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Incorporating different data processing methods, optical coherence tomography (OCT) has the

ability for high-resolution angiography and quantitative flow velocity measurements. However,

OCT angiography cannot provide quantitative information of flow velocities, and the velocity mea-

surement based on Doppler OCT requires the determination of Doppler angles, which is a chal-

lenge in a complex vascular network. In this study, we report on a relative standard deviation OCT

(RSD-OCT) method which provides both vascular network mapping and quantitative information

for flow velocities within a wide range of Doppler angles. The RSD values are angle-insensitive

within a wide range of angles, and a nearly linear relationship was found between the RSD values

and the flow velocities. The RSD-OCT measurement in a rat cortex shows that it can quantify the

blood flow velocities as well as map the vascular network in vivo. Published by AIP Publishing.
https://doi.org/10.1063/1.5009200

Doppler optical coherence tomography (OCT) and OCT

angiography have been used widely to quantify flow and

map microvascular networks in biological research and clini-

cal diagnosis, such as cerebral flow imaging,1–4 ophthalmic

imaging,5 and tumor microvascular imaging.6 In OCT angi-

ography, the microvascular network can be mapped using

Doppler variance,7–9 speckle variance,10 speckle decorrela-

tion,11 optical micro-angiography,12 and intensity-based sub-

traction.13 OCT angiography can provide the distribution of

blood flow; however, it lacks information on quantitative

flow velocities. Doppler OCT, combining the Doppler princi-

ple with OCT, has been used for the quantitative velocity

measurement of blood flow.14–18 However, the velocity mea-

surement based on Doppler OCT requires the calculation of

Doppler angles (angle between the blood vessel and the

OCT beam). It is a challenge to determine Doppler angles in

a complex network of a large number of vessels. Without

Doppler angles, only the velocity component along the OCT

beam can be quantified and mapped. Incorporating the fac-

tors of the flow velocity and the blood diameter, the flow rate

can be calculated by the measurement of the velocity compo-

nent along the OCT beam direction and the vessel’s cross-

sectional area perpendicular to the OCT beam without the

explicit information of the Doppler angle.19 However, when

the vessel axial direction is almost perpendicular to the OCT

beam, both the cross-sectional area and the Doppler phase

change cannot be measured accurately, which results in large

uncertainty in the measurement of the flow rate. Doppler var-

iance methods have been developed for the vascular map-

ping and quantification of the flow velocities with a pre-

determined calibration when the OCT beam is nearly perpen-

dicular to the flow direction.7,8,20 It was demonstrated that

when the angular deviation from perpendicular incidence is

less than 12�, Doppler variances are insensitive to Doppler

angles.20 However, for complex vascular networks, the angu-

lar distribution may not be limited to this small range. For

vascular imaging, an ideal imaging method should be able to

provide both vascular network mapping and quantitative

information of flow velocities within a wide range of

Doppler angles.

In this study, we report on a relative standard deviation

OCT (RSD-OCT) method for both microvascular network

mapping and quantitative flow velocity measurements,

which does not require the explicit calculation of Doppler

angles. From flow phantom validation, it is found that the

RSD values are angle-insensitive within a wide range of

Doppler angles and have a nearly linear relationship with the

flow velocities until saturation. After a pre-determined cali-

bration, the RSD-OCT method can quantify the flow velocity

in vivo. Comparison of the cerebral blood flow measure-

ments in a rat cortex using RSD-OCT and Doppler OCT

shows that RSD-OCT can quantify the blood flow velocities

and map the microvascular network in vivo without the pre-

determination of Doppler angles.

Based on the analysis of the speckle pattern, temporal

normalized variance Var of speckle amplitudes at a given

point within a time window mainly depends on the scatterer

displacement vector Dx
*

and the beam width p
*

along the
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direction of Dx
*

, which can be approximately modeled by a

Gaussian function21–23

Var ¼ 1� exp � 1

2
� Dx

*

p
*

 !2
2
4

3
5
: (1)

When the magnitude of Dx
*

is equal to zero, that is, there is

no scatterer displacement, the variance Var will be zero.

When the magnitude of Dx
*

is large enough compared to

the magnitude of p
*

, Var will be close to one. When Dx
*

is

equal to p
*

, Var will be equal to 1� e�1=2. Considering the

Brownian motion and scattering properties of the scattering

medium, Var can be described by the following equation:

Var ¼ K � 1� exp � 1
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Var will be equal to B when Dx
*

is equal to zero and be equal

to K þ B when Dx
*

is much larger than p
*

. The factors K and

B are mainly related to the Brownian motion and scattering

properties. As scatterer displacement vector Dx
*

can be

determined by the product of the fluid velocity v
*

and sam-

pling time interval Dt, Var can be described by the following

equation:

Var ¼ K � 1� exp �Dt2

2
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The beam width p
*

incorporates axial and lateral compo-

nents, which can be assessed by the axial and lateral resolu-

tions in the OCT system. When the lateral resolution is close

to the axial resolution, the beam width p
*

is not sensitive to

the angles over a broad range of orientations. Therefore, Var
mainly depends on the velocities and sampling time intervals

for a specific scattering medium. The normalized variance in

the time domain at one location can be evaluated as the rela-

tive standard deviation by the following equation:

RSDi;j;z ¼
ri;j;z

�Fi;j;z
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

M� 1
�
XM�1

m¼0

Fiþm;j;z � �Fi;j;z

� �2

s

�Fi;j;z

¼
ffiffiffiffiffiffiffiffi
Var
p

; (4)

where RSDi;j;z, ri;j;z, and �Fi;j;z are the relative standard devia-

tion, standard deviation, and the average of the amplitudes

from the A-lines of i to iþM� 1 at the B-scan of j and the

depth of z, respectively. Fi;j;z is the amplitude at the A-line of

i, the B-scan of j, and the depth of z, and M represents the

window for the RSD calculation. The A-lines of i to iþM�
1 can be regarded to be captured at the same lateral location

when the A-line number is high enough in a small range of

the B-scan. From Eq. (4), the accurate relationship between

RSD values and flow velocities is an exponential term.

However, when the RSD values are relatively low compared

to the saturated values, there is a nearly linear range between

RSD values and the fluid velocities.

We used a swept source OCT system for flow velocity

measurements, which is shown in Fig. 1. A swept source

with a central wavelength of 1310 nm and an A-line speed of

50 kHz was used in the OCT system. The structure of the

OCT system is similar to that in our previous studies.24,25

The axial and lateral resolutions were 14.6 lm and 17.5 lm

near the focus, respectively, and so, the lateral resolution

was close to the axial resolution. In order to validate our

measurement, a syringe pump was used to infuse fluid into a

polymer tube with an inner diameter of 1.0 mm. The polymer

tube was fixed on a rotation stage for the adjustment of the

Doppler angle between the flow direction and the OCT beam

direction. One hundred repeats of B-scan imaging were cap-

tured for measurements of the accurate flow velocities.

A flow phantom was used to validate RSD measure-

ments. With different velocities of 6% intralipid solution

infused by the syringe pump at different angles, the correla-

tion between the RSD values and flow velocities were ana-

lyzed and the angle-insensitivity of RSD values was

evaluated. Since it is difficult to simulate the flow from a the-

oretical perspective due to the absence of some parameters,

such as the accurate pump infusion velocities and properties

of the polymer tube wall, the flow velocities were deter-

mined by the OCT Doppler phase shift measurements based

on the Doppler principle. The Doppler phase shift measure-

ment has been a reliable and effective method to measure the

flow when the flow direction is not nearly perpendicular to

the beam direction.14 Briefly, the phase shift is used to calcu-

late the velocity v by the equation v ¼ k0�D/
4p�n�cos ðhÞ�Dt, where

k0 is the vacuum center wavelength of the light source, n is

the refractive index, h is the Doppler angle, D/ is the phase

shift between A-lines measured from OCT data, and Dt is

the time interval between A-lines. The parameters of k0 and

n are 1310 nm and 1.4, respectively. Phase wrapping is cor-

rected for the calculation of the accurate phase shift. The

accuracy of Doppler phase shift measurements to determine

flow velocity mainly depends on the angle determination.

When angles are close to 90�, small errors of angle measure-

ments will result in significant differences in the flow veloci-

ties. However, when the angle is far away from 90�, the

errors of flow velocity measurements caused by the angular

uncertainty are small. Therefore, the relationship between

RSD values and flow velocities was analyzed with the

Doppler angle h of 120� controlled by the rotation stage. The

window M for RSD measurements was 5, and the A-line

time interval Dt between adjacent A-lines was 0.02 ms.

Figure 2(a) shows the phase shift images and RSD images

FIG. 1. Schematic of a RSD-OCT system. The OCT system uses a swept

source with a central wavelength of 1310 nm and an A-line speed of 50 kHz.
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where the infusion velocities of the syringe pump were set to

0 mm/s, 20 mm/s, 40 mm/s, 60 mm/s, and 80 mm/s. The infu-

sion velocities of the syringe pump were average velocities

controlled by the syringe pump. In the theoretical forms of

the velocity profiles, the maximum velocities were located in

the central region of the tube and velocities decreased from

the central region to the wall of the tube. The Doppler phase

shift images showed similar distributions. The depth-

resolved RSD profiles measured in the green dashed region

indicated in Fig. 2(a) are shown in Fig. 2(b). The RSD values

increased from the upper edge of the tube and reached a

maximum in the central region of the tube, which accords

with flow distribution in a tube. Then, the RSD values

decreased rapidly as the depth increased due to the decrease

in flow velocities and the attenuation of OCT signals. Linear

fitting between the RSD value and the flow velocity was ana-

lyzed. The RSD values were obtained, and flow velocities

were calculated from the central region of the tube, which

was indicated by the white solid box in Fig. 2(a) and the ver-

tical dashed line in Fig. 2(b). The local flow velocities calcu-

lated by the Doppler phase shifts were 3.8 mm/s, 36.4 mm/s,

65.2 mm/s, 93.9 mm/s, and 125.4 mm/s in the central region,

when the infusion velocities of the syringe pump were set to

0 mm/s, 20 mm/s, 40 mm/s, 60 mm/s, and 80 mm/s. The cen-

tral region of the tube was selected so that the measured

velocities could cover the widest range. From Fig. 2(c), it is

found that the RSD value increased with the increase in the

flow velocity and the correlation coefficient R2 was larger

than 0.99 when RSD values were in the range of 0.32–0.40.

The RSD value had a nearly linear relationship with the flow

velocity at this Doppler angle.

In order to validate the angle-insensitivity of RSD val-

ues, the RSD values were measured when the Doppler angle

changed from 40� to 140� covering the normal range in angi-

ography. When the intralipid solution was infused with the

same flow velocity, the RSD values did not change with the

different Doppler angles, which is shown in Fig. 3(a). From

Fig. 3(b), it is found that the RSD value increases when the

infusion velocity increases and has a nearly linear relation-

ship with the flow velocity. The RSD value is dependent on

the flow velocity and insensitive to the Doppler angle within

this range.

After validating the RSD-OCT system using the intra-

lipid flow phantom, we applied it for microvascular net-

work mapping and quantitative flow velocity

measurements in a rat brain cortex. As the optical proper-

ties of the intralipid solution are much different from those

of rat whole blood, we calibrated the RSD-OCT system

using rat whole blood before the in vivo imaging, which is

shown in Fig. 4. With a Doppler angle of 120� controlled

by the rotation stage, phase shift images and RSD images

are shown in Fig. 4(a). When the infusion velocities of the

syringe pump were set to 0 mm/s, 20 mm/s, 40 mm/s,

60 mm/s, and 80 mm/s, the local velocities measured based

on the Doppler phase shifts were 1.5 mm/s, 23.4 mm/s,

46.8 mm/s, 70.2 mm/s, and 93.4 mm/s in the region indi-

cated by the white solid box in Fig. 4(a). Due to the high

scattering of the blood samples, the central region of the

tube cannot be imaged clearly, and so, we selected a region

close to the central region of the tube. From Fig. 4(b), it is

found that the RSD value increases with the increase in the

flow velocity in the indicated region. After the RSD value

increases to about 0.49, it will not change significantly

with the increase in the flow velocity and reach a plateau

stage. A fully developed OCT speckle pattern follows a

Rayleigh-distribution, and so, the theoretical maximum

RSD value is 0.52.26,27 When the RSD values without satu-

ration [blue rectangular region in Fig. 4(b)] are analyzed,

the relationship between the RSD value and the flow veloc-

ity is approximately simplified to the linear equation

RSDi;j;z ¼ k � Dt� vi;j;z þ b. Factor k is 61/mm, factor b is

0.4, and the correlation coefficient R2 is 0.99 using linear

FIG. 2. Measurements of RSD values

in intralipid solution with a Doppler

angle of 120�. (a) Phase shift images

and RSD images during the increase of

infusion velocities. (b) Depth-resolved

RSD profile in the green dashed region

shown in (a): the velocities reach the

maximum in the central region of the

tube. (c) Linear fitting between the

RSD value and the flow velocity: the

RSD values are obtained from the cen-

tral region of the tube, which are indi-

cated by the white solid box in (a) and

the dashed line in (b). When the pump

infusion velocities were 0, 20, 40, 60,

and 80 mm/s, the local velocities calcu-

lated by the phase shifts were 3.8 mm/

s, 36.4 mm/s, 65.2 mm/s, 93.9 mm/s,

and 125.4 mm/s in the central region.

Error bars represent the standard devia-

tions of RSD values from 100

replications.

181101-3 Zhu et al. Appl. Phys. Lett. 111, 181101 (2017)



regression analysis for the OCT system and the rat whole

blood sample when RSD values are in the range of

0.40–0.49.

After calibration using rat whole blood, a rat brain cor-

tex was imaged using the RSD-OCT system, as shown in

Fig. 5. Soft tissues were removed, and the skull was thinned

over the left primary somatosensory cortex. Different A-line

intervals were applied to detect velocities in a wider range.

The increase in Dt will result in the increase in the RSD

value until the RSD value reaches saturation. The maximum

intensity projections (MIPs) of the Doppler shift and the

RSD value are shown in Fig. 5(a). With a shorter A-line

interval, the faster velocity can be calculated from the phase

shifts and RSD values; however, the slower velocity cannot

be detected. With the increase in the A-line interval, slower

velocities become detectable; however, the phase shift wraps

and RSD values become saturated for faster velocities.

The RSD projections with different A-line intervals are

merged to detect velocities within a wider range. The main

idea is that the flow is measured with a larger A-line interval

for sensitive and accurate quantification, and the A-line

interval used in the measurements should avoid RSD satura-

tion. Therefore, for each point in the projection, an appropri-

ate A-line interval should be selected and the corresponding

RSD value is extracted. RSDk
i;j is the RSD value at the A-line

of i and the B-scan of j in the RSD maximum intensity pro-

jection with the A-line interval of Dtk. The A-line intervals

of Dt1, Dt2, Dt3, Dt4, and Dt5 are 0.02 ms, 0.04 ms, 0.10 ms,

0.20 ms, and 0.40 ms, respectively, in this study. The flow

velocity Vi;j at the A-line of i and the B-scan of j is deter-

mined by Vi;j ¼
RSDk

i;j�b

Dtk�k , where Dtk is the largest A-line inter-

val with which RSDk
i;j is in the linear range. The factors b

and k can be determined based on the calibration using rat

whole blood in Fig. 4(b) and the background measurements

of the projections, respectively. Figure 5(b) shows the maxi-

mum velocity projections of the microvascular network in a

rat brain cortex. Velocities are extracted from 5 positions in

Fig. 5(b), which are compared with the values calculated

from the Doppler shifts. For the velocity quantification using

Doppler OCT, the Doppler angles of 5 positions on major

branches were calculated based on the reconstruction of

the branch skeletons, which was described by the previous

FIG. 3. RSD values measured at differ-

ent angles between the tube and the

OCT beam. (a) The RSD values with

the changes in pump infusion veloci-

ties and the angles. Error bars represent

the standard deviations of RSD values

from 100 replications. (b) Linear fitting

between the RSD value and the local

flow velocity in the central region. The

error bars are calculated from the 1100

measurements, including 100 replica-

tions at each of 11 different angles.

FIG. 4. Calibration of the RSD-OCT system using rat whole blood. (a)

Phase shift images and RSD images during the increase of infusion veloci-

ties at a Doppler angle of 120�. (b) Relationship between the RSD value and

the flow velocity in the region indicated by the white solid box in (a): the

RSD value increases with increase in the flow velocity until RSD saturation.

When the pump infusion velocities were 0, 20, 40, 60, and 80 mm/s, the

local velocities calculated by the phase shifts were 1.5 mm/s, 23.4 mm/s,

46.8 mm/s, 70.2 mm/s, and 93.4 mm/s in the indicated region. Error bars rep-

resent the standard deviations of RSD values from 100 replications.

FIG. 5. Rat brain cortex imaging using the RSD-OCT system. (a) Maximum

intensity projections of Doppler shift images and RSD images in a rat brain

cortex: different A-line intervals are applied. (b) Maximum velocity projec-

tions of the microvascular network in a rat brain cortex incorporating RSD

maximum intensity projections with 5 A-line intervals. (c) Comparison of

velocities from Doppler shift measurements and RSD measurements. Error

bars represent the standard deviations from 5 measurements in the adjacent

regions at each position.

181101-4 Zhu et al. Appl. Phys. Lett. 111, 181101 (2017)



publication.2 From Fig. 5(c), it is found that the velocities

calculated by RSD values are close to the values calculated

by the Doppler phases.

With different A-line intervals, RSD measurements can

cover different ranges of flow velocities. In order to quantify

fast blood flow, inter A-line RSD measurements were per-

formed in this study. The time interval of Dt can be

decreased to 0.02 ms when a 50 kHz swept source is used.

For measurements of slow blood flow, the time interval

should be increased. In addition to the inter A-line RSD

measurements, inter B-scan (inter frame) RSD measure-

ments can also be used to further increase the time interval.

The accurate relationship between RSD values and flow

velocities is an exponential term. When the RSD values are

relatively low compared to the saturated threshold in the

measurements, RSD values have a nearly linear relationship

with flow velocities. The linear range will depend on the

sampling time interval and the optical properties of the sam-

ple for a given OCT system. From linear regression analysis,

the correlation coefficients R2 are about 0.99 when RSD val-

ues are in the range of 0.32–0.40 in Fig. 2(c) and in the range

of 0.40–0.49 in Fig. 4(b). For more accurate measurements,

it is suggested that the calibration could be made with more

measurement points and the exponential fitting.

In summary, we developed a RSD-OCT method based

on the relative standard deviation measurement for flow

velocity mapping without consideration of Doppler angles.

The insensitivity of RSD values at the Doppler angles within

a wide range of angles and the nearly linear relationship

between RSD values and flow velocities were validated by a

flow phantom of intralipid solution. After a calibration using

rat whole blood, the flow velocity was mapped in a rat brain

cortex. A comparison between the Doppler shift measure-

ment and the RSD measurement showed that flow velocity

can be mapped quantitatively using the RSD-OCT system

over a broad range of flow velocities and vessel orientations.

This method has great potential for in vivo quantification of

flow dynamics in brains and eyes.
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