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a b s t r a c t   

Fibre optic sensors are well suited to measuring fluid flow in many contexts, and recently there has been 
burgeoning interest in their application to direct, invasive measurement of blood flow within human 
vasculature. Depending on the sensing method used and assumptions made, these intravascular mea
surements of blood flow can provide information about local blood velocity, volumetric flow, and flow- 
derived parameters. Fibre optic sensors can be readily integrated into medical devices, which are positioned 
into arteries and veins to obtain measurements that are inaccessible or cumbersome using non-invasive 
imaging modalities. Measurements of flow within coronary arteries is a particularly promising application 
of fibre optic sensing; recent studies have demonstrated the clinical utility of certain flow-based para
meters, such as the coronary flow reserve (CFR) and the index of microcirculatory resistance (IMR). In this 
review, research and development of fibre optic flow sensors relevant to intravascular flow measurements 
are reviewed, with a particular focus on biomedical clinical translation. 

© 2021 The Authors. Published by Elsevier B.V.    
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1. Introduction 

Accurate measurements of blood flow from within arteries and 
veins are of significant interest in many clinical contexts. Coronary 
flow is a key parameter in assessing myocardial physiology, and so 

interventional cardiology is a prominent application space for in
travascular flow measurements. These measurements are performed 
in the coronary arteries to assess the functional severity of stenoses, 
and to test the response of the downstream microcirculation to in
creases in cardiac demand [1]. Intravascular flow measurements 
have also been performed in the brain to assess abnormal vessel 
geometries such as arteriovenous malformations [2] and aneurysms  
[3], in the kidney to detect renal artery stenoses [4], and as part of a 
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procedure to restore blood flow in the liver using a transjugular 
intrahepatic portosystemic shunt (TIPS) [5]. 

The term 'blood flow' has been used to refer to many different 
quantities, with varying levels of complexity. For instance, it can 
refer to volumetric flow, or the maximum speed of red blood cells 
within a measurement volume. These quantities can be time-re
solved within a cardiac cycle or time-averaged and depending on the 
measurement principle there may be information about the flow 
direction. Within complex vessel geometries and in the presence of 
pathologies such as arteriovenous malformations, one can expect 
correspondingly complex flow patterns. Ultimately, red blood cells 
provide a granularity to the definitions of blood flow that is pro
minent at the level of the capillary bed. With blood flow measure
ments, it is typically the red blood cells that are of interest, owing to 
their oxygen-carrying capacity, although other constituents of blood 
may be relevant in specific applications. 

Whilst arterial and venous blood flow can be measured non-in
vasively, current imaging modalities have limitations that preclude 
their routine clinical use in certain applications. Positron Emission 
Tomography (PET) [6] is often taken as a “gold standard” technique 
for quantifying blood flow. However, a radioactive tracer must be 
administered to the patient, and scan times are too long for acute 
interventions. Magnetic resonance imaging (MRI) [7–9] is used with 
increasing frequency for measuring blood flow; however, the spatial 
and temporal resolutions are often incompatible with measure
ments from coronary arteries, and the long procedure times are not 
suitable for routine clinical workflow. External Doppler ultrasound 
imaging [10] is widely used to detect and measure flow from su
perficial vessels, but it is challenging to visualise coronary arteries, 
given their depth, small size, and the limited views between ribs. 
Intravascular flow measurements are, therefore, of critical im
portance in many settings. 

In clinical practice, indirect intravascular flow measurements are 
performed using sensors integrated into guidewires and 

microcatheters [11]. The ratio between distal and aortic pressure in 
coronary arteries at maximum hyperaemia (pharmacologically in
duced maximal blood flow, which is used as a proxy for the phy
siological response to exercise), as quantified by the fractional flow 
reserve (FFR), can be used effectively to assess the functional impact 
of a stenosis in an epicardial artery, which determines the treatment 
pathway. FFR-guided percutaneous coronary interventions (PCI) 
have been shown to reduce the occurrence of future revascularisa
tion procedures [12], and lesions with an FFR greater than 0.8 can be 
safely deferred for medical management rather than PCI [13]. 
However, using a pressure ratio as a surrogate for a direct flow 
measurement is subject to a number of assumptions about the ve
nous pressure and the microvascular resistance [14]; FFR can fail to 
stratify risk accurately and can yield false positives depending on 
local physiology, sensor drift, and deep engagement of the guiding 
catheter (ventricularisation) [15–18]. 

Direct intravascular measurements of coronary blood flow have 
implications for therapeutic options in patients with microvascular 
dysfunction. Minimally invasive devices with integrated tempera
ture sensors are used to obtain clinical flow-derived metrics such as 
the coronary flow reserve (CFR) [19,20] and the index of micro
circulatory resistance (IMR) [21,22]. The CFR index is defined as the 
ratio of hyperaemic blood flow through a coronary artery and the 
baseline (non-hyperaemic) blood flow at rest in a coronary artery. 
The IMR index is the ratio of the pressure and a flow parameter to 
obtain a measure of resistance; this flow parameter is calculated as 
the inverse of the hyperaemic mean transit time of blood. The CFR 
relates to both an epicardial coronary artery and the downstream 
microvasculature, whereas the IMR is specific to the downstream 
microvasculature [22]. These indices may be important to develop 
novel therapeutic options and could form part of the criteria re
quired to initiate these treatments for patients. Additionally, they 
can be used to exclude other diagnoses such as coronary artery 
spasm [23]. Devices with Doppler ultrasound sensors, which 

Fig. 1. Schematic to show the optical implementation of thermodilution for measuring blood flow (not to scale). Two optical fibres, separated by a fixed distance, are inserted into 
the blood vessel. The first fibre (blue) introduces a pulse of light into the vessel, which is absorbed by the blood (1), and this bolus of heated blood is carried along by the flow (2). 
The resulting temperature change is measured by the sensor on the end of the second optical fibre (grey). The transit time between (1) and (2) is used to calculate the flow in the 
vessel. 

Fig. 2. Schematic to show the optical implementation of hot-wire anemometry for measuring blood flow (not to scale). An optical fibre tipped with a light absorbing element is 
inserted into the blood vessel. Flow dependent heat loss at the fibre tip is then used to calculate blood flow in the vessel. 
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measure mean and peak ultrasound frequency shifts resulting from 
the movement of red blood cells, can also be used to obtain CFR 
measurements [24]. 

Intravascular flow sensing presents a unique set of challenges, as 
arterial flow has significant temporal variations across the cardiac 
cycle; it is higher in diastole than in systole and varies between ar
teries. For example, using Doppler transthoracic echocardiography, 
Sharif et al. reported mean peak diastolic and systolic velocities in 
the left anterior descending coronary of 41 cm/s and 18 cm/s, re
spectively, in the absence of apparent stenoses [25]. Conversion from 
velocities to volumetric flow rates can be performed using estimates 
of the cross-sectional arterial area. Blood flow can vary significantly 
under different physiological conditions. Using intracoronary Dop
pler ultrasound, Wieneke et al. [26] reported mean volumetric flow 
rates, dependent on the coronary artery, that varied between 50 mL/ 
min at rest, and up to peak flow rates of 250 mL/min at maximum 
hyperaemia [26]. Intravascular flow also varies spatially; in laminar 
flow, the flow velocity is greatest in the centre and falls parabolically 
to the vessel walls. Deviations from laminar flow profiles can arise 
from complex geometries (such as bifurcations or aneurysms) and 
the presence of other devices such as guidewires and stents [27,28]. 
Depending on the intravascular flow sensing method, pronounced 
motion of the heart and arteries can be significant confounding 
factors [27,28]. Corrections to accommodate for the presence of the 
measurement device may be warranted in certain contexts [27]. 

Optical fibres have many advantages that have made them sui
table for clinical applications [29]. For instance, relative to electronic 
sensors, they can confer immunity to electromagnetic interference, 
compatibility with MRI [30–33], and multiplexing capabilities [34]. 
With small lateral dimensions, flexibility, and biocompatibility of 
standard coatings such as polyimide, they can often be readily in
tegrated into intravascular medical devices. Coronary physiology is 
already assessed in clinical practice using optical pressure sensors 
from a number of manufacturers (Boston Scientific, Marlborough, 
USA; ACIST Medical Systems, Minnesota, USA; OpSens Medical, 
Québec, Canada), which demonstrates that optical techniques can be 
used for intravascular sensing. However, as pressure measurements 
are only proxies for direct flow measurements, it would be beneficial 
to achieve direct, intravascular quantification of blood flow using 
optical techniques. 

In this narrative review, we present fibre optic methods for 
performing intravascular flow measurements. Some of these 

methods have already been explored in biomedical contexts; others 
have shown promise based on their use in industrial applications. 
For each method, we present the underlying principle, advantages 
and limitations, and progress with clinical translation. 

2. Thermal methods 

2.1. Thermodilution 

Thermodilution has its origins in indicator dilution techniques, 
which have been used to measure the time taken for blood to cir
culate between two different locations in the vascular system. As 
early as 1761, Haller injected coloured liquids into the vena cava of 
an animal immediately post-mortem, to compare circulation times 
in inflated and collapsed lungs [35]. Currently, thermodilution is 
applied to measure cardiac output and blood flow within coronary 
arteries [36,37]. 

In clinical practice, thermodilution involves injecting an indicator 
fluid (usually saline or X-ray contrast agents), which is typically 
cooler than body temperature. This indicator is transported with the 
blood, and the resulting downstream temperature change is de
tected by a sensor in an intravascular device, such as a catheter or 
guidewire. The indicator fluid can be injected at a constant rate for a 
fixed time interval, with a syringe pump (continuous thermodilu
tion) [38–40], or in a bolus with a much shorter duration, with a 
rapid manual injection (instantaneous thermodilution or ‘time of 
flight’ thermodilution) [41,42]. In continuous thermodilution, the 
volumetric blood flow rate is calculated using the known tempera
ture of the indicator fluid at the time of injection and the measured 
temperature change of the blood [43–45]. With instantaneous 
thermodilution, flow parameters can be obtained using the mea
sured transit times of the injected cool fluid travelling from the in
jection site to the detection site [41,42] (Fig. 1). When manual fluid 
bolus injections are performed for instantaneous thermodilution, 
repeated measurements and manual removal of outliers are often 
required due to variability of the resulting thermal measure
ments [46,47]. 

A recently developed fibre optic implementation of thermodilu
tion involves delivering light pulses into the blood stream in place of 
manual fluid bolus injections. This light is absorbed by chromo
phores such as haemoglobin or water, and the transit time taken for 
the bolus of “thermally tagged” blood to propagate to the 

Fig. 3. Schematic to illustrate the use of laser Doppler velocimetry for measuring blood flow (not to scale). In this implementation, an optical fibre (blue) is introduced into the 
blood vessel through a needle, at an angle θ to the vessel. Light from the fibre scatters off red blood cells and a portion of the backscattered, Doppler shifted light is received by the 
fibre. The Doppler shift is used to calculate flow in the vessel. In other implementations (not shown here), the optical fibre is introduced with a catheter. The fibre end face shown 
here is perpendicular to the fibre axis; variations include the addition of optical elements and angled end faces to provide focusing and redirection of light away from the 
longitudinal axis of the device. 
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temperature sensor is measured [48]. In a study by Carr et al., this 
implementation was tested with a phantom model, using blood 
mimicking fluid and anatomical human flow rates. 

2.2. Thermal anemometry 

With thermal anemometry, heat is provided into a region within 
or immediately adjacent to the sensor, and this thermal energy is 
transferred out of that region at a rate dependent on the fluid flow. 
Temperature measurements are performed within the sensor and 
calibrated to the rate of fluid flow. Fibre optic sensors that perform 
thermal measurements of intravascular flow typically comprise two 
components: one for effecting a temperature change and a second 
for measuring the temperature (Fig. 2). 

Electronic implementations of thermal anemometry are well- 
established for measuring the flow rate of wind, and fluid through 
pipes [49–58]. They are often referred to as 'hot wire' anemometry; 
heat is deposited into a wire with an electrical current and the time- 
dependent temperature of the wire is recorded. If current is held 
constant, the wire’s temperature is directly related to the in
stantaneous flow rate. Alternatively, if the wire’s temperature is held 
constant by an adjustable current, the instantaneous flow is directly 
related to the current [59]. Thermal anemometry was implemented 
for intravascular measurements by van der Horst et al., using elec
tronic temperature sensors within pressure-sensing guidewires, in 
combination with a constant-temperature electronic heating 
scheme [60,61]. 

Ruiz-Vargas et al. proposed a method for performing anemo
metric fibre-optic intravascular flow measurements of pulsatile 
blood, using laser diode light to provide heat into the blood via 
absorption, and with temperature measurements performed opti
cally [62]. Testing was performed with benchtop flow rigs. 

2.3. Fibre optic elements for thermal flow measurement methods 

Fibre optic temperature sensors used for thermodilution and 
thermal anemometry can be classified as either intrinsic or extrinsic  
[63]. With the former, sensing is performed within optical fibres 
themselves; with the latter, sensing is performed using an element 
that is distinct from the optical fibre [48]. Detailed reviews on fibre 
optic temperature sensors have been provided by Talataisong et al., 
Schena et al. and Roriz et al. [64–66]. 

To date, Fibre Bragg Gratings and Fabry-Pérot cavities are two 
examples of intrinsic and extrinsic fibre optic temperature sensor 
types, respectively, which have shown particular promise with flow 
measurements. Fibre Bragg gratings (FBGs) are used for industrial 
fluid flow measurements [67–71] and were recently used for in
travascular flow sensing [62]. As intrinsic sensors, FBGs can be 
compact in the lateral dimension (a standard cladding diameter is 
125 µm), which is often advantageous for integration into minimally 

invasive cardiovascular devices. Detailed literature exists on the 
design and function of FBGs [72–74]. A limitation of FBG sensors is 
that they are responsive to both temperature and strain [75–79]; the 
latter can be a confounding factor that may be prominent within 
physiological environments, particularly within a beating heart. 
Fabry-Pérot interferometers (FPIs) are often more compact in length 
(as measured along the fibre axis), which can lead to less cross- 
sensitivity to strain. Subsequently, there have been many examples 
within the literature of their use as fibre optic flow sensors, in
cluding for water and gas flow [80–82]. Hybrid approaches involving 
FBGs and FPIs have been used for flow sensing [83,84]. 

For optical deposition of heat to perform fibre optic thermal 
measurements of flow, several schemes been proposed. For ther
modilution, light can be provided to the flowing medium adjacent to 
the sensor by a bare optical fibre [62] and via a diffuser [48]. For 
thermal anemometry, light has been directed at absorbing materials 
external to the optical fibre including metallic coatings [85,86], 
carbon nanotube coatings [87,88] and semiconductor materials such 
as silicon [82,89], and internal to fibre such as cobalt dopants  
[54,56,84]. 

3. Laser Doppler velocimetry 

Laser Doppler Velocimetry (LDV), which is also known as laser 
Doppler anemometry, is a well-established principle for measuring 
flow [90]. When applied to vascular flow measurements, laser light 
is delivered into blood, and the Doppler shift of light backscattered 
from red blood cells is measured and used to calculate the velocity of 
the fluid (Fig. 3). This calculation involves the Doppler shift fre
quency, the wavelength of light used, and the refractive index of the 
fluid and the insertion angle [90]. The Doppler shifts are usually 
much smaller than the optical frequency, and so heterodyne detec
tion is often used. Heterodyne-based LDV systems include “reference 
beam” and “Doppler difference” configurations [91]. With the 
former, only one beam is delivered into the blood; back-scattered 
light from this beam is mixed with a reference beam. The latter 
comprises two coherent incident beams, which cross over and 
scatter in the flow; the superposition of these two beams is then 
used to quantify the flow. The principle of self-mixing in a semi
conductor laser diode through an optical fibre has also been used for 
LDV. Here, backscattered Doppler-shifted light is provided as feed
back into the laser diode cavity, which modulates the intensity of the 
laser light [92–96]. 

In its early stages of development, LDV was used to measure 
blood flow in the retina [97] and superficial muscles [98,99], and 
from inside the body opened surgically [100]. However, attenuation 
of light in tissue presented challenges with obtaining signals from 
deeper vessels without surgically opening the body. Tanaka and 
Benedek [101] overcame this challenge with fibre optics; they ex
posed the femoral vein of a rabbit and used a needle to insert a 

Fig. 4. Schematic to illustrate the use of Doppler optical coherence tomography (Doppler OCT) for measuring blood flow (not to scale). The OCT probe (grey) is inserted into the 
vessel; as the optical fibre (blue) inside the probe rotates, light from the fibre shines into the vessel. Light scatters off the red blood cells and the Doppler shifted light received back 
is used to calculate the flow. With a flush of radiographic contrast medium, blood cells are transiently cleared (not shown), allowing for microstructural imaging of the vessel wall. 
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500 µm diameter fibre directly into the vessel to make flow mea
surements. Refinements to this measurement paradigm were un
dertaken in a wide range of subsequent studies [102–104], which 
included deploying the sensor fibre via needles and micro
manipulators [95,105–107]. In 2014, Tajikawa et al. showed that the 
velocity distribution of human, caprine and bovine blood could be 
measured very accurately with LDV [108]. Positioning a bare fibre 
into the blood stream can yield valuable feasibility data. Ultimately, 
however, tightly integrating the bare fibre into a medical device is 
essential to ensure compatibility with current clinical practice and to 
mitigate the risk of fibre breakage. 

Arterial catheters, which are advanced along guidewires and 
typically inserted via the femoral or radial arteries, have been used 
as hosts for optical fibres for LDV measurements [109]. Kilpatrick 
et al. [110] used a catheter to advance an optical fibre into the cor
onary arteries of dogs, and Kajiya et al. developed a catheter type 
LDV system for clinical applications [106,107,111]. Sezerman et al.  
[112] and Kilpatrick et al. [113] developed LDV catheter-based sys
tems [114] specifically for clinical use in coronary sinus, in the 
ventricles and atria [115], and epicardial large coronary vessels and 
epicardial small arteries [105,116–118] and veins [119,120]. 

Whilst LDV can be performed with a single, perpendicularly 
cleaved fibre to deliver and receive light, other configurations with 
more complexity can improve performance. Tanaka and Benedek  
[101] showed that polishing the fibre tip at a 45-degree angle im
proved measurement stability by directing light at blood flow along 
the side of the fibre. Scalise et al. also highlighted the importance of 
the cleave angle of the fibre tip [92]. Tajikawa et al. [121] used a 
convex lens tip at the distal end to mitigate reflections in the fibre 
tip. Kohri et al. [122] also used chemical etching to make a minia
turised fibre optic LDV system that they used for local velocity 
measurement of pulsatile human blood flow. Mito et al. [120], Kajiya 
et al. [116] and Ohba et al. [123] developed a dual fibre catheter- 
based system that used one fibre to introduce laser light into the 
blood stream, and another fibre to detect the backscattered light  
[124], with the aim of making more accurate measurements in dis
turbed flows than was possible with a single fibre. 

Several challenges with LDV have been identified. First, laser light 
is prominently absorbed by blood, particularly with visible wave
lengths, which significantly limits the sample volume [122]. Second, 
the systems can be sensitive to the confounding factors such as 
temperature and pressure [125]. Finally, LDV primarily measures the 
rate of motion of red blood cells rather than the whole blood flow 
rate [126]. The concentration of red blood cells is highest in the 
centre of the vessel where flow tends to be highest [127]; this spatial 
variation may give rise to spatial biases with flow estimation. 

4. Optical coherence tomography 

Optical coherence tomography (OCT) is an imaging modality that 
provides depth-resolved imaging in tissue. Intravascular OCT (IV- 
OCT) is widely used in cardiology to perform endovascular visuali
sation of tissue microstructure and stent struts, as reviewed recently 
by Bouma et al. [128]. With IV-OCT, imaging is performed at the 
distal end of a catheter that delivers focused light into tissue. Back- 
reflected light is depth-resolved interferometrically. Probes for per
forming IV-OCT typically comprise a single-mode fibre with a mirror 
and lens at the distal end for deflecting light off-axis through the 
vessel lumen and towards tissue. Rotational scanning is used to 
obtain 2D cross-sectional images and a helical scan pattern to obtain 
3D images. For microstructural imaging of the vessel, blood is 
transiently cleared with an injection of saline or X-ray contrast via 
the microcatheter, as red blood cells are highly scattering. However, 
imaging in the presence of scattering particles such as red blood 
cells permits acquisition of a Doppler signal or quantification of 
signal fluctuations that relate to flow. 

In Fourier-domain IV-OCT systems, the detected interference is 
resolved as a function of wavenumber, yielding an interferogram. In 
current clinical practice, IV-OCT is primarily used to provide struc
tural contrast, which is obtained with the absolute value of the 
Fourier transform of the interferogram. However, the complex ar
gument of the Fourier-transformed interferogram gives rise to a 
depth-resolved Doppler signal for measuring subtle changes in the 
position of light back-scatterers [129]. These changes in position can 
be processed to obtain cross-sectional images of blood flow (Fig. 4). 
Intravascular Doppler OCT (IV-DOCT) is in early stages of develop
ment as compared with conventional IV-OCT, but results have been 
very promising. Sun et al. assessed the feasibility of this technique 
with in vivo intraluminal blood flow measurement in a porcine 
carotid model [130]. Subsequent developments from this research 
group included enhanced signal processing by averaging over mul
tiple sub-bands of the interferogram to increase the signal-to-noise 
ratio (SNR) [131], comparisons with computational fluid dynamics 
(CFD) [132], imaging of flow patterns around stent struts [133], and 
the use of graphics processor units for real-time processing [134]. 
Recently, three-dimensional morphological images and Doppler flow 
profiles of an entire coronary artery were achieved using a high- 
speed (1.5 MHz wavelength sweep rate) Fourier domain mode 
locked (FDML) laser [135]. 

As compared with other intravascular optical flow measurement 
techniques, IV-DOCT is currently the only one that has provided 
cross-sectional images of blood flow. This capability could prove 
advantageous to improve our understanding of irregular flow pat
terns in diseased blood vessels. With IV-DOCT, there are several 
challenges that give rise to artefacts and limit the SNR. Most im
portantly, full blood is too strongly attenuating to image across the 
artery, and multiple scattering destroys the phase relation between 
neighbouring A-scans on which IV-DOCT relies. Another complica
tion is the degradation of Doppler signals by mechanical vibrations 
resulting from rotation of the optical components that focus light, by 
movements of the catheter sheath, and by non-uniform rotational 
distortion (NURD) that arise from variations in rotational speed. 
Different strategies have been used to mitigate the artefacts, in
cluding the use of semi-stable phase reference points [136] or use of 
a highly controllable distally driven micromotor catheter [137]. 

Speckle decorrelation is a technique for obtaining flow mea
surements from intravascular OCT that is complementary to IV- 
DOCT. As OCT is based on coherent addition of waves, it gives rise to 
speckle. The speckle pattern observed across an image, which 
manifests as a random variation in image intensity, originates from 
the spatial distribution of light back-scatterers at the microscopic 
level. When these back scatterers are red blood cells and other 
constituents of blood, their spatial distribution changes in time with 
the presence of flow. The speckle decorrelation technique involves 
measuring spatially resolved temporal decorrelation of the OCT in
tensity signal and relating it to the blood flow speed. Recent studies 
have focused on improved understanding of this relationship and 
improved statistical estimations [138,139], to provide a foundation 
for its future application to intravascular flow imaging. 

For performing intravascular microstructural imaging, IV-OCT is 
complementary to intravascular ultrasound (IVUS). A similar com
plementarity may emerge between quantitative flow measurements 
performed with IV-DOCT and those with IVUS [140,141]. The slower 
pullback speeds of IVUS, as compared with those of OCT, are a dis
advantage in terms of limiting the effects of cardiac motion for 
computational flow measurements [141]; however, IVUS does not 
require flushing, which can be advantageous in terms of covering 
greater distances with a pullback. The spatial resolution of OCT is 
higher than that of IVUS, which may be advantageous for resolving 
fine variations in flow within a vessel. Lumen delineation with IVUS 
and OCT has recently been used to obtain computational FFR esti
mates [141–144]. 
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5. Other methods 

Many sensing principles that are being developed for biomedi
cine originated from other application spaces [145]. In this section 
we consider several methods that hold promise for intravascular 
flow sensing in the future. 

Distributed sensing methods based on Rayleigh scattering [146], 
Raman scattering [147] and Brillouin scattering [148] have been used 
for industrial flow measurements [149–152]. All three involve 
measuring changes to scattered light from inside optical fibres  
[153–155]; these changes can be localised at multiple locations using 
time domain reflectometry and analysis (OTDR/OTDA) [156]. Chen 
et al. created a distributed flow sensor that was based on Rayleigh 
scattering [157]. Wylie et al. created a hot wire anemometer based 
on Brillouin OTDA, and demonstrated its use for monitoring air flow  
[158]. Garcia-Ruiz et al. created a distributed optical fibre hot wire 
anemometer that allowed for continuous monitoring of wind speed 
over tens of kilometres, using chirped-pulse phase sensitive OTDR  
[159]. These examples suggest that the temperature sensitivity of 
Rayleigh, Raman, and Brillouin scattering, at multiple spatially re
solved locations along a fibre, may find application in intravascular 
flow sensing with distributed anemometry. Other types of grating- 
based sensors exist, apart from FBGs, but they are less common in 
the fibre optic flow sensing literature [160]. Caldas et al. used long 
period gratings (LPGs) to couple light into a fibre, where it could 
then be absorbed by an FBG [161]. Rao et al. demonstrated the use of 
two FBG-based temperature sensors for medical applications [162]. 
They use a thermodilution catheter for cardiac monitoring and 
suggest that it could be applied to in vivo applications; however, to 
the authors’ knowledge, this step has not yet been taken. Biomedical 
applications of distributed sensing have also been considered. Tosi 
et al. used distributed thermal sensing to monitor ablation of tissue 
outside of the body [163]. The authors were able to achieve real time 
temperature measurements and a spatial resolution of 75 µm. Their 
method used multiple chirped FBGs, allowing sensing to occur at 
multiple points along a fibre length, using a 'quasi-distributed' 
technique similar to the one used by Willsch et al. [164]. These 
biomedical applications of distributed temperature sensing with 
FBGs lend weight to the future use of FBGs in intravascular fibre 
optic-based flow sensing. 

Photoacoustic (PA) and all-optical ultrasound sensing could po
tentially be applied to intravascular flow measurements. With PA 
imaging, a pulse of light is provided to tissue and optical absorption 
gives rise to ultrasonic waves via the photoacoustic effect. Recently 
there has been significant interest in this modality to perform in
travascular imaging with molecular contrast for pathologies in the 
vessel walls, such as lipid rich plaques [165]. Photoacoustic imaging 
performed from outside the body has been used to measure and 
image blood flow with different mechanisms including PA Doppler 
shifts [166,167], PA Doppler bandwidth broadening [168], the tem
perature dependence of the Grüneisen parameter [169], and field 
fluctuations [170]. With all-optical ultrasound imaging, pulsed light 
is provided to an engineered coating where it generates ultrasound, 
and reflections are received. This modality has recently been used to 
obtain pulse-echo ultrasound images within the heart and in arteries 
using all-optical transducers [171,172]. Using clinical learnings from 
the use of electronic Doppler flow wires in interventional cardiology 
(see, for instance, Claessen et al. [173] and recent innovations in
volving the use of modulated laser diodes [174]), there is potential 
for all-optical ultrasound sensing to be used to perform intravascular 
flow measurements. Fibre optic implementations of PA/all-optical 
ultrasound could prove to be well suited to multimodality sensing, 
allowing for both flow measurements and molecular or micro
structural imaging. 

Optical methods for directly visualising microcirculation might 
be applicable to intravascular flow measurements. As reviewed by 

Ocak et al. [175] and Lal et al. [176], recent advances have allowed for 
direct visualisation of the red blood cells in the human body, for 
instance within the sublingual capillary bed. Fibre bundle im
plementations of these such as the one by Liu et al. [177] that are 
currently positioned outside the body could potentially be minia
turised and used to visualise the flow of red blood cells from within 
vessels. 

6. Discussion and conclusions 

With recent developments, fibre optic intravascular flow sensors 
have strong potential for clinical translation. This review highlighted 
fibre optic thermal methods, laser Doppler velocimetry, and in
travascular Doppler OCT as methods that have been tested within 
realistic intravascular environments. Going forward, cross-fertiliza
tion of ideas between biomedical and industrial applications will 
lead to further refinements and cost-reductions of sensors, and the 
consoles that interrogate them. For these developments and ulti
mately for clinical training, vascular phantoms can be invaluable, 
and recently there have been many innovations in this space  
[178,179]. 

The value of intravascular flow measurements for diagnosing 
coronary microvascular dysfunction, as complementary to pressure- 
based flow metrics such as FFR, is being increasingly appreciated. 
Across a wide range of applications, fibre optic blood flow sensors 
could play a prominent role. From a clinical translation standpoint, 
presenting actionable information about intravascular flow that is 
directly relevant to decision making is a key challenge. Meeting this 
challenge is likely to involve minimising the complexities of the 
sensor, the device, and the signal processing algorithms, whilst re
taining sufficient information to convey the complexity of diverse 
pathologies. Clinical experience with FFR serves to illustrate that a 
single, validated threshold to direct interventional strategy can be an 
extremely powerful tool that is readily adopted by a clinical user 
base. A similar translational path can be anticipated for intravascular 
flow measurements, which could be invaluable for identifying and 
treating coronary microvascular dysfunction. 
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