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chapter Ii

Microcirculation measurements 
in the skin and retina: 

review of non-invasive tools 
and their challenges

Willem A.J. Birkhoff 1,2, Sebastiaan J.W. van Kraaij 1,2, Matthijs Moerland 1,  
Karen Broekhuizen1, Adam F Cohen 1,2, Pim Gal 1,2

1. Centre for Human Drug Research, Leiden, the Netherlands / 2. Leiden Universitair 
Medisch Centrum, Leiden, the Netherlands / Corresponding author: Prof. Dr. A.F. Cohen

In the last decade new and more advanced microvascular imaging techniques have 
become available for use in clinical research. As it became more evident that micro - 
vascular dysfunction might prelude (cardio) vascular events, microvascular meas-
urements have gained increasing interest for their applicability in the clinic and 
research. In this narrative review we aim to provide an updated oversight of micro-
vascular measurement techniques. We have made an outline of the most common 
and latest techniques for microvascular cutaneous and retinal measurements and in-
cluded the most frequently used challenges used together with these measurements. 
Furthermore this review includes an updated evaluation of the mechanistic back-
ground of microcirculatory dysfunction. Hereby this narrative literature review aims 
to assist with the identification of the most adequate microvascular imaging tech-
nique(s) for clinical application and research

T he microcirculation plays a major role 
in tissue perfusion, the exchange of nu-
trients, oxygen and carbon dioxide be-

tween blood and interstitial fluid and in vascular 
homeostasis. Endothelial tissue is a key regulator 
of the microcirculation. Abnormalities in the micro-
circulation are considered to be strong predictors of 
major adverse cardiovascular events and one of the 
first signs of atherosclerosis.1 Adequate physiological 
measurement of the microcirculation is challenging 
because the vessel structure is spatially heteroge-
neous in most locations and perfusion shows high 

variability over time and in different environmental 
conditions, such as temperature.2 Recently how-
ever, new devices have become available, such as 
dynamic optical coherence tomography (d-OCT) and 
laser speckle flowgraphy (LSFG). Moreover, image 
processing from existing devices improved due to 
technological advancements, for instance better 
lenses, higher resolution cameras and more sen-
sitive sensors with improved noise performance.

There are several ways to evaluate the microcir-
culation, and, although the influence of different 
endothelial-derived factors, such as nitric oxide 



measurement of microcirculation in clinical research

12

microcirculation measurements in the skin and retina: review of non-invasive tools and their challenges

13

Since NO decays quickly, it has to be produced con-
tinuously in the vascular endothelium. Endothelial 
produced NO is a potent vasodilator responsible for 
endothelium-dependent vasodilation. NO reverses 
the constrictive effects of acetylcholine (ACh) on 
smooth muscle cells, mediating the potent en-
dothelium-dependent vasodilatory effects of 
ACh. Similarly, endothelial NO release can reverse 
the vasoconstrictive effects of various vasoactive 
agents such as serotonin and norepinephrine.18,19 
Moreover, endothelial NO signaling inhibits inflam-
mation, platelet activation, leukocyte adhesion 
and vascular smooth muscle cell proliferation, 
processes that are essential in the development 
of atherosclerosis.12,20,21

NO biosynthesis

Under physiological circumstances, NO is produced 
in endothelial tissue by endothelial nitric oxide syn-
thase (eNOS) by metabolizing L-arginine, creating 
L-citrulline as a byproduct. It is also synthesized in 
various tissues by inducible nitric oxide synthase 
(iNOS) and neuronal nitric oxide synthase (nNOS). 
In their monomeric (uncoupled) state eNOS, iNOS 
and nNOS are incapable of binding L-arginine, in-
stead producing the ROS O2•-.22 In the presence of 

calmodulin (CaM), heme and tetrahydrobiopterin 
(BH4) NOS proteins become coupled and produce 
NO. eNOS and nNOS are dependent on the presence 
of Ca2+ activated CaM to form dimers 23, whereas 
iNOS is calcium-independent. Activity of eNOS in 
endothelial cells is thus increased significantly by 
raised intracellular Ca2+levels, although various 
other cellular signals increase the activity of eNOS, 
including shear stress, bradykinin and insulin.24

Effects of endothelial NO

The effects of endothelial derived NO are mainly 
mediated through activation of soluble guanylate 
cyclase, which promotes the conversion of guano-
sine triphosphate to cyclic guanosine monophos-
phate (cGMP). cGMP then activates cGMP-dependent 
protein kinase (protein kinase G), which induces 
vasodilation in vascular smooth muscle cells25 
and inhibits platelet activation.18 Additionally, 
S-nitrosylation, the addition of NO to a cysteine 
thiol, modifies the function of various cellular pro-
teins, including inhibition of NF-κB,26,27 producing 
the anti-inflammatory and anti-proliferative effects 
of NO. These effects are crucial to maintaining vas-
cular homeostasis, since NF-κB itself upregulates 
eNOS in addition to its pro-inflammatory effects, 

(NO) and endothelium-derived hyperpolarizing 
factors, is variable in vascular beds of different 
organs, the pathological alterations in these sign-
aling pathways are remarkably similar.3 Due to the 
easy accessibility, the skin is an excellent location 
to investigate pharmacological effects on the mi-
crocirculation. In particular for healthy volunteer 
studies, challenge models have been developed that 
can be applied in healthy volunteers so that phar-
macodynamic effects can be monitored in first into 
man studies. Another easily accessible site is the 
retina, where the microcirculation can be visual-
ized and monitored repeatedly over time. Retinal 
microvascular abnormalities have been linked to 
several cerebrovascular, 4,5 cardiovascular, 5 renal 
6 and metabolic outcomes. 7

Few reviews on the applicability of microvascu-
lar measurements have been published, and these 
frequently focused on a limited number of imag-
ing techniques or on measurements in a single 
organ system.8-11 The most comprehensive tech-
nical review on cutaneous non-invasive methods 
for imaging of the microcirculation was published 
in 2014.10 However, there have been new develop-
ments and as such, there is a need to provide an 
updated oversight of microvascular measurement 
techniques. This narrative literature review aims to 
assist with the identification of the most adequate 
microvascular imaging technique(s) for clinical ap-
plication and research. In contrast to previous re-
views on this subject, this review puts emphasis on 
the clinical utility of the non-invasive microvascular 
imaging techniques that are currently commercially 
available for skin and retinal microcirculation as-
sessments. In this review we have made an outline 
of the most common and latest techniques for mi-
crovascular cutaneous and retinal measurements. 
Most microcirculation measurements are indirect 
and tend to give little information about microcir-
culatory function over the full range of adaptive 
response possible. Therefore, these measurements 
are usually combined with challenges to drive the 
regulatory system to a more extreme state. Over 
the years various challenges techniques have been 
developed which can give inside in different aspects 
of the microcirculatory function. However, most 
of them focus on the endothelial microcirculation 
function. In this review we also provide an over-
view of the most applied challenges with these 
techniques.

M e c h a n i st i c  bac kg ro u n d  o f 
m i c ro c i rc u l ato ry dys f u n c t i o n

Endothelial dysfunction (ED) and abnormalities in 
the microcirculation are considered to be prelude 
development of atherosclerosis and are correlated 
with various cardiovascular risk factors as well as 
cardiovascular outcomes. Endothelial dysfunc-
tion is a vascular phenotype characterized by an 
imbalance between endothelial-derived contract-
ing factors (EDCF), such as endothelin-1 and angio-
tensin II and endothelial-derived relaxing factors 
(EDRF), such as nitric oxide (NO), prostacyclin and 
bradykinin.

The ED phenotype can be induced in endothelial 
cells by a variety of stimuli, such as disturbed blood 
flow, bacterial lipopolysaccharides (LPS), pro-in-
flammatory cytokines and chemokines, patho-
gen- or damage associated molecular patterns 
and oxidized low-density lipoproteins (oxLDL).12 
These stimuli activate transcription factors such 
as NF-κB through various cell adhesion molecules 
(CAMs). This results in increased expression of 
these adhesion molecules, such as VCAM-1, ICAM-1, 
p- and e-selectin.13 Additionally, monocytes, neu-
trophils and various types of T-cells are recruited 
to the vascular wall by these adhesion molecules, 
enhancing the inflammatory process by secreting 
various pro-inflammatory cytokines. The amount 
of reactive oxygen species (ROS) increases in this 
pro-inflammatory environment, leading to a reduc-
tion in availability of NO, one of the main EDRFs,14 
and increased pro-inflammatory signaling to the 
recruited leukocytes. This cellular environment also 
promotes the formation of oxLDL, creating an addi-
tional feedback loop of pro-inflammatory signaling 
through NF-κB in endothelial cells.12,15 Production 
of EDCF is increased, while pro-dilatory signaling 
is reduced. All these processes combined lead to 
ED, promoting the development of atherosclerosis 
before any macroscopic atherosclerotic changes in 
vasculature can be detected.

Nitric Oxide as a main actor

One of the main and early indicators of the pres-
ence of the ED phenotype is the reduction in bio-
availability of NO.13,16 NO is a highly reactive soluble 
gas with an extravascular half-life of 0.09 to >2 sec-
onds, decreasing with rising NO concentration.17 

figure 1 Schematic overview of NO biosynthesis
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insight in endothelial function. During PLM, the flow 
volume through the common femoral artery (CFA) is 
measured before and after passive 90 degree flex-
ion of the knee.35 This passive movement produces 
an increase in CFA blood flow thought to be due to 
vasodilation and hyperemia downstream from the 
CFA.36 The hyperemic response measured in the CFA 
after PLM is shown to be 80-90% NO-dependent 37,38 
and correlates with the established gold standard 
of endothelial functional measurements, flow-me-
diated dilation (FMD). Moreover, measurement of 
the PLM hyperemic response correlates strongly 
with an established invasive method of assessing 
NO-dependent vasodilation: intra-arterial ACh in-
fusion.38 Disadvantages of the technique include 
the requirement of a trained operator maintain-
ing a constant angle of insonation, including during 
movement of the leg, familiarization of subjects 
with the technique before measurements and 
the relatively high cost of equipment needed.39 
Advantages include that the technique is relatively 
easy to master compared to FMD and minimally in-
vasive. Moreover, changes in PLM response due to 
age or vascular dysfunction far exceed the intra 
subject variability (within-day and day-to-day co-
efficient of variation 15-20%), making it a reliable 
technique to detect inter-subject differences in 
vascular function.39

Laser Doppler flowmetry

Laser Doppler flowmetry (LDF) is based on the prin-
ciple of measuring the Doppler shift40 induced by 
erythrocyte movement, to the illuminating co-
herent light. LDF output, is in literature often ex-
pressed as flux and is close related to the blood 
flow. In practice, LDF has a reported coefficient of 
variation of ~35%,41 mostly related to the spatial 
variability (variability caused by different meas-
urement sites) of the measurements.42 However 
the coefficient of variation of most challenges can 
be reduced to <10% in a controlled laboratory set-
ting and when executed under the right protocol.43 
As in most microvascular measuring techniques, 
LDF flux measurements, without using any chal-
lenge, have little predictive value for microvascu-
lar function, therefore they are usually combined 
with challenges. LDF measurements, like most other 
microvascular function techniques, does not cor-
relate well with macrovascular function meas-
urements44,45 except for post occlusion reactive 

hyperemia measurements (PORH) which shows a 
weak correlation with flow-mediated dilation FMD.46

Laser Doppler imaging

Laser Doppler imaging (LDI) was developed to 
overcome the spatial variability of LDF. LDI follows 
the same mechanism as LDF, also measuring the 
doppler shift of the movement of erythrocytes. 
However, the laser light scans over the skin surface, 
rather than measuring one single point, thereby 
measuring the flux over an area. Contrary to LDF, 
LDI is a non-contact measurement method and 
has been used with the same challenges as LDF.47 
Furthermore LDI can be used to make perfusion 
maps of the skin, to obtain information about 
wound healing, burn wounds, skin flap surgery 
and to evaluate pharmacological responses48,49 
LDI has an intra-subject variability of ±20%.47 LDI 
has an image acquisition frequency ~1 Hz frequency 
(depending on the size of the measurement area) 
which makes it less suitable to measure acute mi-
crovascular changes such as obtained during PORH 
as these changes happen within a second.47

Laser speckle contrast imaging

Laser speckle contrast imaging (LSCI) is able to 
record the changes in speckle pattern that is re-
turned from the skin (i.e. a flat surface) after il-
lumination with a laser. From the changes in the 
speckle pattern the microcirculatory erythrocyte 
flow can be obtained.50 Similar to LDI and LDF LSCI 
output is also expressed as flux,47,51 but flux can be 
measured at a higher frequency and in a larger area 
than LDI and LDF. LSCI has an intra-subject variabil-
ity of 6-12% CV for healthy volunteers 51-53 and pa-
tients,54-57 Since there is a limited number of trials 
in cardiovascular disease, 56 the available evidence 
is not sufficient to use LSCI measurements as a di-
agnostic or prognostic biomarker in the clinic and 
therefore the method is currently mainly used in 
(pharmacological) research.58 Disadvantages of LSCI 
are a high sensitivity to movement artefacts and 
indirect and superficial measurements.59 However 
new techniques are developed to overcome these 
disadvantages.60, 61 

Infrared thermography

Infrared thermography measures skin temper-
ature by recording the infrared radiation that is 
being returned from the skin, from which dermal 

acting as its own inhibitor. Dysfunction of eNOS or 
reduction in NO availability can lead to unopposed 
NF-κB activation and vascular inflammation.27

NO in endothelial dysfunction

During the development of ED, production of NO is 
decreased, while consumption of NO is increased. 
ROS, in particular O2-, react with NO to produce 
ONOO-, an inactivating agent of NO itself, as well 
as a powerful oxidant inducing oxidative stress in 
the endothelium. ONOO- also oxidizes BH4 28, inacti-
vating it, leading to the uncoupling of eNOS dimers. 
eNOS in its uncoupled state produces more O2-, 
creating a vicious feedback loop. The subsequent 
reduction of NO bioavailability and disappearance 
of its anti-inflammatory, anti-proliferative and 
vasodilatory effects creates imbalance between 
EDCF and EDRF and exacerbates the inflammatory 
environment and recruitment of leukocytes, ulti-
mately causing the development of atherosclerotic 
plaques.29

Measurement of NO in 
pathophysiological conditions

In vivo, inhibition of NO synthesis raises baseline 
blood pressure in rats, increases coronary vascu-
lar resistance in dogs and promotes aortic ather-
osclerosis in rabbit hypercholesterolemia models. 
In healthy humans, inhibition of NO synthesis in-
creases fore-arm vascular tone, decreases coronary 
artery diameter and blunts the response to ACh in-
fusion.18 Diminished NO synthesis is also associated 
with various pathological conditions promoting 
atherosclerosis, such as diabetes, hypertension, 
hypercholesterolemia, smoking and heart failure. 
Since reduction of NO bioavailability plays a pivotal 
role in the development of ED 25, measurement of 
NO bioavailability is an important diagnostic and 
investigative goal in the assessment of ED.

However, due to the instability of NO, direct 
measurement of eNOS activity in vivo has proven 
challenging. Nitrite and nitrate are stable metab-
olites produced by oxidation of NO, so their levels 
were considered surrogate levels of NO production 
and eNOS activation. However, nitrite and nitrate 
are commonly present in the human diet, and ni-
trite and nitrate are also endogenously reduced 
to form NO independently of eNOS activity.24,30 
Nitrite and nitrate are thus more reflective of an 
equilibrium between NO oxidation and reduction 

and dietary effects rather than in vivo eNOS acti-
vation. Most measurements of endothelial (dys)
function and NO bioavailability therefore rely on 
measuring the physiological effects of local NO 
production, chiefly vasodilation.21 By inducing NO 
production with challenges or inhibiting it with 
antagonists while simultaneously non-invasively 
measuring its effects on vasculature, a relatively 
accurate picture of eNOS activity and endothelial 
function can be acquired.

Evaluation of the endothelial system in man

The importance of measuring endothelial dysfunc-
tion as an early marker of atherosclerosis and cardi-
ovascular risk is shown by its correlation to various 
proven cardiovascular risk factors, such as hyper-
cholesterolemia, smoking, hypertension, obesity 
and diabetes.31 Endothelial dysfunction is consist-
ently documented in patients with established car-
diovascular disease using a variety of methods.32 
Moreover, endothelial dysfunction, measured by 
flow-mediated dilation (FMD) or reactive hyper-
emia-peripheral arterial tonometry is significantly 
predictive of CV events, with a 1 SD decrease in en-
dothelial function associated with double risk of CV 
events, and FMD itself being a significant predictor 
of myocardial infarction, angina, coronary revascu-
larization, stroke, resuscitated cardiac arrest and 
CV related death.33,34 Accurate assessment of en-
dothelial function is therefore a promising method 
for early CV risk stratification and risk prevention.

M i c rovas c u l a r  c u ta e n e o u s 
i m ag i n g  t e c h n i q u e s

Doppler flowmetry

Doppler flowmetry is a technique measuring the 
Doppler shift in ultrasonic waves induced by the 
movement of blood through arteries to quantify 
the velocity of flow through that artery. This, multi-
plied with the measured cross-sectional area of that 
artery results in a measurement of flow volume. 
Determination of flow by itself does not provide 
much information about the functional status of 
the vascular bed. However, once combined with 
a challenge like the passive leg movement (PLM), 
changes in flow before and after PLM can provide 
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blood flow can be estimated through an proprie-
tary algorithm.62 Besides being of diagnostic value 
in sSC/Raynaud’s phenomenon patients63,64 and 
burn wounds65 it is used in experimental settings 
in dermatological conditions such as psoriasis66 
or eczema.67 Reported reproducibility for healthy 
volunteers was moderate for most measurements  
ICC ~0.7-62 and for Raynaud’s phenomenon and sSC 
ICC ~0.55.68 The predictive value of this method-
ology remains unknown due to lack of standard-
ization of methods63 which are currently under 
development.69 Disadvantages are the extreme 
sensitivity to environmental temperature as a drop 
from three degrees C decreases baseline measure-
ments by about 20%. Therefore measurements 
should be performed in strictly climate-controlled 
laboratories.62 Thermography is a relatively simple 
measurement, however calibration and mainte-
nance of the device requires experts.

Video capillaroscopy

Video capillaroscopy (VC) is the gold standard for 
morphological measurements of the microcircula-
tion. VC allows for real-time 2D capillary network 
visualization. The preferred sites of measurement 
are the nailfolds or the sublingual mucosa, as cap-
illaries at these sites are u-shaped and lie hori-
zontally to the skin surface.64 VC measures shape 
(torquation, microaneurysms), density, size (di-
ameter, length), morphology (oedema, micro-
haemorrhages) and in experimental setting can 
measure flow dynamics.70 Of all microvascular 
imaging techniques, VC is the most frequently ap-
plied technique in clinical practice.71 In rheumatol-
ogy it can be used to distinguish between primary 
and secondary Raynaud’s phenomenon and is in-
cluded as a standard assessment in the ACR-EULAR 
guidelines.72,73 Several studies show an excellent in-
tra-visit ICC of >0.9 and a moderate inter-visit ICC of 
~0.65 distal vessel density.74,75 Disadvantages of VC 
are spatial variability which can lead to high intra 
subject variability,76 time required for the assess-
ment and the high technical skills needed for the 
appropriate measurement.77

Optical coherence tomography

OCT allows visualization of tissue structures in a 
manner similar to ultrasound but instead uses infra-
red light. Reconstruction of cross-sectional images 
to en-face images of tissue can be performed, 

allowing visualization of the microvasculature. 
Recent development of dynamic OCT (d-OCT) also 
allows for the visualization of erythrocyte move-
ment, through combining the speckle variance 
technique with OCT.78 In dermatology, OCT is used 
for morphological assessments for the diagnosis 
of non-melanoma skin cancer, inflammatory skin 
disease79 and burn wounds.80 Furthermore D-OCT 
has been used to demonstrate the effect of brimo-
nidine.81 OCT showed a CV in the range of 5.5 – 8.5%.82 
Disadvantages of OCT are the relatively long time 
required to perform the scan (+- 3-4 minutes) and 
the limited area that can be scanned during a single 
measurement which may lead to variable results 
due to spatial variability. When performed using 
the same measurement site, and under the same 
environmental conditions, OCT measurements can 
be easily and rapidly performed and show a limited 
inter- and intra-observer variability of 4.1 and 7.1 
(CV%)respectively.82

Costs, mechanism, time for assessment, meas-
urement area, variability as well as the major dis-
advantages of the identified microvascular imaging 
techniques are summarized in Table 1.

C u ta n e o u s  c h a l l e n g e s

This section covers different challenges that can 
be used in cutaneous microcirculation techniques. 
These challenges change or destabilize the cutane-
ous microcirculation, thereby allowing an induced 
(pharmacological) effect to be quantified. (Table 2 
for an overview).

Transdermal iontophoresis

Transdermal iontophoresis is the delivery of drugs 
through the dermal barrier using a weak electrical 
current. For microcirculation testing, acetylcho-
line (ACh) and sodium nitroprusside (SNP) are most 
frequently used. ACh causes a temporal increase 
in local vasodilation and subsequently increase 
blood flow through predominantly nitric oxide 
(NO) and prostaglandin release by the endothe-
lium. Administration of exogenous NO through 
SNP is used as a control measure for general vas-
odilatory capacity.83 Iontophoresis is mainly used 
to study endothelial NO release and can be used 
the investigate the effect of pharmacological

table 1 Overview of skin and retinal microvascular measurements

Technique Cost 
estimate

Measurements and 
challenges

Time for assessment Repeatability

Laser Doppler 
flowmetry

€13.500 Flux, LTH, PORH, Local 
cooling, iontepheresis

± 30 s
Challenges: 15-30 min

intra subject CV ~35% [41]

Laser Doppler 
imager

NA Flux, LTH, PORH, Local 
cooling

± 30 s
Challenges: 15-30 min

intra subject CV ±20% 
% [47]

LSCI €60.000 Flux, LTH, PORH, Local 
cooling, iontepheresis

± 30 s
Challenges: 15-30 min

intra subject CV 6-12% 
[51-53]

Thermography €50.000 Skin temperature, PORH ± 30 s
Chalenges: 15-30 min

Intra class correlation 
(ICC) 0.7-0.85 [62] [68]

Video 
capilairoscopy

€6.000 Flux, LTH, PORH, Local 
cooling

2 min intra visit ICC 0.91 – 
0.96, inter visit ICC of 
0.56- 0.90[74]

OCT €85.000 Vessel density / 
morphology. flow

2/3 minutes Intra day (CV%) 5.5 – 8.5 
[82]

OCT €20.000 Retinal thickness, retinal 
vasculature

± 10 min Measurements (CV% ≈ 
1.8) between observers 
ICC ≈ 0.99 [100]

Laser Doppler 
flowmetry 
(ophthal-
mology)

Retinal venous and 
arterial flow

± 3 min CV 12.7% - 13.8% [94]

LSFG €85.000 Retinal venous and 
arterial flow

ICC of ≥ 0.937 [95]

Retinal 
function 
imager

€150.000 Retinal venous and 
arterial flow, retinal 
vasculature, retinal 
oximetry

±20 min Intra subject CV 6-11% 
[90]

Fundus 
photography

€15.000 Retinal vasculature ±10 min Measurement ICC 0.64-
0.69 for, grader ICC 0.79 
to 0.83 [110]

table 2 Overview of suitable challenges for cutaneous microvascular measurements

Laser 
Doppler 
flowmetry

Laser 
Doppler 
imaging

Laser 
speckle 
contrast 
imaging

Thermography Video 
capilairoscopy

d-OCT

Transdermal 
iontophoresis

X X X X X

Local thermal 
hyperemia

X X X X X

Local cooling X X X X X

Post-occlusive 
reactive 
hyperemia 
(PORH)

X X X X

Assessment 
of micro-
oscillations

X X
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(i.e., the movement of the erythrocytes in the retina 
vessels) can be assessed, which is an indirect meas-
urement of retinal blood flow. Measurements are 
expressed in arbitrary units. Besides the application 
in ophthalmologic research these measurements 
can be predictive for microvascular dysfunction 
and therefore can be applied in research for a wide 
range of diseases including cardiac and nephrolog-
ical disease.92,93 Laser Doppler flowmetry showed 
good inter session repeatability (CV of 12.7% - 13.8%) 
and intra observer (CV of 12.6%) in healthy volun-
teers. 94 Limitations are the use of arbitrary units 
and the requirement of clear media to obtain 
images of sufficient quality.

Laser speckle flowgraphy (LSFG)

Laser speckle flowgraphy (LSFG) is a relatively new 
technique and uses the speckle pattern to obtain 
information about microvascular blood flow and 
is an indirect measurement of retinal blood flow. 
Measurements are expressed in arbitrary units.

LSFG has showed excellent reproducibility with 
an ICC of ≥ 0.9395 and also LSFG measurements are 
strongly correlated with age,95 brachial–ankle 
pulse-wave velocity and intima–media thickness.96 
Measurements are relatively easy to perform, are 
non-invasive, and do not require pupil dilation.97 
Limitations are the use of arbitrary units, the re-
quirement of subject fixation and clear ocular media 
to obtain images of sufficient quality.

Optical coherence tomography- angiography

The technology behind ophthalmologic OCT is 
similar to dermatological OCT and gives informa-
tion about the retinal nerve fiber layer and retinal 
micro vasculature using OCT- angiography (OCT-A) 
measurements. Although experimental set-ups 
have been used to quantitatively measure retinal 
blood flow with D-OCT98,99 currently no commer-
cial OCT devices are available for the assessment of 
retinal blood flow. Most studies with OCT therefore 
include static measurements of the retinal vascu-
lature and morphology. OCT has demonstrated an 
excellent CV of 1.8% between measurements and 
an excellent intra-observer correlation of 0.99.100 
However, results from devices from different man-
ufacturers are not interchangeable, due to the high 
inter device variability, and therefore comparisons 
between these instruments is nearly impossible.101 
Besides its utility in several ocular diseases,102 OCT 

has shown to be a useful biomarker measurement in 
several other specialisms for example neurology103 
Disadvantages of OCT-A are the small measurement 
area, measurement time (up to 10 minutes per eye) 
and the complex analysis.

Retinal function imager

Retinal function imager (RFI) is a technique that 
measures retinal blood flow velocity by detecting 
the movement of individual erythrocytes via stro-
boscopic illumination and high-speed digital imag-
ing of the retina. With RFI, the velocity is assessed 
instead of the flow, while theoretically, this can be 
estimated through vessel diameter. Through an ad-
vanced algorithm, detailed capillary maps of the 
retina can be obtained. RFI has been applied in sev-
eral patient groups, including sickle cell patients, 
multiple sclerosis patients, and several ocular dis-
eases.104-107 RFI has a CV of 6-11% in both patients 
and healthy volunteers.90 However further devel-
opment of the device has been halted. Acquirement 
of pictures requires well-trained specialists. Other 
disadvantages are the time required for acquisi-
tion and the time required and the complexity of 
the analysis.

Fundus photography

Fundus photography covers the imaging of the 
retina, fundus photography cannot be used to di-
rectly measure the retinal blood flow. Although 
fundus video with fluorescence agents can pro-
vide none quantitively information, such as vasos-
pasm,108 or venous increased pressure. Outcome 
measures such as vessel diameters, tortuosity, and 
fractal dimensions, fovea size and thickness have 
been intensively studied and related to several sys-
temic diseases.109 Fundus photography has a repeat-
ability of 0.64 to 0.69 for intra individual variability 
and 0.79 to 0.83 for the inter-observer variability.110 
Fundus photography has been used for the diagno-
sis and long-term follow-up of eye disease in several 
mechanistic and epidemiologic studies, due to its 
widespread availability.111 With the usage of deep 
learning algorithms it is expected that even more 
outcome measures can be obtained from fundus 
photography such as cardiovascular risk factors 
and gender.112 Furthermore new devices have 
been developed with a dynamic imaging frequency 
which can be useful in combination with challenges. 

compounds that influence the bioavailability of 
NO in the endothelium. Furthermore, iontopho-
resis can be also used to study other effects on 
the microvascular physiology, such as the effect 
of histamine on skin blood flow and thermoreg-
ulation capacity of the skin. An issue with ionto-
phoresis is the variability which is especially large 
with laser Doppler imaging (34.4% to 42.0%)84 and 
the nonspecific vasodilation caused by the electric 
current and ions in the vehicle, which is variable in 
effect. Although this can be minimalized by using 
deionized water as vehicle and using a control vehi-
cle to estimate this effect, the effect remains sub-
stantial.83 Moreover, there is currently no standard 
protocol which makes it difficult to compare from 
different studies.

Local thermal hyperemia

The skin is locally heated to a temperature of up 
to 42°C producing a local vasodilation which in-
duces an increase in skin blood flow within 5 min-
utes after the start of heating and a prolonged 
secondary plateau is reached after 20–30 minutes 
of heating. The initial peak is caused by a sensory 
nerve axon reflex mainly mediated through en-
dothelium-derived hyperpolarizing factors and 
transient receptor potential vanilloid type-1 (TRPV1) 
channels. The secondary peak is mostly mediated 
through the endothelial tissue, for a large part due 
to NO release.85 Alternatively, local heating to 39° 
is thought to induce an isolated NO-dependent di-
lation without the sensory axon reflex.86 Results 
of this challenge need to be performed in strictly 
climate controlled laboratory, and have an interme-
diate variability (CV% 17 for plateau and CV% 39 for 
peak measurements), however this is dependent 
on the peak temperature and the heating rate.87

Local cooling

Rapid local cooling of the skin leads to vasocon-
striction and consequent decreased blood flow, 
which is followed by a transient vasodilation and 
subsequently a prolonged vasoconstriction. The in-
itial vasoconstriction is mediated through the adr-
energic system by upregulation of α-2c-receptors, 
where the sustained vasoconstriction is mostly 
mediated by inhibition of NO. The mechanism for 
the transient vasodilation is unknown.85 Local 
cooling is mostly studied in patients with Raynaud 

phenomena, but can also be used to study endothe-
lial function, however due to the complex and partly 
not understood physiology of this reaction, other 
methods are preferable.

Post-occlusive reactive hyperemia

PORH measurements are usually performed on 
the volar forearm, where occlusion is produced by 
inflating a blood pressure cuff on the upper arm. 
Releasing the occlusion results in an initial peak 
in blood flow, which returns to baseline several 
minutes after the occlusion. The initial peak is 
mediated by a mixture of sensory nerve involve-
ment88 and endothelium-derived hyperpolarizing 
factors, caused by the shear stress ischemia during 
the occlusion.88 NO-release does not play a major 
role in occlusion-induced cutaneous hyperemia.89 
Endpoints of PORH include, time to hyperemia, max-
imal flow, time to return to baseline and AUC from 
time of maximal flow to time of return to baseline. 
PORH is frequently used as a test for microvascular 
endothelial function, as it is minimal invasive, easy 
to perform, shows good contrast between popula-
tions with different endothelial functions and has 
an excellent repeatability(CV 8-11%).47,87,90

Assessment of micro-oscillations

Frequency domain analysis of longitudinal mi-
crovascular blood flow measurements such as 
LDF and LSCI has been performed in various dis-
ease models.91 Oscillations in different frequen-
cies have been linked to vasomotion, neurogenic 
activity and endothelial function. NO release and 
EDHF have been attributed the main factors to the 
vasomotion. However, there is limited evidence 
for the use as a marker for endothelial or vascular 
function. Furthermore there is no standardization 
of this measurement between different studies.91

R e t i n a l m i c rovas c u l a r 
m e as u r e m e n t s

Laser Doppler flowmetry

Doppler/speckle imaging techniques have also 
been applied to monitor the retinal microcircula-
tion. Through Doppler imaging, the Doppler shift 
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are currently a few devices available that are able to 
do this such as the periflux. 123 Furthermore analy-
sis with artificial intelligence and deep learning will 
have a great impact as it might be able to predict 
events and outcome measurements that we were 
previously not able to predict by manual analysis. 112

Microvascular (retinal) abnormalities may be a 
useful marker for disease in the traditional (cardio)
vascular specialisms such as cardiology and neph-
rology, but intriguingly have also be used as a pre-
dictor for events in psychiatry (schizophrenia)124 
and neurology (multiple sclerosis).125

Despite the wide-spread use of some of the tech-
niques, there is a lack of measurement standard-
ization between different studies. Therefore, it is 
difficult to compare variability and sensitivity of 
different studies and to relate them to physiological 
or pathological processes. Moreover, it is difficult 
to compare the results from different methodolo-
gies. A few studies have been performed compar-
ing measurements of different techniques, which 
showed that results from laser based methods are 
exchangeable,47 however there is only a weak to 
none correlation between microvascular and mac-
rovascular measurements for endothelial func-
tion.44,126,127 Although, for clinical application it is 
useful that outcomes of different methodologies 
are exchangeable.

These techniques could not only be useful for 
research but also on a daily basis in clinical prac-
tice. VC and OCT are already established tools for 
the diagnosis of certain diseases and also LDI and 
thermography are used in the monitoring of wound 
healing. Intra-operative imaging with LSCI to predict 
clinical outcome such as flap survival.128,129 Future 
larger multicenter studies, might help in validat-
ing these methodologies and thereby establishing 
their clinical use.

C o n c lu s i o n

In conclusion, various methods for microvascular 
imaging are currently available and selection of the 
applied methodology should be based on pathology 
and clinical setting of the different techniques. LSCI 
and LSFG show great potential for functional meas-
urements however different challenges cannot be 
related to particular pathways. The skin and reti-
nal measurements described in this article are an 
example of how these techniques can be used to 
assist in research and even clinical monitoring of 
patients. Validation of all current techniques is at 
best partial and more work has to be done to per-
form such standardized validation tests.120
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C u r r e n t p r ac t i c e
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Future implications

For wider acceptation and application of these 
methodologies in the clinical setting, standard-
ized protocols are essential. These standardized 
protocols should be clinically validated including 
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of the microvascular measurements with clinical 
outcomes.120
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of infrared cameras attached to mobile devices is 
one example. 121 Although these devices might show 
higher variability, their low costs and high porta-
bility will make them more usable in a clinical set-
ting since measurements can be repeated within 
the same subject frequently. Also this will allow for 
microvascular home monitoring, which will more 
closely mimic a real life situation.

Furthermore, work is done for imaging devices 
to directly measure flow speed, opposed to indirect 
measurements.122 For dermal imaging multispectral 
imaging devices might become commercial availa-
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techniques such as oxygenation and microvascu-
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be of great value for the comparison of results be-
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this will decrease inter-observer variability. There 



measurement of microcirculation in clinical research

22

microcirculation measurements in the skin and retina: review of non-invasive tools and their challenges

23

humans. Microvascular research, 2011. 82(2): p. 147-151.
48 Van der Schueren, B., et al., Reproducibility of the capsaicin-

induced dermal blood flow response as assessed by laser 
Doppler perfusion imaging. British journal of clinical 
pharmacology, 2007. 64(5): p. 580-590.

49 van der Kolk, T., et al., Comprehensive, multi-modal 
characterization of an imiquimod-induced human skin 
inflammation model for drug development. Clinical and 
translational science, 2018.

50 Briers, J.D., G.J. Richards, and X.-W. He, Capillary blood 
flow monitoring using laser speckle contrast analysis (LASCA). 
Journal of biomedical optics, 1999. 4(1): p. 164-176.

51 Puissant, C., et al., Reproducibility of non-invasive 
assessment of skin endothelial function using laser Doppler 
flowmetry and laser speckle contrast imaging. PLoS One, 
2013. 8(4): p. e61320.

52 Rousseau, P., et al., Increasing the ‘region of interest’ 
and ‘time of interest’, both reduce the variability of blood 
flow measurements using laser speckle contrast imaging. 
Microvasc Res, 2011. 82(1): p. 88-91.

53 Millet, C., et al., Comparison between laser speckle contrast 
imaging and laser Doppler imaging to assess skin blood flow in 
humans. Microvasc Res, 2011. 82(2): p. 147-51.

54 Birkhoff, W., et al., Retinal microcirculation imaging in sickle 
cell disease patients. Microvasc Res, 2018. 116: p. 1-5.

55 Matheus, A.S., et al., Sensibility and specificity of laser 
speckle contrast imaging according to Endo-PAT index in type 
1 diabetes. Microvascular research, 2018. 117: p. 10-15.

56 Souza, E.G., et al., Impairment of systemic microvascular 
endothelial and smooth muscle function in individuals with 
early-onset coronary artery disease: studies with laser speckle 
contrast imaging. Coronary artery disease, 2014. 25(1): p. 
23-28.

57 Minniti, C.P., et al., Vasculopathy, inflammation, and blood 
flow in leg ulcers of patients with sickle cell anemia. Am J 
Hematol, 2014. 89(1): p. 1-6.

58 Hellmann, M., M. Roustit, and J.-L. Cracowski, Skin 
microvascular endothelial function as a biomarker in 
cardiovascular diseases? Pharmacological Reports, 2015. 
67(4): p. 803-810.

59 Briers, D., et al., Laser speckle contrast imaging: theoretical 
and practical limitations. Journal of biomedical optics, 2013. 
18(6): p. 066018.

60 Zotterman, J., et al., Methodological concerns with 
laser speckle contrast imaging in clinical evaluation of 
microcirculation. PLoS One, 2017. 12(3): p. e0174703.

61 Bahadori, S., T. Immins, and T.W. Wainwright, A Novel 
Approach to Overcome Movement Artifact When Using a 
Laser Speckle Contrast Imaging System for Alternating Speeds 
of Blood Microcirculation. J Vis Exp, 2017(126).

62 Pauling, J.D., et al., Comparison of infrared thermography 
and laser speckle contrast imaging for the dynamic assessment 
of digital microvascular function. Microvascular research, 
2012. 83(2): p. 162-167.

63 Pauling, J., et al., Use of infrared thermography as an 
endpoint in therapeutic trials of Raynaud’s phenomenon 
and systemic sclerosis. Clinical and Experimental 
Rheumatology-Incl Supplements, 2012. 30(2): p. S103.

64 Herrick, A.L. and A. Murray, The role of capillaroscopy 

and thermography in the assessment and management of 
Raynaud’s phenomenon. Autoimmunity reviews, 2018.

65 Jaspers, M.E., et al., A systematic review on the quality of 
measurement techniques for the assessment of burn wound 
depth or healing potential. Burns, 2018.

66 Zalewska, A., et al. Thermography in psoriasis vulgaris 
evaluation. in Engineering in Medicine and Biology Society, 
2005. IEEE-EMBS 2005. 27th Annual International Conference 
of the. 2006. IEEE.

67 Hornstein, O.P., F. Boissevain, and H. Wittmann, 
Non-invasive Measurement of the Vascular Dynamics of 
Dermographism: Comparative Study in Atopic and Non-atopic 
Subjects. The Journal of dermatology, 1991. 18(2): p. 79-85.

68 Pauling, J.D., et al., Use of laser speckle contrast imaging 
to assess digital microvascular function in primary Raynaud 
phenomenon and systemic sclerosis: A comparison using 
the Raynaud condition score diary. The Journal of 
rheumatology, 2015: p. jrheum. 141437.

69 Wilkinson, J.D., et al., A Multicenter Study of the Validity and 
Reliability of Responses to Hand Cold Challenge as Measured 
by Laser Speckle Contrast Imaging and Thermography: 
Outcome Measures for Systemic Sclerosis–Related Raynaud’s 
Phenomenon. Arthritis & Rheumatology, 2018.

70 Berks, M., et al., Automated structure and flow 
measurement—a promising tool in nailfold capillaroscopy. 
Microvascular research, 2018. 118: p. 173-177.

71 Lambova, S.N. and U. Muller-Ladner, Nailfold 
Capillaroscopy Within and Beyond the Scope of Connective 
Tissue Diseases. Current rheumatology reviews, 2018. 14(1): 
p. 12-21.

72 van den Hoogen, F., et al., Classification criteria for systemic 
sclerosis: An ACR-EULAR Collaborative Initiative. Arthritis 
and rheumatism, 2013. 65(11): p. 2737.

73 Chojnowski, M.M., A. Felis-Giemza, and M. Olesińska, 
Capillaroscopy–a role in modern rheumatology. 
Reumatologia, 2016. 54(2): p. 67.

74 Dinsdale, G., et al., Quantitative outcome measures for 
systemic sclerosis-related Microangiopathy–Reliability of 
image acquisition in Nailfold Capillaroscopy. Microvascular 
research, 2017. 113: p. 56-59.

75 Dinsdale, G., et al., Intra-and inter-observer reliability of 
nailfold videocapillaroscopy—A possible outcome measure for 
systemic sclerosis-related microangiopathy. Microvascular 
research, 2017. 112: p. 1-6.

76 Dinsdale, G., et al., Intra-and inter-observer reliability of 
nailfold videocapillaroscopy - A possible outcome measure for 
systemic sclerosis-related microangiopathy. Microvasc Res, 
2017. 112: p. 1-6.

77 Sekiyama, J.Y., et al., Reliability of widefield nailfold 
capillaroscopy and video capillaroscopy in the assessment of 
patients with Raynaud’s phenomenon. Arthritis Care Res 
(Hoboken), 2013. 65(11): p. 1853-61.

78 Ulrich, M., et al., Dynamic optical coherence tomography 
of skin blood vessels–proposed terminology and practical 
guidelines. Journal of the European Academy of 
Dermatology and Venereology, 2018. 32(1): p. 152-155.

79 Fluhr, J.W., T. Zuberbier, and R. Darlenski, Noninvasive 
measures in atopic dermatitis. Current opinion in allergy 
and clinical immunology, 2018. 18(5): p. 417-424.

oxygen species in endothelial dysfunction associated with 
cardiovascular and metabolic diseases. Vascul Pharmacol, 
2018. 100: p. 1-19.

14 Förstermann, U., N. Xia, and H. Li, Roles of Vascular 
Oxidative Stress and Nitric Oxide in the Pathogenesis of 
Atherosclerosis. Circ Res, 2017. 120(4): p. 713-735.

15 Gradinaru, D., et al., Oxidized LDL and NO synthesis--
Biomarkers of endothelial dysfunction and ageing. Mech 
Ageing Dev, 2015. 151: p. 101-13.

16 Napoli, C., et al., Nitric oxide and atherosclerosis: An update. 
Nitric Oxide, 2006. 15(4): p. 265-279.

17 Thomas, D.D., et al., The biological lifetime of nitric oxide: 
implications for the perivascular dynamics of NO and O2. Proc 
Natl Acad Sci U S A, 2001. 98(1): p. 355-60.

18 Tousoulis, D., et al., The role of nitric oxide on endothelial 
function. Curr Vasc Pharmacol, 2012. 10(1): p. 4-18.

19 Shibasaki, M., et al., Nitric oxide inhibits cutaneous 
vasoconstriction to exogenous norepinephrine. J Appl Physiol 
(1985), 2008. 105(5): p. 1504-8.

20 Tousoulis, D., et al., Endothelial dysfunction in conduit 
arteries and in microcirculation. Novel therapeutic 
approaches. Pharmacol Ther, 2014. 144(3): p. 253-67.

21 Flammer, A.J., et al., The assessment of endothelial function: 
from research into clinical practice. Circulation, 2012. 126(6): 
p. 753-67.

22 Stuehr, D., S. Pou, and G.M. Rosen, Oxygen reduction 
by nitric-oxide synthases. J Biol Chem, 2001. 276(18): p. 
14533-6.

23 Förstermann, U. and W.C. Sessa, Nitric oxide synthases: 
regulation and function. European Heart Journal, 2011. 
33(7): p. 829-837.

24 Cyr, A.R., et al., Nitric Oxide and Endothelial Dysfunction. 
Crit Care Clin, 2020. 36(2): p. 307-321.

25 Mónica, F.Z., K. Bian, and F. Murad, The Endothelium-
Dependent Nitric Oxide-cGMP Pathway. Adv Pharmacol, 
2016. 77: p. 1-27.

26 Matthews, J.R., et al., Inhibition of NF-κB DNA Binding 
by Nitric Oxide. Nucleic Acids Research, 1996. 24(12): p. 
2236-2242.

27 Grumbach, I.M., et al., A negative feedback mechanism 
involving nitric oxide and nuclear factor kappa-B modulates 
endothelial nitric oxide synthase transcription. Journal 
of Molecular and Cellular Cardiology, 2005. 39(4): p. 
595-603.

28 Laursen, J.B., et al., Endothelial regulation of vasomotion 
in apoE-deficient mice: implications for interactions between 
peroxynitrite and tetrahydrobiopterin. Circulation, 2001. 
103(9): p. 1282-8.

29 Chen, J.Y., et al., Nitric oxide bioavailability dysfunction 
involves in atherosclerosis. Biomed Pharmacother, 2018. 97: 
p. 423-428.

30 Carlstrom, M. and M.F. Montenegro, Therapeutic value 
of stimulating the nitrate-nitrite-nitric oxide pathway 
to attenuate oxidative stress and restore nitric oxide 
bioavailability in cardiorenal disease. Journal of Internal 
Medicine, 2019. 285(1): p. 2-18.

31 Bonetti, P.O., L.O. Lerman, and A. Lerman, Endothelial 
Dysfunction: A Marker of Atherosclerotic Risk. 

Arteriosclerosis, Thrombosis, and Vascular Biology, 2003. 
23(2): p. 168-175.

32 Polovina, M.M. and T.S. Potpara, Endothelial Dysfunction in 
Metabolic and Vascular Disorders. Postgraduate Medicine, 
2014. 126(2): p. 38-53.

33 Matsuzawa, Y., et al., Prognostic Value of Flow-Mediated 
Vasodilation in Brachial Artery and Fingertip Artery for 
Cardiovascular Events: A Systematic Review and Meta-
Analysis. J Am Heart Assoc, 2015. 4(11).

34 Yeboah, J., et al., Predictive value of brachial flow-mediated 
dilation for incident cardiovascular events in a population-
based study: the multi-ethnic study of atherosclerosis. 
Circulation, 2009. 120(6): p. 502-9.

35 Trinity, J.D. and R.S. Richardson, Physiological Impact and 
Clinical Relevance of Passive Exercise/Movement. Sports 
Med, 2019. 49(9): p. 1365-1381.

36 Shields, K.L., et al., The passive leg movement technique for 
assessing vascular function: defining the distribution of blood 
flow and the impact of occluding the lower leg. Exp Physiol, 
2019. 104(10): p. 1575-1584.

37 Trinity, J.D., et al., Nitric oxide and passive limb movement: 
a new approach to assess vascular function. J Physiol, 2012. 
590(6): p. 1413-25.

38 Mortensen, S.P., et al., The hyperaemic response to passive 
leg movement is dependent on nitric oxide: a new tool to 
evaluate endothelial nitric oxide function. J Physiol, 2012. 
590(17): p. 4391-400.

39 Gifford, J.R. and R.S. Richardson, CORP: Ultrasound 
assessment of vascular function with the passive leg movement 
technique. J Appl Physiol (1985), 2017. 123(6): p. 1708-1720.

40 Drain, L.E., The laser doppler techniques. Chichester, 
Sussex, England and New York, Wiley-Interscience, 1980. 
250 p., 1980.

41 Roustit, M., et al., Reproducibility and methodological 
issues of skin post-occlusive and thermal hyperemia assessed 
by single-point laser Doppler flowmetry. Microvascular 
research, 2010. 79(2): p. 102-108.

42 Jung, F., et al., Laser Doppler flux measurement for the 
assessment of cutaneous microcirculation–critical remarks. 
Clinical hemorheology and microcirculation, 2013. 55(4): 
p. 411-416.

43 Kubli, S., et al., Reproducibility of laser Doppler imaging 
of skin blood flow as a tool to assess endothelial function. 
Journal of cardiovascular pharmacology, 2000. 36(5): p. 
640-648.

44 Gori, T., et al., Correlation analysis between different 
parameters of conduit artery and microvascular vasodilation. 
Clinical hemorheology and microcirculation, 2006. 35(4): 
p. 509-515.

45 Shamim-Uzzaman, Q.A., et al., Altered cutaneous 
microvascular responses to reactive hyperaemia in coronary 
artery disease: a comparative study with conduit vessel 
responses. Clinical Science, 2002. 103(3): p. 267-274.

46 Ibrahimi, K., et al., Reproducibility and agreement of different 
non-invasive methods of endothelial function assessment. 
Microvascular research, 2018. 117: p. 50-56.

47 Millet, C., et al., Comparison between laser speckle contrast 
imaging and laser Doppler imaging to assess skin blood flow in 



measurement of microcirculation in clinical research

24

microcirculation measurements in the skin and retina: review of non-invasive tools and their challenges

25

114 Rousseau, A., et al., Hyperoxia decreases cutaneous blood 
flow in high-perfusion areas. Microvascular research, 2007. 
74(1): p. 15-22.

115 Kiss, B., et al., Retinal blood flow during hyperoxia in humans 
revisited: concerted results using different measurement 
techniques. Microvascular research, 2002. 64(1): p. 75-85.

116 Dorner, G.T., et al., Nitric oxide regulates retinal vascular 
tone in humans. American Journal of Physiology-Heart and 
Circulatory Physiology, 2003. 285(2): p. H631-H636.

117 Houben, A.J., R.J. Martens, and C.D. Stehouwer, 
Assessing Microvascular Function in Humans from a Chronic 
Disease Perspective. Journal of the American Society of 
Nephrology, 2017. 28(12): p. 3461-3472.

118 Kotliar, K.E., et al., Retinal vessel reaction in response to 
chromatic flickering light. Graefe’s Archive for Clinical and 
Experimental Ophthalmology, 2004. 242(5): p. 377-392.

119 Rauschel, V., et al., Test-retest reliability of visual-evoked 
potential habituation. Cephalalgia, 2016. 36(9): p. 831-839.

120 Kruizinga, M.D., et al., Development of Novel, Value-Based, 
Digital Endpoints for Clinical Trials: A Structured Approach 
Toward Fit-for-Purpose Validation. Pharmacological 
Reviews, 2020. 72(4): p. 899-909.

121 Integrated thermal imaging | Cat Phones. Available 
from: https://www.catphones.com/en-us/features/
integrated-thermal-imaging/.

122 Li, H., et al., Directly measuring absolute flow speed by 
frequency-domain laser speckle imaging. Optics express, 
2014. 22(17): p. 21079-21087.

123 Bakker, J. Transcutaneous tissue oxygen pressure 
monitor PeriFlux 6000. Available from: https://
www.perimed-instruments.com/products/

periflux-6000-toe-pressure-ABI-tcpO2.
124 Appaji, A., et al., Retinal vascular abnormalities in 

schizophrenia and bipolar disorder: A window to the brain. 
Bipolar disorders, 2019. 21(7): p. 634-641.

125 Sepulcre, J., et al., Diagnostic accuracy of retinal 
abnormalities in predicting disease activity in MS. Neurology, 
2007. 68(18): p. 1488-1494.

126 Hansell, J., et al., Non-invasive assessment of endothelial 
function–relation between vasodilatory responses in skin 
microcirculation and brachial artery. Clinical physiology and 
functional imaging, 2004. 24(6): p. 317-322.

127 Jekell, A., M. Kalani, and T. Kahan, The interrelation of 
endothelial function and microvascular reactivity in different 
vascular beds, and risk assessment in hypertension: results 
from the Doxazosin–ramipril study. Heart and vessels, 2018: 
p. 1-12.

128 Zötterman, J., E. Tesselaar, and S. Farnebo, The use of 
laser speckle contrast imaging to predict flap necrosis: An 
experimental study in a porcine flap model. Journal of Plastic, 
Reconstructive & Aesthetic Surgery, 2019. 72(5): p. 
771-777.

129 Nguyen, C.D., et al., Blood perfusion in human eyelid skin 
flaps examined by laser speckle contrast imaging—Importance 
of flap length and the use of diathermy. Ophthalmic Plastic 
& Reconstructive Surgery, 2018. 34(4): p. 361-365.

80 Lindert, J., et al., Optical coherence tomography provides 
an optical biopsy of burn wounds in children—a pilot study. 
Journal of biomedical optics, 2018. 23(10): p. 106005.

81 Themstrup, L., et al., In vivo, micro-morphological vascular 
changes induced by topical brimonidine studied by Dynamic 
optical coherence tomography. Journal of the European 
Academy of Dermatology and Venereology, 2016. 30(6): p. 
974-979.

82 Gambichler, T., et al., In vivo data of epidermal thickness 
evaluated by optical coherence tomography: effects of 
age, gender, skin type, and anatomic site. Journal of 
dermatological science, 2006. 44(3): p. 145-152.

83 Tesselaar, E. and F. Sjöberg, Transdermal iontophoresis as 
an in-vivo technique for studying microvascular physiology. 
Microvascular research, 2011. 81(1): p. 88-96.

84 Turner, J., J.J. Belch, and F. Khan, Current concepts in 
assessment of microvascular endothelial function using laser 
Doppler imaging and iontophoresis. Trends in cardiovascular 
medicine, 2008. 18(4): p. 109-116.

85 Johnson, J.M. and D.L. Kellogg Jr, Local thermal control 
of the human cutaneous circulation. Journal of applied 
physiology, 2010. 109(4): p. 1229-1238.

86 Choi, P.J., et al., New approach to measure cutaneous 
microvascular function: an improved test of NO-mediated 
vasodilation by thermal hyperemia. Journal of Applied 
Physiology, 2014. 117(3): p. 277-283.

87 Roustit, M. and J.L. Cracowski, Non-invasive assessment 
of skin microvascular function in humans: an insight into 
methods. Microcirculation, 2012. 19(1): p. 47-64.

88 Lorenzo, S. and C.T. Minson, Human cutaneous reactive 
hyperaemia: role of BKCa channels and sensory nerves. The 
Journal of physiology, 2007. 585(1): p. 295-303.

89 Wong, B.J., et al., Nitric oxide synthase inhibition does 
not alter the reactive hyperemic response in the cutaneous 
circulation. Journal of Applied Physiology, 2003. 95(2): p. 
504-510.

90 Birkhoff, W., et al., Retinal microcirculation imaging in sickle 
cell disease patients. Microvascular Research, 2017.

91 Rossi, M., et al., Skin vasomotion investigation: a useful tool 
for clinical evaluation of microvascular endothelial function? 
Biomedicine & Pharmacotherapy, 2008. 62(8): p. 541-545.

92 Houben, A.J., R.J. Martens, and C.D. Stehouwer, 
Assessing Microvascular Function in Humans from a Chronic 
Disease Perspective. Journal of the American Society of 
Nephrology, 2017: p. ASN. 2017020157.

93 Shiba, T., M. Takahashi, and T. Maeno, Pulse-wave analysis 
of optic nerve head circulation is significantly correlated with 
kidney function in patients with and without chronic kidney 
disease. Journal of ophthalmology, 2014. 2014.

94 Yoshida, A., et al., Reproducibility and clinical application of 
a newly developed stabilized retinal laser Doppler instrument. 
American journal of ophthalmology, 2003. 135(3): p. 
356-361.

95 Luft, N., et al., Ocular blood flow measurements in healthy 
white subjects using laser speckle flowgraphy. PLoS One, 
2016. 11(12): p. e0168190.

96 Shiba, T., et al., Pulse-wave analysis of optic nerve head 
circulation is significantly correlated with brachial–ankle 
pulse-wave velocity, carotid intima–media thickness, and 

age. Graefe’s Archive for Clinical and Experimental 
Ophthalmology, 2012. 250(9): p. 1275-1281.

97 Matsumoto, T., et al., Reproducibility of neonate ocular 
circulation measurements using laser speckle flowgraphy. 
BioMed research international, 2015. 2015.

98 Haindl, R., et al., Total retinal blood flow measurement 
by three beam Doppler optical coherence tomography. 
Biomedical optics express, 2016. 7(2): p. 287-301.

99 Doblhoff-Dier, V., et al., Measurement of the total retinal 
blood flow using dual beam Fourier-domain Doppler optical 
coherence tomography with orthogonal detection planes. 
Biomedical optics express, 2014. 5(2): p. 630-642.

100 Carpineto, P., et al., Reproducibility and repeatability of 
foveal avascular zone measurements in healthy subjects 
by optical coherence tomography angiography. Br J 
Ophthalmol, 2016. 100(5): p. 671-6.

101 Corvi, F., et al., Reproducibility of Vessel Density, Fractal 
Dimension, and Foveal Avascular Zone Using 7 Different 
Optical Coherence Tomography Angiography Devices. Am J 
Ophthalmol, 2018. 186: p. 25-31.

102 Chen, C.-L. and R.K. Wang, Optical coherence tomography 
based angiography. Biomedical optics express, 2017. 8(2): p. 
1056-1082.

103 Satue, M., et al., Optical coherence tomography as a 
biomarker for diagnosis, progression, and prognosis of 
neurodegenerative diseases. Journal of ophthalmology, 
2016. 2016.

104 Wang, L., et al., A Mini Review of Clinical and Research 
Applications of the Retinal Function Imager. Curr Eye Res, 
2018. 43(3): p. 273-288.

105 Jiang, H., et al., Impaired retinal microcirculation in multiple 
sclerosis. Mult Scler, 2016. 22(14): p. 1812-1820.

106 Jiang, H., et al., Automated segmentation and fractal analysis 
of high-resolution non-invasive capillary perfusion maps of the 
human retina. Microvasc Res, 2013. 89: p. 172-5.

107 Burgansky-Eliash, Z., et al., Blood-Flow Velocity in 
Glaucoma Patients Measured with the Retinal Function 
Imager. Curr Eye Res, 2016. 41(7): p. 965-70.

108 Ota, I., K. Kuroshima, and T. Nagaoka, Fundus video of 
retinal migraine. JAMA ophthalmology, 2013. 131(11): p. 
1481-1482.

109 Wong, T.Y., et al., Retinal microvascular abnormalities and 
their relationship with hypertension, cardiovascular disease, 
and mortality. Survey of ophthalmology, 2001. 46(1): p. 
59-80.

110 Couper, D.J., et al., Reliability of retinal photography in 
the assessment of retinal microvascular characteristics: the 
Atherosclerosis Risk in Communities Study. American journal 
of ophthalmology, 2002. 133(1): p. 78-88.

111 Pries, A.R., T.W. Secomb, and P. Gaehtgens, Structural 
autoregulation of terminal vascular beds: vascular adaptation 
and development of hypertension. Hypertension, 1999. 33(1): 
p. 153-161.

112 Poplin, R., et al., Prediction of cardiovascular risk factors 
from retinal fundus photographs via deep learning. Nature 
Biomedical Engineering, 2018. 2(3): p. 158.

113 Dean, J.B., et al., Hyperoxia, reactive oxygen species, and 
hyperventilation: oxygen sensitivity of brain stem neurons. 
Journal of Applied Physiology, 2004. 96(2): p. 784-791.




