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The aim of this article was to present the possibilities of use and application of color-coded
Doppler ultrasonography in the diagnosis of various diseases of the eyeball and orbit which
result from vascular disorders. Color-coded Doppler ultrasonography is recommended for the
assessment of blood flow velocity in the retrobulbar arteries. That is why the article contains

color Doppler
imaging,

technique and safety
of color Doppler

ultrasonography current recommendations for Doppler imaging in ophthalmology. The paper provides detailed
in ophthalmology, recommendations for patient’s preparation for the examination, presents the scanning tech-
Doppler effect, nique and safety of the examination, and lists ophthalmological diseases of vascular origin for
ophthalmic which color-coded Doppler ultrasonography can be applied. Furthermore, the article also pres-

indications for CDI ents other techniques applied in clinical practice for the assessment of blood flow or imaging
of vasculature of a given eyeball structure, inter alia: power Doppler ultrasonography, 3D and
4D ultrasonography, magnetic resonance angiography, spiral computer tomography, transcra-
nial ultrasonography and modern microvascular imaging. The authors emphasize the useful-
ness of color-coded Doppler ultrasonography in the diagnosis of diseases which result from
blood flow disorders within the eyeball, such as amaurosis fugax, ocular ischemic syndrome,
insufficiency in vessels supplying the carotid and vertebral arteries, posterior ischemic optic
neuropathy, glaucoma, age-related macular degeneration, vascular vision disorders, vascular
malformations, such as arteriovenous fistula, orbital varices, systemic connective tissue dis-
eases in retinopathy of prematurity, diabetes, thyroid disorders or strabismus. The application
of color-coded Doppler ultrasonography is especially important in the assessment of the vascu-
B lature of intrabulbar tumorous lesions and in the differential diagnosis of intrabulbar tumors.

Theoretical basics of color Doppler imaging
and the Doppler effect

Doppler ultrasonography is recommended for the assess-
ment of blood flow in the retrobulbar and carotid arter-
ies. This examination was introduced in the 1980s. It con-
sists in the determination of the level of artery stenosis
on the basis of flow acceleration. An estimated accuracy
of this method in the carotid arteries is ca. 50-79% when
compared to selective arteriography”. In the retrobulbar
arteries, which are vessels with the smallest diameter,
the assessment of the stenosis level is impossible. Also,
imaging of mural lesions or occlusions is limited®.The
introduction of the duplex method, i.e. a combination of

B-mode with Doppler presentation has been important
for the development of non-invasive vascular diagno-
sis®. Combining this method with color, so-called color
Doppler ultrasonography (CDU) or color Doppler imaging
(CDI), allows one to locate lesions and blood flow disor-
ders based on color coding, not only in the carotid arter-
ies, but also in the retrobulbar vessels®®. Ultrasound con-
trast agents are not widely used in the differentiation of
changes in the retrobulbar arteries, except for embolism
in the ophthalmic artery or central retinal artery, which is
in contrast to the carotid and cerebral arteries where these
substances may be used”.The addition of power Doppler
(PD) to color Doppler ultrasonography has improved the
sensitivity of detection of even small flows but without the
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determination of their direction and velocity, which has
enabled its application in ophthalmology for imaging of
intrabulbar pathological (tumorous) lesions often earlier
than in a CDI examination, and for differentiation of so-
called vascular pseudo-occlusion®. Owing to computer
processing and summarizing ultrasound scans, three- and
four-dimensional ultrasound images (3D and 4D US)offer
a three-dimensional reconstruction of the vascular struc-
ture, enabling vivid representation of the form of intrabul-
bar lesions and the assessment of the changed area®!?.
Magnetic resonance angiography (MRA) is applied for
the imaging of vascular changes through alterations of
the electromagnetic field of blood and the adjacent tis-
sues. An advantage of this technique is the possibility to
visualize vessels along their entire course, from the aor-
tic arch to the intracranial segment, without the need
for contrast. The use of this method in ophthalmology
may be significant in the identification of occlusion and
advanced stenoses of the internal carotid artery in cases
of sudden amaurosis fugax or absolute glaucoma. When
compared to arteriography, the reliability of this exami-
nation is estimated at ca. 95-100%"'"'?. Spiral computer
tomography requires contrast agent administration and
produces a spatial image of the entire vessel, but it is not
used for direct visualization of a retrobulbar vessel?.
A method used for imaging of the ophthalmic artery, cen-
tral retinal artery and posterior ciliary arteries is tran-
scranial Doppler ultrasonography (TCD-US). Owing to
this method, it is possible to evaluate the collateral circu-
lation and determine the autoregulatory capacity of the
retinal and cerebral circulation. This is feasible due to
transcranial autoregulatory tests with acetazolamide and
cerebrovascular reactivity tests with carbon dioxide. This
technique also uses color Doppler options (TCD-CD) with
power Doppler (PD)""'?, Superb microvascular imag-
ing (SMI) is a modern technique used for the assessment
of blood flow (BF). It has developed in the recent years
on the basis of the conventional color Doppler imaging
technique (CDIT). SMI may reveal microvascular BF and
low-velocity BF. There are two types of SMI: color SMI
(cSMI) and monochrome SMI (mSMI). As of this day, the
PubMed database does not contain any information about
the application of this method in the imaging of ocular
vessels. The only available data address the application
of cSMI in the examination of microcirculation in the tes-
ticles and in lung diseases!>'¥.

Doppler effect and blood flow evaluation

The assessment of alterations in the retinal and choroidal
circulation has been a subject of interest for many years.
Examination methods of arteries and veins are continu-
ously being improved, but to date, apart from CDI ultra-
sonography, no other methods have emerged. CDI ultraso-
nography determines circulation in both retinal and uveal
vessels in a direct and non-invasive manner, regardless of
the opacity of the optical media.

Blood flow velocity in Doppler ultrasonography can be
registered owing to the Doppler effect, which consists

in a change in the frequency of a reflected ultrasound
wave scattered on erythrocytes as this change is pro-
portional to blood flow velocity. The frequency of the
reflected wave is presented according to the following
formula®™:
f=f+2fvic

2 fn v/ c statement is referred to as the Doppler frequency
(f) or the Doppler shift where: f, is the frequency of a
reflected wave, f, is the frequency of an emitted wave, vis
the velocity of biological structures (here: erythrocytes),
and c is the spreading velocity of a reflected wave in a given
medium. A simplified version of the formula may be pre-
sented as follows:

f,=1. %1,

The application of the Doppler effect allows blood flow
evaluation as the Doppler frequency (f,)is proportional
to the velocity of moving blood cells. A formula which
includes angles between a moving biological structure and
a converter that receives ultrasounds is"®:

f,=2vf cosa

where a is the angle between the direction of an ultrasound
wave and the blood flow velocity vector in a given vessel
(the Doppler angle)!.

In accordance with this equation, the Doppler angle a
is important for measurement accuracy. In the exami-
nation of blood flow velocity, it is often impossible to
determine the angle at which the ultrasound beam
reaches the examined vessel. Anatomical and radiologi-
cal data show that at an angle a of0°cos 0°is 1, and the
velocity constituent equals blood flow velocity (v). In
the case when blood flow is perpendicular to the beam,
the angle a is 90°,and the Doppler effect does not appear
as cos 90°is 0. The results are falsified when the angle
between the ultrasound beam and blood flow velocity
vector increases. In the measurements of the Doppler
frequency, a variation from a 60°angle by 0° = 5°results
in a measurement error of ca. 15%,whereas the same
deviation for the angle a = 0°changes the result by a
practically unimportant value of ca. 0.5%.According
to the literature, an angle of 60° (suggested values are
39-54°) is a borderline angle for extracranial arteries
at which it is possible to achieve repeatable results. For
intracranial arteries, the angle should be between 0°
and 30°; in this case, the blood flow velocity measure-
ment error does not exceed 15%"%19,

In the research on blood flow velocity in the retrobulbar
vessels, it has been proven that maintaining the angle
a between 20°and 30°allows one to avoid measurement
errors, which usually do not exceed10% of the actual
value. Maintaining a larger angle between the ultra-
sound beam and the examined vessel, e.g. over 45°, is
a reason for a higher number of incorrect results!*!®.
According to the literature, this angle should not exceed
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30° in the examination of the posterior ciliary arter-
ies'*1® Tn accordance with the recommendations issued
in 1986bythe Nomenclature and Standards Committee
of the American Society of Echocardiography, blood
flow velocity in intracranial and retrobulbar arteries
are given in cm/s, and in larger vessels — in m/s. These
units are used in order to avoid mistakes when com-
paring research results obtained with various Doppler
devices"29, In new generation Doppler equipment,
the measurement angle is readily determined by the
examiner during the examination, which minimizes the
risk of a measurement error. Furthermore, arterial and
venous blood can be visualized thanks to color coding
based on a difference in colors(red is for flow towards
the receiver, i.e. arterial blood, and blue is for flow from
the receiver, i.e. venous blood). Within the Doppler fre-
quency range of acoustic wavelengths (<16 000 Hz), an
acoustic signal obtained during the examination enables
an auditory assessment of the Doppler signal. Exceptions
to this are very high blood flow velocities in stenoses e.g.
in the carotid arteries. In such cases, Doppler frequen-
cies that exceed the values stated above are inaudible for
the examiner®@?,

Ultrasonographic methods for blood flow
velocity measurement

In clinical practice, blood flow velocity is measured with
two methods: the continuous wave method and the pul-
sation wave method??. Nowadays, a technique which
is the most popular in ophthalmological examinations is
the duplex method i.e. combination of 2D ultrasonogra-
phy (two-dimensional real-time ultrasonography, 2D US),
impulse method and color-coded Doppler ultrasonography.
In this method, imaging of tissue structures is accurate,
and the assessment of the blood flow waveform is enabled
thanks to precise visualization of the vessel and determi-
nation of the measurement capacity in the selected site.
The angle between the ultrasound beam and the examined
blood vessel may be set automatically. A triplex method
involves the simultaneous use of all US techniques, i.e. 2D,
impulse Doppler and color Doppler.

A choice of ultrasound frequency is crucial for the assess-
ment of blood flow in examined vessels. An amplitude of
the ultrasound wave decreases with the depth of wave
penetration, and the attenuation index grows linearly with
frequency. This index ranges from 0.5 to 0.7 dB per 1 cm
for the frequency of 1 MHz. For the frequency of 4 MHz,
attenuation doubles, and for 8 MHz, it increases eightfold.
Doubling the frequency decreases the range of the exami-
nation twofold. It has been proven that the optimal fre-
quency for the assessment of blood flow in the retrobulbar
vessels located at the depth of 1.5-4 cm ranges from 5 to
10 MHz (carotid arteries, peripheral arteries, retrobulbar
arteries). Vessels located deeper are examined with trans-
ducers of lower frequencies: ca. 2.5-3.5 MHz820,

When passing through tissue, ultrasound waves are
reflected, scattered and attenuated. It has been proven

that erythrocytes are the main source of ultrasound wave
scattering for waves with the frequency of 4 to 16 MHz.
They move with various velocities: with the highest veloc-
ity in the center of the vessel, and with the lowest velocity
near its walls. The power of the Doppler signal is reg-
istered in a multilevel scale of greyness, where the lack
of the Doppler signal is marked with black, while the
strongest power of the signal is marked with white. The
Doppler waveform is represented in a three-dimensional
presentation, where the horizontal axis stands for time,
the vertical axis denotes the Doppler frequency, and the
third dimension refers to the amplitude or power of the
Doppler signal, which is presented in a multilevel grey
scale, and multipoint (128 or 256) Fourier transforms
are used in its analysis. In the clinical application, the
difference in the waveforms analyzed with this method,
is practically invisible'®29, That is why parabolic flow is
characterized by regular distribution of brightness in the
whole range of frequencies: a flattened waveform is char-
acteristic of high flow frequencies and a turbulent one is
typical of low flow frequencies.

Color coding of the Doppler frequency

In ultrasonographic methods involving color coding,
groups of colored pixels are assigned to structures with
blood flow. The pixels stand for the value of the momen-
tary frequency measured along the whole ultrasound
beam. Blood flow measurement is possible thanks to a
digital computer analysis of a large number of echoes
from numerous gates located in one measurement volume.
Coding of the Doppler signal is visualized on a color scale
which depends on a value defined in the legend. Red is
assigned to positive Doppler frequencies and denotes flow
towards the transducer. Blue is ascribed to negative fre-
quencies and represents reverse blood flow. Organs with
no blood flow are presented in the grey scale. Echoes with
a high amplitude are viewed as bright points, while dark
background represents a decreased value of ultrasound
amplitude. The lack of flow is marked black. Doppler
waveform amplitude is coded with various brightness of
red or yellow as a result of positive and negative Doppler
frequencies. No color in the examined area means no flow
recorded529,

Power of the ultrasound wave and safety
of CDI

The power of ultrasounds which may be safely used
in mammalian tissues was defined by the American
Institute for Ultrasound in Medicine®?. A paper that is
particularly important in Poland is one by Filipczynski
et al. who started to examine the possibility of apply-
ing ultrasound in ophthalmology and its impact on the
eyeball structures in 1967??. Biological phenomena
that occur in response to ultrasounds are determined
by intensity (I) in W/cm?. When defining this parameter,
it is crucial to obtain information about the correla-
tion of spatial and temporal intensity distribution with
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parameters of the ultrasound field, i.e.: duration of an
impulse, section of an ultrasound beam, as well as length
and depth of a focus. Nowadays, it is known that a safe
dose of ultrasound intensity, having included a maximal
value in space and a mean one in time, is max. 0.1 W/cm?
for anon-focused ultrasound wave and max. 1.0 W/cm?
fora focused beam. In 1992, ultrasonographic devices
were standardized, and an obligation was introduced to
place a safety note on the screen of the monitor. Values
concerning mechanic vibrations and protection against
thermal damage to tissues are expressed with mechani-
cal and thermal indices. Maximal intensity of ultrasound
devices may reach up to 720 mW/cm?. A range safe for
eye tissues is from 17 to 720 mW/cm? on condition that
the mechanical index does not exceed 0.23?22%,

The mechanical index (MI) informs about the occur-
rence of possible biological effects and is displayed on
the screen during the examination. In ophthalmological
examinations, this parameter cannot exceed 0.23 (for
other organs, its maximal value may not exceed 1.9).
The MI covers a possibility of a cavitation phenomenon
in the examined tissues or changes in the gas bubble
dynamics in the ultrasound field; they either fall into
vibrations near the resonance frequency, or collapse and
emit a large amount of energy and induce temperature
growth. This phenomenon also results in the emergence
of hydroxide and hydrogen free radicals which may
cause undesirable biochemical changes, such as changes
in the structure of the vitreous body or lens. They are
either reversible (when low-frequency but high-intensity
transducers are used) or irreversible (in the case of high-
frequency and low-intensity ultrasound beam absorp-
tion, which results in local temperature growth). These
observations are especially important for fetal examina-
tions during pregnancy and in neonatal examinations.
The thermal index (TI) is connected with heat produc-
tion through the absorption of acoustic energy which
is concentrated within the region of a focused beam in
impulse Doppler ultrasonography. This is in contrast
to the B-mode US where energy is distributed over a
large area. A phenomenon of energy absorption varies
across different tissues in the organism e.g. no energy
absorption has been found in blood, amnion and urine.
For comparison, bones may absorb 60-80% of acoustic
energy. The TI may not exceed 2.0%'?¥, What is important
for energy accumulation is the attenuation index which
depends on tissue properties. A mean value of this index
for homogenous tissues is 0.3 dB/cmMHz. A low value of
this index at high wave intensity does not result in energy
absorption in tissues, whereas low intensity of the acous-
tic field at a high value of the attenuation index may
result in significant temperature growth in the examined
tissue. An additional index of local temperature increase
is the level of energy absorption in the individual layers
of the examined organ. An increase in attenuation when
passing through the consecutive tissues decreases energy
which changes into heat. The literature provides no data
on tissue damage and energy accumulation in in vivo
settings when an impulse method is applied for a short
period of time. According to the literature, the Doppler

assessment should be conducted carefully during long
Doppler examinations of blood flow in peripheral ves-
sels (1-10 minutes). This refers to the examinations of
the eyeball, umbilical cord and fetus®*?>. The discussed
indices do not predict biological effects of tissues dam-
age. However, they provide information about a relative
probability of their occurrence. In order to obtain the
expected diagnostic information, the MI and TI should
be as low as possible®®,

Factors affecting blood flow velocity changes
in the retrobulbar vessels in CDI

The basis for correct interpretation of a CDI result is
an accurately performed technical part of this examina-
tion. Numerous researchers who investigate the imple-
mentation of the Doppler technique in ophthalmology
emphasize a relationship of examination results with
researcher’s experience and their knowledge of a given
device?632,

Maintaining a proper measurement angle between the
axis of the examined vessel and the ultrasound beam
reflected from blood cells is important for the correct per-
formance of an ophthalmological examination. It allows
the results to be compared as the signal is in this case
strong and the measurement error is minor. An important
condition that must be met to avoid errors is the use of a
proper probe frequency in relation to the depth at which
the measurement is taken. For the retrobulbar arteries,
the frequency range is 7.5-10 MHz. These parameters
of ultrasound transducers are the most favorable at the
depth of 4-10 cm®@”.

The most commonly encountered problem when record-
ing the Doppler waveform in small vessels in patients with
vascular ophthalmological diseases is blood flow turbu-
lence or the impossibility to record blood flow amplitude.
The reasons for such phenomena are usually improper
power of the Doppler amplification and an improper loca-
tion of the measurement volume in the examined arter-
ies. Should they occur, the amplification of the measure-
ment beam should be applied to such a value at which the
Doppler record will be legible for the examiner, without
noises from the Doppler device!"®. Depth of measurement
is another factor that plays an important role in the inter-
pretation of the results. The distance of a sampling gate
should be constant during consecutive measurements of
the same vessel in one patient. It has been observed that
once the probe position changes even by millimeters,
there is also a change in the recorded blood flow veloci-
ties in the examined vessel. The access angle should not
exceed 30°in CDI examinations of the retrobulbar arter-
ies. Increasing the angle to 80 or 90° makes a correct
analysis of blood flood velocity impossible. Also a change
in the depth of the measurement volume may result in a
measurement error of even 20%*!517:28293339 The most
reliable results of blood flow in the retrobulbar arteries
are obtained at angle correction of 0-30°, when the maxi-
mal measurement error does not exceed 15%!>!72%,
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The larger the distance between the examined vessel and
the posterior pole of the eyeball, the higher the parameters
of systolic and diastolic blood flow velocity. The Doppler
waveform should reach up to 2/3 of the maximal value on
a velocity scale, and the zero line should be set as low as
possible. However, in order to record a flow velocity wave-
form from the central retinal artery, the zero line should
be set in such a manner to enable the waveform from the
central retinal vein to be recorded below it. An outline of
the Doppler waveform may be done manually or auto-
matically. The latter method is not always recommended
as it includes artefacts in calculations. Manual outline of
the waveform may be done continuously or by joining the
set points. Depending on the examiner’s experience, the
measurement error may reach 20%%7-%, as various authors
claim.

Color imaging of blood flow velocity sometimes generates
problems connected with too many colors in the examined
site and in the adjacent tissues. When adjusting color, the
velocity scale should be set at the level of the expected
maximal velocity. However, one should remember that
color pixels present average and not the highest values
of blood flow velocity. Color enhancement should not
exceed 60-70% of velocity adequate for the examination.
An image of a multicolor mosaic around the measurement
gate may be connected with turbulences in blood flow or
depict too high velocities in a given fragment of the vessel.
Total color fading in the examined fragment of the vessel
is usually a result of slower blood flow. Broadening of
the waveform outline or a mirror reflection of the wave-
form on the other side of the zero line may occur at too
high intensity of Doppler signal noises or when the angle
between an examined vessel and the ultrasound beam is
set improperly.

An unintended pressure of the probe on the eyeball in the
assessment of blood flow and secondary growth of intra-
bulbar pressure may result in a measurement error. When
examining the smallest vessels, it is therefore important not
to press the transducer on the eyeball in order to obtain a
more detailed Doppler signal.

Values of blood flow velocity parameters in the bulbar
arteries depend on the patency of the carotid arteries
and vessels located distally to these vessels. The for-
mation of collateral vessels (the synonymous anterior
carotid artery, anterior and posterior communicating
arteries, contralateral internal carotid artery, basilar
artery, additional connections in the pia mater, collat-
eral branches of arteries of both cerebral hemispheres)
is crucial for blood flow maintenance in internal carotid
artery occlusion. The highest pressure reduction in the
afferent vessel is observed when an obstacle is located
closer to the eyeball. No CDI flow waveform is observed
in central retinal artery embolism when collateral cir-
culation cannot be formed. In the case of occlusion in
either one or both short posterior ciliary arteries, blood
flow is interrupted in the area supplied by these vessels
as they are final by function, and CDI reveals turbulent
blood flow, without traits of the diastolic phase.

When outflow is hindered as a result of narrowing located
peripherally to the examined site, one may observe low-
ering of the maximal systolic velocity and disturbance
of the flow waveform. An unambiguous interpretation
of this is, however, difficult due to the fluctuation of
velocity values, also when no narrowing is found*20.
Blood pressure beyond the narrowing depends on the
efficiency of the collateral circulation, and abnormali-
ties in these connections may be a reason for flow tur-
bulences and low post-stenotic pressure values. In the
case of vascular dilation behind the narrowed fragment,
flow is disordered, which results in considerable lower-
ing of blood flow velocity, filling the spectral window and
retrograde flow. A so called “back and forth” waveform
may be observed directly behind the occlusion, at a dead
end of a vessel. Such a flow is observed in occlusion and
closure of the central retinal artery or posterior ciliary
arteries529,

The Doppler assessment of blood flow in venous vessels
of the eyeball and orbit is hindered when compared to
the arterial system, mainly because of low perfusion
pressure and a specific anatomical structure of these
vessels. Furthermore, cardiac efficiency, right atrial
pressure and changes in respiratory frequency influ-
ence alterations in blood flow capacity, especially in
the area of the retrobulbar veins. The Doppler signal
of venous blood flow is characterized by flow phasicity
depending on the respiration phase, flow acceleration
connected with pressure of the ultrasound transducer
on the examined fragment of the vessel and no reverse
flow. The lack of these traits may be a sign of a difficulty
in blood outflow®!3?,

A flow waveform in the retrobulbar arteries in Doppler
ultrasonography presents vascular flow velocity altera-
tions in accordance with a cardiac cycle phase. Parameters
determined during a Doppler examination are: peak sys-
tolic velocity (PSV), end diastolic volume (EDV),mean
velocity (V__ ), resistance index (RI), and pulsatility index
(PI). Calculations of theses parameters are based on sys-
tolic velocity, diastolic velocity and mean velocity of flow.
The pulsatility index was introduced by Gosling in 1974,
and, in its simplified version, it is expressed as a quotient
of a difference between systolic and diastolic velocity, and
mean velocity. This index is independent of the frequency
of a transmitted ultrasound wave and the angle between
the ultrasound beam and the course of a given vessel. This
index is very accurate for vessels with a good pulsatil-
ity. In the bulbar circulation, it reaches its peak in the
ophthalmic artery, and then drops gradually in the short
posterior ciliary arteries to reach its lowest value in the
central retinal artery. The values of the pulsatility index
are highly variable and may increase with age, according
to some authors®3-39,

The Pourcelot index, also known as the resistance index
(RI), indirectly determines vascular resistance and is
based on the analysis of maximal systolic velocity and
end-diastolic velocity. It is expressed as a quotient of a
difference between systolic velocity and diastolic velocity,
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and systolic velocity. The value of this index is the high-
est in the ophthalmic artery and decreases gradually in
the short posterior ciliary arteries, just as the pulsatility
index, to become the lowest in the central retinal artery.
An increase in peripheral resistance in the retrobulbar
vessels is connected with the reduction of end-diastolic
velocity and may remain unchanged or grow with age in
healthy individuals, although this is not confirmed in all
publications®#36:37),

In a CDU examination of the retrobulbar arteries, the
assessment of the level of vascular narrowing, determi-
nation of its patency and measurement of the vascular
cross-section are difficult due to a small diameter of these
vessels. An important trait characterizing the narrowing
of the vascular diameter is the shape of the flow waveform
which depends on several hemodynamic factors, such as:
blood inflow and outflow velocity in the examined site,
vascular elasticity, cardiac systolic function, direction of
ultrasound beam dispersion in relation to flowing blood,
and patient’s age. Maximal peak systolic velocity of blood
flow in the retrobulbar arteries may remain unchanged
in relation to the patient’s age or it may be decreased.
Opinions in this subject vary®+37, Sex has little impact
on the character of blood flow in the retrobulbar arteries.
Moreover, there are no statistically significant differences
between flow velocity in the right and left eye in healthy
individuals®34.

Scanning technique in retrobulbar vessel
examination and patient preparation for CDI

Before a CDI examination, the patient should lie down
with their eyes closed, both eyes kept straight. With this
eyeball position, one may localize and image all the ret-
robulbar arteries within the orbit. If small arteries (i.e.
the central retinal artery or posterior ciliary arteries) are
impossible to find, the patient should be asked to look
down. In this eyeball position, the central retinal artery
is the easiest to see in diseases connected with blood
flow insufficiency in this area®®*). The most common
probe for the assessment of the retrobulbar circulation
is a linear probe (or a sector probe) with a frequency of
7.5 MHz. It is placed on the upper eyelid covered with
gel, with minimal pressure on the eyeball in order to
avoid intrabulbar pressure growth. CDI examination
should be conducted after a 5-minute rest and after sys-
temic and intrabulbar blood pressure measurement, the
values of which ought to be within referential ranges for
a given age“.

Smokers should be asked to avoid smoking and drink-
ing alcohol and caffeine for ca. 12 hours before the CDI
examination. Factors that must always be taken into con-
sideration during the assessment of blood flow in the ret-
robulbar vessels are cardiovascular diseases, optic nerve
disorders, ophthalmological disorders with a vascular
background, especially in diabetes mellitus and prolifera-
tive retinopathy, diseases connected with the carotid and
vertebral artery dysfunction as well as eyeball and orbital

injuries. Furthermore, a person performing and inter-
preting the examination should pay special attention to
the morphology of the vascular wall and efficiency of the
carotid and vertebral supply arteries. An additional factor
that influences the retrobulbar circulation is the applica-
tion of local medications in the form of eye drops. This
should always be noted during the flow analysis, especially
in patients with glaucoma.

The knowledge of the anatomical course and diameters
of the arteries and veins in the retrobulbar area is sig-
nificant for the correct performance of a color Doppler
examination. A reference point for the location of the
retrobulbar vessels is the hypoechogenic shadow of the
optic nerve (US B). In order to detect an individual ves-
sel, one needs to be acquainted with the anatomy of the
retrobulbar area and the characteristic flow waveforms
in the examined arteries. The results of retrobulbar
artery examination with CDI are characterized by high
repeatability, but the measurements are observed to vary
across examiners!~?,

Ophthalmic artery

The first assessed artery that supplies blood to the eyeball
is the ophthalmic artery (OA), which is the first branch
of the internal carotid artery. It separates from the inter-
nal carotid artery inside the dural sac. The OA enters
the optic canal in the orbital apex by piercing the dural
sheath of the optic nerve. The OA changes its course in
the orbit; it is first located laterally on the dural sheath of
the optic nerve, next it moves onto its upper and medial
parts and runs between the rectus, medial rectus and
superior oblique muscles. The OA vascularizes the area
supplied by the first branch of the trigeminal nerve and
gives rise to the following branches: the central retinal
artery, the long posterior ciliary arteries and the short
posterior ciliary arteries. Next, the OA gives rise to mus-
cular branches to the eyeball muscles and the lacrimal
artery to the lacrimal gland and eyelids. It also gives
rise to vessels running to the nasal cavity and paranasal
sinuses: the anterior and posterior ethmoidal arteries. The
posterior ethmoidal artery reaches the sphenoidal sinus,
while the anterior ethmoidal artery gives rise to the ante-
rior meningeal branch to the anterior cranial fossa. Its
further branches are nasal cavity arteries: the anterior
nasal arteries, collateral nasal arteries and nasal septum
arteries. The OA’s final branches are the supratrochlear
artery and the supraorbital artery. The supratrochlear
artery runs on the inner side of the orbital vault. Having
left the orbit, it gives rise to the dorsal nasal artery that
communicates with the angular artery, which is the ter-
minal branch of the facial artery. The supraorbital artery
supplies the superior rectus muscle and levator palpe-
brae superioris. According to numerous investigations,
the OA usually runs laterally to the optic nerve, although
it has also been found inferior and medially to the optic
nerve. Some researchers have reported the location of
the OA under the optic nerve®>39. In the cases of circula-
tory insufficiency in the retina, blood is supplied to the
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Fig. 1. Normal blood flow velocity waveform in the ophthalmic ar-
tery (OA) in CDI

eyeball through anastomoses formed between the OA and
other arteries, which include the connections between the
medial meningeal artery and the lacrimal artery, between
the angular artery branching off from the facial artery and
the dorsal nasal artery separating from the OA, between
the infraorbital artery of the maxillary artery and mus-
cular branches of the OA, between the temporal artery
and lacrimal and muscular branches from OA, between
terminal branches of the internal carotid artery and simi-
lar branches from the OA, which connect with each other
in the superior orbital fissure. The OA lumen is from 0.7
to 1.4 mm®©®. The OA has a high-resistance flow wave-
form with a rapid increase of the systole and a shortened
diastolic phase (Fig. 1). The measurement angle for this
vessel should not exceed 60°. Flow velocity parameters in
the OA are usually taken at the intersection of the OA with
the optic nerve, i.e. 20-25 mm behind the eyeball in the
nasal part of the orbit.

Central retinal artery and vein

The retinal and ciliary arteries are two separate systems
that vascularize the eyeball. These systems differ in terms
of anatomy and functions. A diameter of the central retinal
artery is ca. 0.2 mm®©73%,

The central retinal artery (CRA) is the terminal vessel
branching off from the OA. The outer diameter of the
CRA is 0.6 mm and does not significantly differ between
the right and left side in the same individual®>-#Y, A
diameter of the central artery is ca. 0.2 mm and its
branches are anatomically terminal. In a layer of nerve
fibers, there are primary and secondary CRA arterial and
venous branches. Directly behind the lamina cribrosa
sclerae in the optic nerve canal, one can observe double
red and blue color coding in a CDI image, which depicts
the presence of the central retinal artery and vein in the
same area. The Doppler examination presents arterial
and venous flow velocity waveforms which correspond
with the central retinal artery (CRA) and the central reti-
nal vein(CRV) running side by side (Fig. 2). For these
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Ves-5/D 3.15
Ves-RI1 0 68

Ves-PS 12 26¢m/fs
Ves-ED 3.b9cm/s
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[WMF 120 Hz
SY Angle 30
size 1.0mm

Fig. 2. Normal blood flow velocity waveform in the central retinal
artery (CRA). Note the amplitude of the flow waveform cha-
racteristic of the central retinal vein, visible below the iso-
electric line

arteries, velocity is measured at a distance of 1-3 mm
beyond the posterior pole of the eyeball. The flow veloc-
ity waveform in the CRA is characteristic of arterial flow
with a low amplitude and typical peaks for systolic and
diastolic velocities visible above the zero line. The flow
velocity waveform in the CRV presents even flow below
the zero line®?.

Posterior ciliary arteries

The lateral posterior ciliary artery (LPCA) and the medial
posterior ciliary artery (MPCA) give rise to numerus
branches (10-20) of the short posterior ciliary arterioles
and two long posterior ciliary arterioles. A diameter of
short posterior ciliary arteries (SPCAs) is ca. 0.1-0.2 mm.
These arteries penetrate the sclera in the posterior pole and
form one layer of capillary vessels, adherent to Bruch’s
membrane and the retinal pigment epithelium (RPE). The
measurement of flow parameters in the PCAs is possible
at a distance of ca. 3-5 mm from the posterior pole of the
eyeball (Fig. 3 and Fig. 4).

CDI in ophthalmological practice

A CDI examination has been used for the identification of
ophthalmological disorders with a vascular background
for many years. It is a method of choice in the diagnosis
of bulbar circulation disorders, such as: amaurosis fugax,
ocular ischemic syndrome, insufficiency in vessels supply-
ing the carotid and vertebral arteries, posterior ischemic
optic neuropathy, glaucoma, age-related macular degen-
eration, vascular vision disorders, vascular malforma-
tions, such as arteriovenous fistula, orbital varices, and
systemic connective tissue diseases“>*?. What is more, the
diagnostic application of the CDI method has been used
in the assessment of flow hemodynamics in retinopathy of
prematurity, diabetes mellitus, thyroid disorders, and stra-
bismus*-3%, On the basis of long-term research, it seems
that diagnostic CDI is particularly valuable in the assess-
ment of vascularization of intrabulbar tumorous changes
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Fig. 3. Normal blood flow velocity waveform in the posterior ciliary
artery: the medial/nasal branch (MPCA/NPCA)

and in differential diagnosis of intrabulbar tumors. The
assessment of intrabulbar tumor vasculature combined
with a US B examination and other ultrasound traits
determined with CDI enable the differentiation between
a benign tumor and a malignant one with sensitivity of
83.7% and specificity of 75.7%"V. It also seems that the
introduction of the modern SMI technique into Doppler
diagnostic imaging, enabling detection of very slow blood
flow, may increase the detectability of intrabulbar tumors
at a very early stage®?. Owing to the availability of CDI,
its safety and non-invasiveness, this method can have
multiple applications as an adjunct to the differential
diagnosis in numerous ophthalmological disorders with
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