric
approaches to deduce clotting time.8 ® Recent advances in heparin management systems
have improved anticoagulation management by facilitating heparin and protamine titration
based on individual patient requirements.8 Whole blood tests that measure INR
(international normalized ratio, as derived from the PT) have been utilized for monitoring
warfarin anticoagulation in home- or out-patient settings, and have been shown to improve
adherence to therapy and patient outcomes.19-12 Other approaches currently in development
include the use of quartz crystall3-1%  magnetoelastic transducers'®-17, MEMS-based
devices!8 and surface plasmon resonance techniques® 20 to infer the PT. The above
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approaches that report clotting time metrics are limited to the clot initiation phase and fail to
characterize downstream processes of the hemostatic cascade. Rheology-based technologies
may address this critical gap by measuring the temporal evolution of clot viscoelasticity
during fibrin polymerization, clot stabilization, platelet-fibrin interaction and fibrinolysis.
Thromboelastography (TEG®) and Rotational Thromboelastometry (ROTEM®) have been
studied for perioperative coagulation and transfusion management.2%: 22 While favorable
over CCT’s in terms of reporting time and real-time operation, both TEG® and ROTEM®
are contact- based methods that strain the clot beyond the linear viscoelastic regime, delay
clot formation and modify the fibrin network structure, which could likely compromise the
characterization of mechanically-weaker clots. Moreover, these instruments have bulky
moving parts, are complex to operate, require routine calibration and have a high cost per
test, factors that likely hinder their widespread clinical utility. Ultrasound-based instruments
may be advantageous in this regard as they measure viscoelastic end-points similar to TEG
and ROTEM in a non-contact manner without sample manipulation.23 Recent advances for
measuring platelet aggregation in whole blood provide the opportunity for identifying
impaired platelet function, a risk factor for hemorrhage following major surgery or acute
trauma. These systems utilize amperometric or optical approaches to measure a change in
resistance (Multiplate analyzer, Roche) or an increase in light transmission (Verify Now,
Instrumentation Laboratory), to quantify platelet aggregation. Therefore, results generated
by these approaches may be influenced by platelet count and hematocrit levels, thus
currently limiting their utility for perioperative interventions.2 25 Here we review a new
laser-based platform for comprehensive profiling of hemostatic function, as developed in the
author’s laboratory, that measures ACT, PT, clot rate, clot stiffness, fibrinolysis and platelet
aggregation profiles, all using the same instrument via inexpensive disposables.

Analyzer description

The instrument is hand-held, easily portable, and test results are obtained within seconds to
minutes using a drop of blood. The laser-based sensor uses a small laser diode to illuminate
a blood sample, and a Complementary Metal Oxide Semiconductor (CMOS) camera
analyzes laser intensity patterns, called laser speckle, that evolve in time as the sample clots.
The sensor is based on a novel laser speckle rheology (LSR) approach that has been recently
developed.26-30 |_aser speckle3! that results from the interference of laser light scattered
from tissue, is exquisitely sensitive to thermal motion of endogenous light scattering
particles and is in turn influenced by the viscoelasticity of the medium. The increasing
stiffness of blood during formation of a fibrin clot restricts displacements of light scattering
particles (such as blood cells, platelets etc), eliciting a slower rate of speckle fluctuations.
The viscoelastic modulus of clotting blood can be subsequently realized by measuring the
displacements of light scattering blood cells from the time- evolution of intensity
fluctuations of speckle patterns.26: 27 Clinical testing in over 500 patients to date have
confirmed the accuracy of the LSR approach in assessing PT, ACT, fibrinogen,27: 32. 33 a5

well global hemostatic metrics of coagulation and fibrinolytic pathways, as reviewed below.
32, 34
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Principles of coagulation profiling using Laser Speckle Rheology (LSR)

LSR is a new optical approach that measures the material properties of viscoelastic materials
such as tissue, without sample contact or manipulation.26-30 The traditional tool for
measuring viscoelastic properties is a mechanical rheometer that quantifies the ratio of an
applied stress to induced strain in the specimen, over an oscillation frequency (w) range, to
calculate the frequency-dependent viscoelastic modulus, G*(w). The capability of LSR for
measuring this quantity in a non-destructive manner and without sample contact is highly
advantageous, particularly in applications where mechanical manipulation may alter the
sample properties and when sample volume is low. In LSR, a sample is illuminated by
coherent light from a laser and a high-speed CMOS camera captures rapid time-varying
fluctuations of speckle patterns reflected from the sample (Figure 1A). Laser speckle is an
intensity pattern of bright and dark spots caused by scattering and interference of laser light
reflected from a highly scattering sample such as blood (Figure 1B). Cross correlation
analysis, performed by comparing the first speckle image with the remainder of the time
series, yields the speckle intensity temporal autocorrelation curve g2(t) from which the
average movements, Ar2(t), (termed mean square displacement [MSD]) of light scattering
particles is retrieved (Figure 1C). For low viscosity materials such as unclotted blood, the
thermal Brownian movements of light scattering particles are rapid and the MSD grows
quickly with time, eliciting rapid speckle fluctuations. On the other hand, the gradual
emergence of a fibrin- platelet clot with increased stiffness during coagulation restrains the
Brownian motion of scattering particles, subsequently restricting the growth of the MSD and
slowing down speckle fluctuations (Figure 2A). The MSD and the resultant speckle
fluctuations are intimately linked with the viscoelasticity of the medium in vicinity of the
scattering particles. Therefore, the viscoelastic properties of the sample can be directly
estimated via the generalized Stokes-Einstein relation (GSER) that relates the MSD of
scattering particles to the viscoelastic modulus (G*(w)), of the medium (Figure 1C and 2B).
The computation is similarly repeated at time intervals of 1s during the entire coagulation
process, to provide several G*(w) that evolve over time and follow the course of fibrin
polymerization, stabilization and fibrinolysis (Figure 2B). To permit direct comparison with
standard TEG, the quantity G is reported at a single frequency, G*(w=1Hz). The change in
G during clotting is subsequently plotted relative to unclotted whole blood at the zero-time
point, to obtain an amplitude curve that describes the time-course of blood coagulation
(Figure 2C). The coagulation parameters, reaction time (R), clot formation time (K), rate of
clot formation (a), maximum amplitude (MA), and extent of fibrinolysis (%LY), are then
directly obtained from G versus time curve (LSR amplitude curve) to assess global
hemostatic status. In addition to obtaining a graphical profile (as seen in Figure 2C), the
spatio-temporal analysis of speckle intensity fluctuations allows probing spatial variations in
the viscoelastic properties of the clotting sample.25 In Figure 2D, the spatial variations in
MA are color-coded and displayed for two human blood samples at minutes 0 to 30 after
adding kaolin to activate coagulation. Minute incipient clots, ~100 pum in diameter, are seen
at very early times (minute 1) in the normal sample, suggesting that comprehensive
coagulation profiling may be achieved rapidly by tracking and monitoring early micro-clot
formation. In hypocoagulable specimens, however, the coagulation process is delayed and
negligible clot formation is observed even at minute 30. These early microclots,
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imperceptible to mechanical devices such as TEG or ROTEM, offer a unique portrait to
visualize the dynamics of coagulation at the micro-scale and in real-time, while potentially
providing additional diagnostic information to assess complex coagulopathies in patients.
Recently, a battery-operated LSR sensor has been tested that requires a just a drop of whole
blood (40 pL) for comprehensive coagulation profiling (Figure 2E).33 The LSR sensor
(dimensions: 5.2”x3.6” x2.5”) weighs less than 1 Ib and can easily be hand-held to permit
portability, opening the opportunity for rapid near-patient global coagulation testing.

Estimating Activated Clotting Time (ACT) and Functional Fibrinogen

In a study that included 50 samples from hospitalized patients, LSR measurements of ACT
and MA were strongly related with APTT and functional fibrinogen (Figure. 3).27
Coagulation was initiated by kaolin-activation of the intrinsic pathway and the time at which
the first-order derivative of the LSR amplitude curve reached a maximum value was
recorded to provide the ACT (Figure 3A). The MA was calculated as the average plateau
value of the LSR amplitude curve measured over a 5-min duration (Figure 3B). Figure 3A
shows representative LSR amplitude curves for two patient blood samples, describing the
temporal evolution of the G trace during coagulation for a blood sample with normal APTT
(24.9 s) and a sample with elevated APTT (63.5 s). In the blood sample obtained from the
normal patient, LSR maintains a constant low amplitude during early coagulation times over
2 minutes, after which a rapid increase in LSR amplitude is observed due to fibrin
polymerization and platelet-fibrin interaction within the fibrin network. For the blood
sample obtained from the patient with elevated APTT, as expected, the LSR clotting
duration is prolonged likely resulting from delayed fibrin polymerization due to low levels
of coagulation factors. The LSR curve attains a maximum plateau level at ~12 min, albeit at
a significantly slower rate than the normal sample, indicating a diminished rate of fibrin
polymerization. Figure 3B shows the time lapse G-trace from a patient with normal
fibrinogen and a patient with elevated fibrinogen level (3.78 and 5.41 g/L respectively). We
observe that the MA for the patient with high fibrinogen value was significantly larger in
comparison to the normal patient. The maximum value of viscoelastic modulus attained by
the clot is dependent on the extent of fibrin network formation and is in turn proportional to
the fibrinogen content in blood.3% 3¢ Therefore, MA measured by LSR varies with
fibrinogen values (Figure 3B). Notably, accumulation of platelets may contribute in part to
the magnitude of G in the stabilized clot. During blood coagulation, platelets serve as cross-
linking sites during formation of the fibrin network and exert contractile forces on the fibrin
scaffold that may further stiffen the blood clot.37 As a result, platelet count may also likely
to affect MA, which requires further investigation.

Hemostatic profiling in anti-coagulated patients using LSR

Oral and injectable anticoagulants are prescribed to prevent and treat clinical conditions such
as deep venous thrombosis, pulmonary embolism and stroke.38: 39 Anticoagulation
management in these patients is challenging due to narrow therapeutic windows and the
need to balance bleeding vsadequate coagulation, influenced by numerous food and drug
interactions and inter-individual variability in dose response.0-42 Therefore, patients require
frequent laboratory testing of coagulation status, imposing a staggering load on primary care
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services.*3-46 Vitamin K antagonists (VKA) were the only oral anticoagulants available to
patients for decades.*® 47 Recently, direct oral anticoagulants (DOACS), including direct
thrombin and activated factor X (FXa) inhibitors are being administered, with presumably
fewer food and drug interactions compared to VKAs.39: 48-50 |t was previously thought that
the more predictable pharmacokinetic profile of DOACs would obviate the need for routine
coagulation testing.4® However, a few recent studies have shown DOACs may be yet retain a
non-negligible risk of gastrointestinal bleeding and all cause bleeding, depending on the
DOAC.5L 52 As a result, periodic coagulation testing performed in patients receiving VKAs
and also for selected patients receiving DOACs may reduce the risk of acute hemorrhage and
potentially ensure therapeutic anticoagulation. Although DOACs can be measured in the
laboratory, the optimal tests and therapeutic ranges for the DOACs remain unknown and
need further investigation.

Coagulation profiling using the above hand-held LSR sensor (seen in Figure 2E)33 offers
unique opportunities for routine or periodic anti-coagulation testing in the primary care or
home setting. Currently, the fabrication cost of LSR cartridges is negligible. Thus we
estimate that in the future the price per test may likely be considerably less than that of
current commercially-available point- of-care approaches. A recent study investigated the
capability of LSR to quantify anticoagulation status in response to treatment with four
common classes of anticoagulants, including an indirect thrombin inhibitor (heparin), a FXa
inhibitor (rivaroxaban), a direct thrombin inhibitor (argatroban) and a VKA (warfarin).32 It
is important to note that other DOACS, not currently tested in the study may behave
differently and elicit different coagulation metrics as compared to rivaroxaban and
argabatron.32 To evaluate the sensitivity to dose-response, whole blood samples from swine
were analyzed by LSR following spiking with varying concentrations of heparin (0-0.3
USP), argatroban (1-8.0 pg/ml) and rivaroxaban (0.46-1.0 pg/ml). LSR coagulation
parameters including ACT, a-angle and MA were derived and compared with TEG (Figure
4A). For all anticoagulants, ACT was prolonged in a dose-dependent manner and ACT
values measured with LSR closely correlated with TEG (r=0.99, p<0.01). LSR angle was
unaltered by anticoagulation, whereas TEG angle showed dose-dependent diminution likely
due to mechanical disruption of fibrin monomers during fibrin polymerization. In both LSR
and TEG, MA was largely unaffected by anticoagulation. The heparin dose used in the
above study was slightly lower than the typical therapeutic range in patients. Therefore,
additional studies are currently being conducted to investigate dose-dependent
anticoagulation with LSR using high heparin concentrations of up to 4 USP (often used in
cardiac surgical patients on cardiopulmonary bypass).>3 The initial results of these ongoing
studies demonstrate a good association of LSR-ACT with ACT values measured by iStat and
Hepcon in heparinized patients, confirming the validity of the new laser-based approach.>3
LSR has been further tested in patients treated with Warfarin anti-coagulation with an INR
range of 1.0-3.6 (Figure 4B).32 In these patients, LSR-ACT significantly correlated with
APTT (r =0.77, p=0.005) and LSR angle and MA parameters demonstrated good
correlation with TEG (r=0.61, p= 0.04, vs TEG angle, and r=63, p=0.03 vs TEG MA).

Because APTT(measured above) is not the traditional test used to monitor Warfarin patients,
a separate study was performed to evaluate whether LSR accurately probed coagulation
status via the extrinsic pathway to accurately assess PT-INR.33 In this case, whole blood
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samples from 60 warfarin-treated patients (INR range: 0.95-2.71) were measured by LSR
and whole blood coagulation was initiated using thromboplastin. The results similarly
showed that PT-INR measured by LSR strongly correlated with laboratory values of PT-INR
(r = 0.94, p<0.001), with only a negligible measurement bias of 0.3s.3% These observations
confirm that the LSR rapidly and accurately measures the response of various anticoagulants
with results equivalent to CCTs, standard TEG and other point-of-care assays within seconds
to minutes, using just a 40 uL drop of whole blood. Given the small blood volume and
potential for push-of-a-button operation, LSR may provide a unique opportunity for patient
self-testing via a finger-stick draw.

Assessing fibrinolysis in whole blood

Hyperfibrinolysis may be acquired in patients following major traumatic injury,
cardiovascular interventions that include thrombolytic therapy, liver disease or
chemotherapy, and is associated with an elevated mortality risk. Early assessment of
fibrinolytic activity in these patients can enable timely therapy. A recent study evaluated the
sensitivity, precision and accuracy of LSR in quantifying fibrinolysis in human blood
following spiking with tissue plasminogen activator (tPA), a protein involved in the
breakdown of fibrin via the activation of plasminogen.34 Figure 4C shows LSR amplitude
curves measured from a normal control blood sample and a sample spiked with 0.3 pg/mL of
tPA. The normal control shows a typical LSR amplitude with a MA that is maintained over
20 minutes, followed by a slight reduction in clot stiffness. In contrast, the tPA-treated
sample demonstrates a severe reduction in MA after 10 minutes, caused by complete
breakdown of fibrin clot. The standard TEG curves in Figure 4B show similar trends, thus
corroborating the LSR findings, and LY% measured in 15 patient samples showed strong
correlation with TEG (r=0.94, p<0.01).34

Optical sensing of platelet function

Impairments in platelet function cause excessive bleeding and have severe implications on
patients’ survivability following acute trauma, surgery and chronic illness. The standard
laboratory test for detecting platelet dysfunction is light transmission aggregometry (LTA),
in which platelet aggregation using platelet rich plasma (PRP) is quantified in response to
platelet agonists that activate specific receptors on the cell membrane. Unfortunately, LTA
takes hours to report results. In addition, due to the requirement for large volumes of blood
(1-2 ml per agonist) and access to special coagulation laboratories, platelet function tests are
expensive and not suited for high volume testing. Laser Speckle Aggregometry (LSA),
complements the LSR approach by offering the additional capability to quantify platelet
function within minutes, only using a 40 L drop of platelet rich plasma (PRP) and
inexpensive disposables. In LSA, an anticoagulated PRP drop mixed with a platelet agonist
is loaded within the LSR device and laser speckle intensity fluctuations are recorded. Small
isolated platelets in PRP elicit large Brownian displacements that result in rapid speckle
intensity fluctuations causing a fast decay of the intensity autocorrelation, g,(t). When
platelet aggregation is activated via an agonist, large aggregates are formed (Figure 5A, B),
slowing down speckle intensity fluctuations and decelerating the resultant g(t). In a recent
report, LSA was used to quantify platelet aggregation following activation of PRP with
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adenosine diphosphate (ADP).>* Figure 5C depicts the corresponding trace lines of platelet
aggregate size measured by LSA. These traces were calculated by first obtaining the
diffusion coefficient of platelet aggregates (D) from the linear least square fitting of MSD
curves measured at 1s time intervals. Next, D and nominal plasma viscosity are replaced in
the standard Stokes Einstein relation (a = (kgT)/6mtnD) to yield the absolute aggregate
radius (&) for each time point (kg is the Boltzmann constant; T, the absolute temperature in
kelvin; m, the viscosity of PRP). As seen in Figure 5C,>* platelet aggregation kinetics
changes minimally in the control sample without ADP, indicating the absence of platelet
aggregation. Upon addition of 5 uM ADP, a rapid increase in aggregation is observed within
minutes. The small dip in aggregation at early times (around minute 1) likely marks the start
of the secondary wave of aggregation.>>->7 At low ADP concentrations the binding of ADP
to P2Y, receptors leads to mobilization and release of intracellular calcium and induces a
shape change in platelets triggering the primary wave of aggregation. The effect of low dose
ADP is however reversible and a small reduction in aggregate size may be seen
momentarily. This is then followed by the release of ADP from platelet storage granules and
its binding to P2Y 1, receptors, which induce an upward inflection in the curve, manifesting
the secondary and irreversible wave of full platelet aggregation observed in Figure 5C.>* In
addition to ADP activation, studies are currently being performed to demonstrate that LSA
can accurately quantify platelet aggregation induced by collagen and arachidonic acid. These
studies confirm that LSA can detect platelet aggregation induced by ADP, collagen and
arachidonic acid even without the application of external shear forces and that intrinsic
nanometer-scale thermal displacements of platelets are sufficient for detecting aggregation.
Furthermore, LSA may be unaffected by variations in platelet count unlike standard LTA.
This is because LSA is based on measuring Brownian displacements of particles and not on
the amount of transmitted light as is the case in LTA. As a result, variations in high or low
platelet numbers would merely contribute to the overall background signal in LSA and can
be easily accounted for by using background subtraction methods. Although, in the above
study, LSA was conducted using PRP, we are currently extending this technique for whole
blood platelet profiling with promising early results. In the near future, we anticipate that
platelet function assessment may be conducted along with comprehensive coagulation
testing via the same hand-held, low-cost LSR instrument, rendering multi-functional
hemostasis testing highly accessible for use at the bedside.

Summary and Conclusions

LSR provides a new approach for rapidly monitoring the viscoelastic transformation of the
coagulation process and providing a direct measure of global hemostatic status, using just a
drop of whole blood. Via comparisons with CCTs and standard TEG in over 500 patients to
date, a number of recent investigations reviewed above have established the accuracy of the
laser approach for measuring clotting time metrics including PT (INR), ACT,

fibrinogen2”- 32. 33 and for quantifying global metrics of coagulation and fibrinolytic
pathways (Figs. 1,2).%8: 59 LSR measurements are highly susceptible to minute optical
phases shifts caused by sub-wavelength scale thermal displacements that in turn closely
follow the alterations in the viscoelastic properties of coagulating blood or the growth of
platelet aggregates. Thus, LSR is exquisitely sensitive to small changes in viscoelasticity or
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platelet aggregation that can be measured without requiring any sample manipulation. The
instrument further measures spatial micromechanical changes that occur during the early
formations of incipient micro-clots and platelet aggregates,2%: 5 thus indicating that
comprehensive hemostasis assessment may be achieved within a minute by tracking
coagulation profiles from individual micro-clot formations. By avoiding the need for bulky
hardware with moving mechanical parts, LSR also benefits from an elegant and
straightforward setup that can be operated at the touch of a button. A miniature laser (similar
to a common laser pointer) illuminates a blood drop and a small camera sensor records laser
speckle fluctuations to measure clot viscoelasticity as it evolves. The LSR setup has recently
been miniaturized and embodied as a hand-held, battery-operated device that is insensitive to
environmental temperature changes or vibrations.33 The multi-functional capabilities of LSR
for rapid coagulation and platelet profiling may hold promise for predicting haemorrhage in
surgical, severely injured or anticoagulated patients, thus allowing to tailor transfusion
protocols to meet individual patient requirements and monitoring hemostasis during
interventions to improve patient outcomes.
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Figure 1:

(A) Schematic of the LSR device. (B) Laser speckle pattern reflected from blood at a single
time point. (C) Schematic of LSR algorithm used to measure blood viscoelasticity.2 First,
the intensity autocorrelation curve is measured from time-varying speckle patterns from
which the mean square displacement (MSD) of light scattering blood cells (represented by
white circles) is measured. In the final step, the viscoelastic modulus G* is measured from
the MSD.
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Figure 2:
(A) Temporal intensity autocorrelation curves measured from a coagulating blood sample. A

deceleration of the curve is observed, also captured by the time scale, t, of speckle
fluctuations that increases from 8ms in the unclotted sample to 35 ms in the fully formed
clot.2” (adapted from Tripathi et al. Biomed Opt Express2’) (B) Frequency-dependent
viscoelastic modulus, G*(ro), measured by LSR increases during coagulation. (C) A typical
LSR amplitude curve for normal blood, from which parameters, R, K, angle and MA are
calculated. (D) Spatial variation in G visualized in a drop of blood showing incipient micro-
clots that form early in the coagulation process, the hypocoagulable sample shows negligible
clotting.26 Scale bars are 100 |im. (E) Hand-held and battery operated LSR device.33
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LSR amplitude curves from (A) patient with prolonged APTT, and (B) patient with elevated
fibrinogen, compared with normal controls.2” (adapted from Tripathi et al. Biomed Opt

Express?’)
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Figure 4:
(A) LSR curves obtained from whole blood samples (swine) show prolonged clotting time

for all 3 anticoagulant treatments. (Adapted from Tshikudi et al. PLOS one)32 (B) Warfarin-
treated patients have increased clotting time measured by LSR. (Adapted from Tshikudi et
al. PLOS One)32 (C) Detecting fibrinolysis using LSR: the dotted line shows the sample
spiked with tPA compared with the untreated control (solid line). In all cases, LSR is
corroborated by standard TEG.
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Figure5:
Photographs of PRP with (A) no ADP, (B) platelet aggregation upon addition of 5 uM ADP.

(C) LSA measures a substantial increase in platelet aggregate size in the ADP treated
sample.>*
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