
Clinical Hemorheology and Microcirculation 84 (2023) 215–226
DOI 10.3233/CH-231780
IOS Press

215

A normative blood velocity model in the
exchange microvessels for discriminating
health from disease: Healthy controls versus
COVID-19 cases

Aristotle G. Koutsiarisa,∗, Konstantina Ririb, Stylianos Boutlasc, Zoe Daniilc

and Evangelia E. Tsironib

aMedical Informatics and Biomedical Imaging (MIBI) Laboratory, Faculty of Medicine, School of
Health Sciences, University of Thessaly, Biopolis Campus, Larissa, Greece
bDepartment of Ophthalmology, University Hospital of Larissa, Faculty of Medicine, School of Health
Sciences, University of Thessaly, Larissa, Greece
cDepartment of Respiratory Medicine, University Hospital of Larissa, Faculty of Medicine, School of
Health Sciences, University of Thessaly, Larissa, Greece

Abstract. A usual practice in medicine is to search for “biomarkers” which are measurable quantities of a normal or
abnormal biological process. Biomarkers can be biochemical or physical quantities of the body and although commonly
used statistically in clinical settings, it is not usual for them to be connected to basic physiological models or equations.
In this work, a normative blood velocity model framework for the exchange microvessels was introduced, combining the
velocity-diffusion (V-J) equation and statistics, in order to define the normative range (NR) and normative area (NA) diagrams
for discriminating normal (normemic) from abnormal (hyperemic or underemic) states, taking into account the microvessel
diameter D. This is different from the usual statistical processing since there is a basis on the well-known physiological
principle of the flow diffusion equation. The discriminative power of the average axial velocity model was successfully tested
using a group of healthy individuals (Control Group) and a group of post COVID-19 patients (COVID-19 Group).

Keywords: Model, exchange microvessels, capillaries, postcapillary venules, biomarker, axial velocity, velocity-diffusion
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1. Introduction

A usual practice in medicine is to search for “biomarkers” that are measurable characteristics of a
normal or abnormal biological process or disease or pharmacological response. Biomarkers can be
biochemical molecules found in body fluids (e.g. glucose, hemoglobin, low- density lipoprotein), or
physical quantities of the body (e.g. blood pressure, temperature, vessel diameter, blood velocity).
Nowroozpoor et al. [1] proposed the systemic nature of microvascular dysfunction by finding 16
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biomarker molecules common in the microvascular disease of three vital organs: the brain, the heart,
and the kidney. Sometimes, both biochemical molecules and physical variables are incorporated into
an algorithm [2] for more effective sensitivity and accuracy in disease screening.

In a recent meta-analysis paper [3] a normative average axial blood velocity of 0.52 mm/s was pro-
posed for healthy humans with an intention of examining the potential use of conjunctival microvascular
hemodynamic parameters as biomarkers. In addition, disease-dependent change of axial velocity was
demonstrated [3] but, with a lack of precision.

The diffusion rate J of small-size ions and molecules across the wall of the exchange microvessels
depends on the blood flow Q, as it is described by the flow-diffusion (Q-J) equation [4]. Exchange
microvessels are the smallest vessels of an organism, where material transport between the circulating
blood and tissue takes place, comprising capillaries and postcapillary venules [5]. Recently, the Q-J
equation was transformed to the velocity-diffusion (V-J) equation [6] with the axial blood velocity V
as an independent variable which can be easily measured directly and noninvasively in humans by
optical imaging techniques.

Although biomarkers are commonly used statistically in clinical settings, it is not usual to be con-
nected to basic physiological models or equations. In this work, the V-J equation was used to define, a
model framework for normal and abnormal average axial velocities in the exchange vessels of humans.
In the context of this model, the normative range and area diagrams were introduced and the norma-
tive (normemic), hyperemic, and underemic ranges and areas were defined, taking into account the
microvessel diameter D. The discriminative power of the model was then tested successfully, using
the data from a group of healthy individuals (Control Group) and a group of post COVID-19 patients
(COVID-19 Group).

2. Methods

2.1. The equilibrium state (ES) diagram for a single microvessel

The velocity-diffusion (V-J) equation [6] can be used to define a model-framework for normal and
abnormal average axial velocities in the exchange microvessels of humans:

J = SLV (1 − e− k
V ) (1)

Where J is the mass diffusion rate of the solute (moles/s) through the walls of the exchange microves-
sel, V is the axial blood velocity inside the microvessel, κ is the velocity constant and SL is the slope
parameter [6]. The slope SL depends on the difference between the solute concentration inside the ves-
sel and the tissue interstitial fluid CI and CT, respectively, and on the microvessel and the erythrocyte
diameter D and DC, respectively. The velocity constant κ depends on the permeability coefficient P of
the solute substance through the vessel wall (cm/s), the microvessel length L, and on the microvessel
and the erythrocyte diameter D and DC, respectively. For each solute-substance in the blood, the mass
diffusion rate J depends on the axial blood velocity V in a nonlinear way as it is shown in Fig. 1. The
solute can be any low molecular weight substance (nutrients or metabolic wastes).

For a specific microvessel in a specific tissue, diameter D, length L, average erythrocyte diameter
DC, and average permeability coefficient P can be considered constant and thus κ can be considered
constant. Assuming equilibrium at rest, CI and CT are also constant for each solute-substance in the
blood of the microvessel, and thus the slope SL and the plateau value PLV are also constant [6]. At
the equilibrium state the local metabolic demand is constant and so is the mass diffusion rate J for
each substance. So, one can consider that an equilibrium mass diffusion rate (EJ) corresponds to an
equilibrium axial blood velocity (EV), according to the V-J equation (Fig. 1).
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Fig. 1. The equilibrium state (ES) diagram. The ES for a single microvessel is presented with a diagram derived from the
“velocity-diffusion (V-J) equation” [6]. The independent variable V is the axial blood velocity inside the microvessel and J
is the diffusion mass rate for each small molecular weight solute in the blood. Kappa (κ) is the velocity constant and PLV is
the plateau value of J. At the equilibrium state the local metabolic demand is constant and so is the mass diffusion rate J for
each substance. According to the V-J equation, it can be considered that the equilibrium mass diffusion rate (EJ) corresponds
to an equilibrium axial blood velocity (EV). The equilibrium velocity (EV) at normal resting conditions, was taken here
as equal to the velocity constant (κ). Axial velocities lower than the equilibrium velocity EV are inside the “underemic
range” (UR) of velocities. Axial velocities higher than the equilibrium velocity EV are inside the “hyperemic range” (HR) of
velocities.

In case the axial velocity drops below the EV, for any reason, we have a tissue situation around
the microvessel, of nutrient under-supply and waste under-dispense. This situation can be defined as
“underemia” and the corresponding low axial velocities define an “underemic range” UR (Fig. 1). In
case the axial velocity is higher than the EV, we have a tissue situation around the microvessel, of
nutrient over-supply and waste over-dispense. This situation can be defined as “hyperemia” and the
corresponding high axial velocities define a “hyperemic range” HR (Fig. 1).

2.2. The normative average axial velocity range (NR) diagram for many microvessels with the
same diameter from many subjects

In microvascular hemodynamic studies, it is usual practice to measure velocities at different
microvessels. Hemodynamically the most important parameter is the diameter so, microvessels with
approximately the same diameter were considered. Even with the same diameter, the equilibrium
velocities (EVs) are not going to be exactly the same for all microvessels, due to variations in the
concentration differences, permeability coefficients, and microvessel lengths.

The assumption here is that the equilibrium velocities, for all the different microvessels with the same
diameter and of the same tissue, examined at a specific microscopic area, will not be much different
(Fig. 2). Under this assumption a normative range (NR) for average axial velocity could be defined,
instead of a single equilibrium value, as it is shown at the normative average axial velocity range (NR)
diagram of Fig. 3. The “normative range” refers to all equilibrium velocities of the microvessels with
the same diameter, determined statistically from measurements at many healthy individuals.

When the average axial velocity of many microvessels with the same diameter is lower than the
NR, there is a local tissue situation of under-supply that can be defined as “underemia”, and when the
average axial velocity is higher than the NR, there is a local tissue situation of over-supply that can be
defined as “hyperemia”. Average axial velocities lower than the NR are inside the “underemic average
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Fig. 2. The velocity-diffusion (V-J) curves for 3 different microvessels with the same diameters. EV1, EV2 and EV3 are
equilibrium axial blood velocities of microvessel 1, 2, and 3, respectively. EJ1, EJ2 and EJ3 are equilibrium mass diffusion
rates of microvessel 1, 2, and 3, respectively.

Fig. 3. The normative range (NR) diagram. After measuring axial velocities at many microvessels with the same diameter,
an average axial velocity (AV) can be estimated statistically which corresponds to an average mass diffusion rate (AJ). After
measuring axial velocities at many persons, a normative range (NR) can be determined statistically comprising average axial
velocity values of normal, equilibrium resting conditions. UR stands for “Underemic Range” and is the range of average
axial velocities corresponding to underemic conditions. HR stands for “Hyperemic Range” and is the range of average axial
velocities corresponding to hyperemic conditions.

range” (UR) and average axial velocities higher than the NR are inside the “hyperemic average range”
(HR) of velocities (Fig. 3).

The persistent situation of average velocities in the UR or the HR could be considered to be a
biomarker of an out of equilibrium, abnormal, or disease local tissue state. For example, very low
average velocities in the UR could lead to severe hypoxia and/or thrombosis and local tissue death.

2.3. The normative average axial velocity area (NA) diagram for many diameters from many
subjects

In the most general case, at a given human tissue, there are axial velocity measurements from many
different microvessel diameters. In this case, the effect of diameter has to be taken into account and
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Fig. 4. The normative area (NA) diagram. The NR, UR, and HR described in the previous figure (Fig. 3), are shown here,
for the case of D = 21 �m. Instead of calculating the NR for each diameter separately, the confidence interval of the V-D
trendline can be used to define a “normative average axial velocity area” or “normative area” (NA) in short. The normative
(or normemic) area (NA) is shown here between the two dashed lines. Velocities below the normative area are inside the
“underemic area” (UA) of the diagram and velocities above the normative area are inside the “hyperemic area” (HA) of the
diagram.

many normative average axial velocity ranges (NRs) corresponding to many different diameters should
be estimated.

However, this could also be done by estimating the confidence interval of the regression line between
axial velocity (V) and diameter (D). In this way, a 2-D normative area can be defined with a normative
average axial velocity area (NA) diagram (Fig. 4). In this diagram there are 3 areas: the “normative” (or
“normemic”) area (NA), the “hyperemic” area (HA), and the “underemic” area (UA). The persistent
situation of average velocities in the underemic or hyperemic areas could be considered as biomarker
of an out-of-the-equilibrium, abnormal or diseased local tissue state.

2.4. Subjects and test of concept

For testing the concept of the normative model diagrams, in-vivo measurements at human conjunc-
tival diameters between 4 and 24 �m (capillaries and postcapillary venules), from the temporal side
of the right eyes, from a previous work [7], were considered. In short, data from a “Control Group”
(17 healthy volunteers) were used to define the normemic area in the NA diagram and data from a
“COVID-19 Group” (17 COVID-19 survivors shortly after hospital exit) were used to check if the
COVID-19 average trendline was inside or outside the NA.

The age for all 34 persons of both groups ranged between 39 and 68 years. Demographic
clinical data, including age, body mass index (BMI), body surface area (BSA, Du Bois for-
mula), cardiac beats per minute (BPM), and mean arterial pressure (MP), for both groups were
not statistically different. Subjects with diastolic blood pressure greater than 95 mmHg were
excluded from the study (both groups) as hypertensive. All normal volunteers of the Control
Group had no systemic or ocular disease, no alcohol or smoking habit, were not under any med-
ication, and had never tested positive for SARS-CoV-2. All measurements were performed in a
temperature- controlled environment (21 to 23◦C) after waiting for a predetermined time interval for
adaptation.
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Fig. 5. Axial velocity measurements of the Control Group in relation to microvessel diameter. The correlation was statistically
significant (p < 0.001) and the 95% confidence interval of the linear regression line is presented with 2 black dashed lines.
The 95% confidence interval sets the normative area in the normative area (NA) diagram. An average axial velocity of many
measurements at the same diameter, outside the NA, can be considered to be a biomarker of an abnormal state.

2.5. Experimental set up and measurement procedure

The experimental setup consisted of a slit lamp (Nikon FS-3V) connected with a high-speed CCD
camera (12 bit, PCO Computer Optics GmbH, Germany) and a PC (Pentium 4, 3 GHz). The system
produced digital images of 320 × 240 pixels at a frame rate of 96 frames per second (fps) with an
enhanced maximum magnification of 242× and a digital resolution of 1.257 ± 0.004 �m/pixel. The
internal diameter (D) was estimated from the coordinates of the intersection points between a vertical
line to the vessel axis and the outer limits of the erythrocyte column. Axial erythrocyte velocity (V)
was measured using the axial distance traveled by a RBC or a plasma gap, over a fixed time interval
�t. Velocities lower than 0.1 mm/s were discarded [7, 8].

2.6. Statistical analysis

The Microsoft Office EXCEL 2016 (professional edition) and the SOFA (version 1.4, Paton-Simpson
& Associates Ltd) software were used for statistics. Pearson coefficient (R) was used for measuring
the strength of the correlation between D and V. The level of significance was set at p < 0.05. The 95%
confidence interval of the linear regression line [9] between D and V was used for determining the
normemic area in the NA diagram.

3. Results

195 axial velocity measurements of the Control Group are shown in Fig. 5 in relation to microvessel
diameter. The correlation was statistically significant (p < 0.001), positive, and of moderate strength
(0.4 < R ≤ 0.6). The 95% confidence interval of the linear regression line is presented with 2 black
dashed lines and sets the normemic area in the NA diagram.

488 axial velocity measurements of the COVID-19 Group are shown in Fig. 6 in relation to
microvessel diameter. The positive correlation was weak (0.2 < R ≤ 0.4) but statistically significant
(p < 0.001).

The COVID-19 Group linear trendline is clearly outside the Control Group normemic area as it
is shown in Fig. 7. According to the proposed NA diagram model, the COVID-19 Group average
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Fig. 6. Axial velocity measurements of the COVID-19 Group in relation to microvessel diameter. The correlation was
statistically significant (p < 0.001) and the linear regression line is shown with a solid black line.

Fig. 7. The normative area (NA) diagram is shown together with the COVID-19 Group linear trendline. Each point of the
COVID-19 trendline represents the average axial velocity at the corresponding diameter. It is clear that the COVID-19
trendline is under the normemic area (NA) and inside the underemic area (UA) of the NA diagram.

velocities are located inside the underemic area and this can be considered to be a biomarker of a
COVID-19 disease state.

4. Discussion

In this work, a normative blood velocity model framework for the exchange microvessels was intro-
duced, combining the velocity-diffusion (V-J) equation and statistics, in order to define the normative
range (NR) and the normative area (NA) diagrams for discriminating normal from abnormal states.
This is different from the usual statistical processing since there is a basis on the well-known physi-
ological principle of the flow diffusion equation. On surplus, the NA diagram takes into account the
statistically significant correlation of axial blood velocity to microvessel diameter. In a successful
proof of concept for the potential use of average axial velocity as a disease biomarker, a group of
post COVID-19 patients (COVID-19 Group) was discriminated from a group of healthy individuals
(Control Group).

In a recent meta-analysis paper [3] on human conjunctival velocity metrics, a normative average axial
velocity (V) of 0.52 ± 0.03 mm/s (CI: 0.47–0.58) was proposed. However, there was no discrimination
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between the arteriolar and the venular side and the dependence of velocity on diameter was not taken
into account.

In this context, the present work aims at improving the available methodological tools, having the
following advantages.

First, V measurements were focused on the exchange microvessels (capillaries and postcapillary
venules), eliminating the noise effect from measurements on the arteriolar side due to the blood
velocity pulsation [10–13].

Second, the effect of diameter on V was taken into account by the NA diagram since the linear
positive correlation between V and D was found to be statistically significant (p < 0.001). This result is in
accordance with many previous reports [14–18]. The value of 0.52 mm/s proposed by the meta-analysis
of Patel et al. [3] is inside the normative area of Fig. 7, but only for diameters up to 9 �m.

Third, V measurements were taken from venular diameters lower than 35–45 �m. At higher diam-
eters, it is doubtful if axial velocity measurements can be performed accurately [8].

Fourth, a lower axial velocity limit was set at 0.1 mm/s [8].
Fifth, the effect of age on velocity was taken into account and the normative area of the NA diagram

was determined in healthy humans (Control Group) of a particular age group, i.e. between 39 and 68
years of age.

Sixth, the NA diagram is specific for a given species, tissue, age group, and imaging setup. In
contrast to other optical techniques [19], optical imaging is specific to a particular tissue. In humans,
known windows to observe the exchange microvessels non-invasively in specific tissues, are the eye
conjunctiva and retina, the tongue (with contact), and the finger nailfold (with contact). Consequently,
a specific NA diagram would be required for each tissue.

Seventh, a number of measurements at a small diametric range would show if the average axial
velocity lies inside the NA. For example, the average velocity value of 0.39 mm/s [7] for conjunctival
diameters between 9 and 14 �m of post COVID-19 patients is clearly outside the NA of Fig. 7. So, the
average velocity at a small diametric range, at a given tissue of a subject, could be a biomarker.

It would be interesting to see if the normative velocity model framework could be applied to other
abnormal cases, for detecting either underemia or hyperemia:

A] Regarding the human conjunctival tissue [20], velocity alterations have been reported from
induced hyperperfusion [21], hypertension [22], sickle cell disease with and without pulmonary
hypertension [14, 23], contact lens wear [15], sickle cell nephropathy [24], stroke [25], diabetic
microvasculopathy [18], normal pregnancy [26], cyanotic congenital heart disease [27], myocardial
infarction [28], and COVID-19 [7]. In an initial approach, it seems that most abnormal cardiovascular
states are related to lower average axial velocities in the conjunctival exchange microvessels. This
could be attributed to the slower nutrient supply and waste removal implied by the velocity-diffusion
equation. This argument is supported by the work of Karanam et al. [29] where a negative correlation
between cardiovascular risk (Framingham risk score) and conjunctival axial velocity was found: lower
axial velocities corresponded to higher cardiovascular risk. In addition, it seems that the increased
metabolic requirements of normal pregnancy are related to higher axial velocities in the conjunctival
capillaries of pregnant women [26] even though the conjunctival tissue is not directly related to the
fetus. The reported capillary average axial velocity of 0.95 mm/s in the third trimester of pregnancy
[26] is clearly in the hyperemic area (HA) of the Fig. 5 diagram even though the control group of this
work is not age and sex-matched to the pregnant women of Moka et al. [26].

B] Regarding the human retinal tissue, blood flow velocity measurements with high resolution digital
video fluorescein angiography were reported in the capillaries of diabetic patients [30] and healthy
subjects [31]. Arend et al. [30] suggested that perifoveal capillary velocity was found much higher than
conjunctival capillary velocity because of the higher metabolic rate of the retinal tissue, which is in
agreement with the velocity-diffusion (V-J) equation. Furthermore, the retinal capillary blood velocity
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in diabetic patients was found significantly reduced in comparison to normal subjects [30], which is in
accordance with a later report from the conjunctiva [18] and the V-J equation. Another technology for
retinal hemodynamics is adaptive optics. From the original reports on leukocyte [32] and erythrocyte
[33] velocity measurements, without contrast dye, there was important progress in the last 20 years.
In the meantime, there was tremendous growth in optical coherence tomography angiography [34].
With all the above technologies, there is hope for absolute axial velocity quantification in the human
retina, one of the most interesting and valuable human tissues. However, there are some difficulties
associated with the eye fundus [34].

C] Regarding the human sublingual tissue, velocity alterations have been reported from sickle cell
disease [35], general anesthesia [36], COVID-19 [37, 38], sepsis [39, 40], cirrhosis [41], and cardiac
displacement during off-pump coronary artery bypass (OPCAB) surgery [42]. In the sublingual tissue,
some researchers measured velocities of the order of 0.1 mm/s [38, 39] and other researchers measured
velocities of the order of 1.2 mm/s [37, 41]. There is a more than tenfold difference among these reports
which is a matter of further investigation in light of the present study. Wang et al. [43] found sublingual
blood flow increase in septic shock patients after receiving hydrocortisone combined with vitamin C
and vitamin B1. Wagner et al. [44] reported a significant increase in sublingual microvascular flow in
children undergoing major abdominal and thoracic surgery before the end of anesthesia.

D] Regarding the human nailfold tissue, velocity alterations have been reported from normal tension
glaucoma [45], local cooling [46], diabetes mellitus [47–49], hypothyroidism [50], pregnancy-induced
hypertension [51], systemic sclerosis [52, 53], acrocyanosis [54], primary Raynaud’s phenomenon [53,
54], and peripheral arterial occlusive disease [55].

In conclusion, a normative blood velocity model for the exchange microvessels was introduced,
using a combination of the velocity-diffusion (V-J) equation and statistics, for discriminating normal
from abnormal tissue perfusion states. Using this model, a group of post COVID-19 patients (COVID-
19 Group) was clearly discriminated from a group of healthy individuals (Control Group), giving
evidence for the potential use of average axial velocity as a disease biomarker.
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