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Abstract

Flow-mediated vasodilation (FMD) is used for assessment of vascular endothelial function in 

humans as a predictor of cardiovascular events. It has been challenging to carry it on preclinical 

murine models due to the diminutive size of the femoral artery. Here, we present a new approach 

to accurately measure the blood velocity and femoral artery diameters of mice by acquiring 

Doppler optical coherence tomography (DOCT) and optical coherence tomography angiography 

(OCTA) continuously within one single experimental scanning protocol. Using the high precision 

three-dimensional imaging and new velocity algorithm, the measurement precision of diameter, 

blood flow, velocity, and wall shear stress are improved to 0.91%, 11.0%, 10.7%, and 14.0%, 

respectively. FMD of healthy mouse femoral artery measured by this method was 11.96 ± 0.98%, 

which was blunted to 5.69±0.4% by intravenous administration of eNOS inhibitor (L-NAME), in 

agreement with that reported in the literature.

Graphical Abstract

Noninvasive estimation of flow-mediated dilation (FMD) in living mice is challenging mainly due 

to the diminutive size of mouse femoral artery since FMD was established in 1992. Here, we 

develop a new OCT-base image platform to measure FMD, wall shear stress, velocity, and blood 

flow in living mice by combining OCTA and Doppler OCT in one scanning protocol. OCT is thus 

a powerful technique to the assessment of mouse vascular function.
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Introduction

The endothelium, a single layer of cells lining the interior surface of the entire 

cardiovascular system, is by area alone, the largest organ that is indispensable for the 

maintenance of vascular homeostasis1. In response to shear stress imposed by blood flow, 

hormones, or neurotransmitters, healthy endothelial cells promote vascular function by 

production of vasoactive factors such as nitric oxide (NO) that maintain normal vascular 

tone and limit thrombosis and inflammation2. In contrast, the dysfunctioned endothelium 

under pathological conditions such as hypertension, obesity, and diabetes, initiate the 

development of atherosclerosis and thrombosis that are the primary pathological causes of 

the cardiovascular disease (CVD)3. Therefore, the vascular endothelial function is viewed as 

a barometer of vascular health estimating cardiovascular risk4.

Given the utmost importance of endothelial function in the onset and progression of CVD, 

measurement of the endothelial function becomes a viable approach to estimate the patient’s 

risk of the development of cardiovascular events. The measurement of flow-mediated 

dilation (FMD) has become the most widely used non-invasive method in clinic to gauge 

potential endothelial dysfunction since it was established in 19925. In this FMD test on 

humans, ultrasound imaging is used to assess the vessel diameter and the blood flow before 

and after an increase in vessel wall shear stress (WSS) induced by reactive hyperemia, and 
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FMD is estimated with the percentage increase in vessel diameter from baseline. Over the 

past two decades, numerous clinical studies have shown that brachial artery FMD is 

positively correlated with vascular endothelial function and thus becomes a gold standard for 

assessment of arterial vascular function in clinical research4. However, noninvasive 

estimation of FMD in living mice, a highly desired experimental tool for studying vascular 

endothelial biology, is challenging mainly due to the diminutive size of mouse femoral 

artery. Recently, an elegant study of Schuler D. et al. characterized the physiology of FMD 

of mouse femoral artery that is measured by a method analogous to clinical FMD test with a 

high-frequent ultrasound imaging platform. The resultant FMD represents the local levels of 

active endothelial nitric oxide synthase (eNOS) and NO released from endothelial cells 

responding to shear stress and thus correlate with vascular endothelial function6. However, 

this method is technically demanding, as ultrasound imaging requires the transducer to be in 

acoustic contact with hindlimb without compressing vessels. The resolution and imaging 

speed of ultrasound limits the accurate estimation of dynamic changes of vessel diameters 

and blood flow. In addition, imaging a single cross section over a 3D femoral artery would 

introduce skew artifacts when the imaging plane does not precisely align with the center line 

of the vessel. This artifact will be especially challenging to overcome when acquiring dozens 

of images of mice femoral artery for several minutes in vivo. Therefore, these limitations of 

ultrasound stimulate the research seeking high resolution, high speed, three-dimensional 

imaging technique, as it can reduce the skew artifacts by recording the whole 3D blood 

vessel geometry and effectively reduce the operation difficulty and improve the 

measurement accuracy.

As an optical analog to ultrasound imaging with higher resolution, optical coherence 

tomography (OCT) is a non-contact optical imaging modality that provides three-

dimensional imaging with micron-level resolution and millimeter level penetration7. OCT 

can utilize the Doppler effect to quantify blood flow velocity8, 9. The emerging OCT 

angiography (OCTA) provides high contrast and high sensitivity imaging of 

vasculature10–12. As a result, OCT is ideally suited for accurately estimating FMD in living 

mice. Here, we developed a new scanning protocol combining OCTA and Doppler OCT that 

continuously measures femoral artery vessel diameter, blood flow velocity, and wall shear 

stress every 10 seconds. Femoral artery shear stress is calculated using the velocity gradient 

along the radius of the vessel without the need for correction of phase wrapping occurred in 

Doppler OCT. In the test of FMD in mouse hindlimb, the vessel diameter, flow velocity, and 

wall shear stress of femoral artery are measured in real-time throughout the whole protocol. 

The FMD in healthy mice estimated with this new method is comparable to the result 

obtained using high-frequency ultrasound-based approach6, and is significantly blunted by 

intravenous administration of eNOS inhibitor (L-NAME). These results together 

demonstrate that this OCT-based in vivo vascular imaging system is a new research tool for 

non-invasive, longitudinal, and precise assessment of vascular endothelial function in mice.
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1. Materials and Methods

1.1. System setup

As shown in the schematic diagram of the OCT system (Figure 1a), a super-continuum laser 

(SuperK EXTREME, NKT Photonics) was used to generate a broadband laser output. The 

NIR portion (785–885 nm) was selected by two edge filters. The light was coupled into a 

50/50 optical fiber coupler (FC), which distributed 50% of the incoming energy to the 

sample arm and the remaining energy to the reference arm. The light beam was collimated 

by an f =10 mm lens in the sample arm. Two galvanometer scanning mirrors (GVS102, 

Thorlabs) were used to steer the laser. An objective lens (LSM03, Thorlabs) was used to 

focus the laser. The reference beam was collimated and reflected by a mirror. A variable ND 

filter and several BK7 glass plates (DC) were installed in the reference arm to attenuate the 

light, and to compensate the dispersion in the sample arm, respectively. The returning light 

was sent to a customized spectrometer. A line scan camera (spL2048-140km, Basler) 

digitized the dispersed spectrum at a speed of 115 kHz, with 1024 pixel selected to output 

the spectrum, and the exposure time of the camera is 7 μs.

1.2. Image acquisition protocol

In order to simultaneously visualize the 3D structure of femoral artery and measure blood 

flow velocity during the FMD test, OCTA and Doppler OCT were combined within one 

single scanning protocol (Figure 1b). For OCTA, a sawtooth voltage with 80% duty cycle 

(Figure 1c) controlled the fast galvanometer. Four repeated B-scans were acquired at each 

location in the y-direction. Each B-scan contains 300 A-scans in the forward scanning 

direction. One OCTA volume contains 128 B-scans. For Doppler OCT, much denser 

sampling (3000 A-lines per B-scan in both forward and backward directions) was required 

to capture the phase shift between adjacent A-lines9, 13. The Doppler OCT collected 32 B-

scans at the center location of the slow scanning direction. It took 1.7 s and 0.8 s to finish 

OCTA and Doppler OCT acquisition, respectively. After one sequence of the scan protocol, 

the data will be first saved to the computer RAM and then transformed to hard drive for 

further image reconstruction and analysis. The same acquisition protocol was then repeated 

every 10 s during the entire process of FMD. The incident power on the sample was 

~2.5mW. The scanning range was 2×2 mm2.

1.3. Animal Preparation

All procedures were approved by the Institutional Animal Care and Use Committee 

(IACUC) of Boston University Medical Center. We imaged the femoral artery of wild-type 

C57BL/6J mice (male at 8 weeks of age which were purchased from the Jackson 

Laboratory). Anesthetized mice introduced by intraperitoneal injection of Ketamine (80 

mg/kg) and Xylazine (10 mg/kg) is placed on a heated examining plate to maintain the core 

body temperature at 37 ± 1°C during the whole procedure of FMD measurement. Epilated 

area of hindlimb is disinfected and a small incision (~1 mm) in the inner thigh is made to 

expose femoral artery, as shown in Figure 2a. To measure the FMD of the mouse in Figure 7, 

a vascular occluder (Fine Research Tools, #18080-03) is placed around the lower limb to 

induce occlusion of the femoral artery. Thirty minutes after the first FMD measurement, the 

same mouse was intravenously administrated with L-NG-Nitroarginine methyl ester (L-
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NAME, 8mg/kg of body weight) and underwent a second FMD test. Then the surgical 

adhesive will be applied to the small, non-tension bearing incisions and dissolve as the 

incision heals. Mice will be closely monitored post-operationally for evaluating incision 

healing and inflammation/infection. The inflamed areas will be treated with antibiotic 

ointments, and those intervention-resistant mice will be disqualified from experimental 

studies. The data presented in Figure 2 and Figures 4–6 were measured from different 

animals. For FMD measurements in Figure 7, the animal number was N=3, each producing 

control and L-NAME injection measurements.

1.4. Morphology measurements of mouse femoral artery by OCTA

The morphological metric of mouse femoral artery including vessel diameter and Doppler 

angle was measured from OCTA 3D dataset. Several preprocessing steps were first 

performed to generate OCT images, including normalizing the raw data by the light source 

spectrum, removing the DC spectral component, λ-k resampling, and digital dispersion 

compensation13. The morphological B-scan images were obtained by Fourier transform. 

After compensating the global axial phase shift, the subtractive difference was taken 

between adjacent complex B-scans, and the absolute values represented the angiographic 

signal12, 14. A three-dimensional median filter (3×3×3 pixels) was then applied to the OCTA 

dataset to improve the image quality. A representative depth-encoded OCTA image is shown 

in Figure 2b. The blood vessel diameter then can be manually measured by cross sectional 

OCTA image (Figure 2c). The measurement criterion is based on the best visual fit of the 

circle to the vessel lumen. The waisted double fan-shaped intensity pattern inside the artery 

is due to the orientation of the red blood cells toward laminar shear flow15, 16. A cardic cycle 

is easily recognizable from en face OCTA images as the systolic period will cause artefacts 

as vertical lines, as shown in Figure 4. The subsequent diastolic period generally has a better 

OCTA image quality, and the vessel diameter does not change significantly. Therefore, the 

measurement of diameter was taken from one single OCTA B-scan image during a diastolic 

period. We also measured the Doppler angle θ of the vessel geometrically for subsequent 

blood flow calculation by extracting the cross-sectional OCTA image along the centerline of 

the femoral artery as shown in Figure 2d.

1.5. Blood flow measurements by Doppler OCT

To measure the blood flow, the phase contrast Δϕ between two adjacent A-lines was first 

used to extract Doppler projective blood velocity vp, along the beam direction by 9, 17, 18,

vp =
f sample · λ0 · Δ ∅

4 · π · n , (1)

Where fsample is the OCT A-line scanning frequency, which is 115 kHz in our system; λ0 

(nm) is the central wavelength of the OCT light source; n is the refraction index of the 

sample, assumed to be 1.38. The absolute blood velocity is then
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v =
vp

sin θ , (2)

where θ is the angle defined as in Figure 2d. The total blood flow F (μL/s) is equal to the 

product of the velocity and the vessel cross-sectional area

F = v × π
4 · D2, (3)

Where D is the diameter of blood vessel. The velocity and flow measurements averaged 

thirty-two B-scans from the Doppler OCT acquisition, covering 0.8s for roughly 4 cardiac 

cycles.

1.6. Wall shear stress calculation

WSS was calculated by the following equation assuming a laminar flow in femoral artery6

WSS = 8 × μ × vm/D, (4)

where vm is mean velocity and blood viscosity (μ) was assumed to be constant at 0.035 

dyne×sec/cm2.

The above equation is only applicable when there is no phase wrapping. When there is 

significant phase wrapping and washout effect as a consequence of high blood flow rate in 

the femoral artery, we use the following formulations to calculate WSS and velocity instead. 

The parabolic velocity profile for the laminar flow is

v(r) = vmax 1 − 2r
D

2 , (5)

where vmax is the maximum velocity in the center of the vessel, r is the radial distance from 

the vessel center, and D is the vessel diameter. We obtained vmax by fitting the velocity 

profile with the parabolic equation. The mean velocity is the integration of the velocity over 

the cross sectional area of the vessel Q, divided by the cross sectional area A,

vm = Q A = ∫ 0

D
2 v(r)2πrdr

π D
2

2 . (6)
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After plugging Eq. (5) into Eq. (6), the mean velocity is equal to half of the maximum 

velocity, vm=vmax/2. Then WSS was calculated by

WSS = 4 × μ ×
vmax

D . (7)

When phase wrapping occurs, the fitting only applies to the rising segment of velocity 

profile without the need to un-wrap the phase.

2. Results

We first characterized the roll-off performance of our system. A silver mirror was placed in 

the sample arm and imaged over a range of depths. To mimic the signal level backscattered 

from tissue, an OD=2 neutral density filter was used to attenuate the light in the sample arm. 

Figure 3a shows the roll-off curves measured in our system. The sensitivity is estimated to 

be ~80 dB, taking into account the 40dB attenuation of the neutral density filter. The roll-off 

rate was about 6dB/mm. The axial resolution was measured to be ~7.5 μm from the first 

peak. The lateral resolution is measured to be ~8.2 μm by imaging the sharp edge of a razor 

blade.

We next characterized the accuracy of the flow velocity measurement. As the diameter of 

mouse femoral artery is around 250 μm, a transparent plastic tube with an inner diameter of 

250 μm was used to simulate the blood vessel. A milk phantom diluted 1:1 by water was 

used to simulate the blood and pumped through the tube. A syringe pump was used to 

precisely control the flow speed. The tube was mounted on a stage to keep the Doppler angle 

consistent, and the Doppler angle was measured from the 3D OCT image of the tube to 

calculate the projective velocity. The scanning protocol was the same as described in the 

method section. The phase contrast was recorded at different velocities. Figure 3b shows an 

excellent correlation between the present and measured projective velocity with R2=0.9994 

by a linear regression. Thirty-two repeated measurements were taken at each speed and all 

the standard deviations of the measurements were within 0.06 mm/s.

After characterizing the system performance, the scanning protocol was tested on a health 

femoral artery without performing FMD. Figure 4a and 4b show two en face projections of 

OCTA collected 150 s apart. A translocation of the imaging region between two time points 

is apparent by the shift of the branching vessels, due to the slight movement. As shown in 

Figure 4b, when the same frame of B-scan in OCTA (white dash line) was used to calculate 

vessel diameter, the translocation would cause measurement error due to the intrinsic 

variation in the vessel diameter. Thanks to the 3D capability of OCTA, we took the vessel 

branching point (green dots) as the reference to reliably and accurately measure the vessel 

diameter at the identical location, avoiding the measurement error due to the translocation. 

The benefit of using the reference is more clearly shown in Figure 4c. When we analyzed 30 

consecutive vessel diameter measurements every 10s from OCTA, without and with the 

branching vessel as the reference, the relative standard deviation (RSD) reduced from 4.0% 

to 0.7%. By using the 3D OCTA image, the vessel diameter can be accurately measured.
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Next, we validated our measurements of blood flow and WSS. The phase shifts between the 

adjacent A-line OCT signal reflect the projective velocity, vp (mm/s), along the beam axis. 

Therefore, phase wrapping appears when either the Doppler angle or the blood flow was 

large. Although the angle of mouse’s femoral artery was adjusted prior to each 

measurement, phase wrapping was still often present during the whole measurement. Instead 

of correcting the phase wrapping, we used the velocity gradient with respect to the distance 

to the vessel central axis to calculate blood flow and WSS.

Figure 5a–d show an example of blood flow and WSS calculation without phase wrapping. 

The OCTA image provides the vessel diameter (Figure 5a). The Doppler OCT images in 

Figure 5b show the typical parabolic flow pattern. The depth profile of vp is shown in Figure 

5c by averaging the signal within the yellow dashed area. When we used the raising range of 

vp to fit Eq. (5), the parabolic profile and the actual vp had an excellent agreement. Then the 

blood flow could be calculated according to Eq. (2). To further validate our method, we 

compared our method with the conventional method of calculating blood flow, which takes 

the mean value of vp within the vessel. Two methods match well with each other over ~4 

pulsatile flow pattern due to cardiac cycle within 0.83s acquisition time, with averaged blood 

flow to be 0.245 and 0.239 mL/min, respectively. Figure 5e–h show the measurements on 

the same femoral artery 150s later, when the phase wrapping occurred (Figure 5f). The depth 

profile of vp from the direct measurements is plotted in Figure 5g, as the black curve. When 

the rising segment of vp was used to fit Eq. (5), the parabolic pattern is shown in red curve. 

We then further calculated the blood flow using our fitting method, giving an averaged blood 

flow as 0.231 mL/min, which is consistent with previous measurements in Figure 5d. In 

contrast, the conventional method without phase wrapping compensation would result in a 

significant underestimation. Based on the measurement of blood velocity, WSS could also 

be calculated by Eq. (4).

After verifying our method of measuring blood vessel diameter, blood flow, and WSS, we 

analyzed the variation of the four parameters over the consecutive 30 measurements (every 

10 s for 5 mins in total) at three different locations (L1, L2 and L3) from upper to lower 

stream along the same femoral artery. The RSDs were within 0.8%, 0.91% and 0.71% for 

vessel diameter at three locations, with L1 and L2 being the thickest and thinnest (Figure 6a). 

Since the measurements were taken from the same vessel, the flow were maintained 

independent of vessel diameter as in Figure 6b; and the RSDs were within 10.2%, 11.0%, 

and 4.7%, at three locations, respectively. The constant blood flow resulted in larger velocity 

at thinner vessel as shown in Figure 6c. The higher velocity and smaller vessel size also 

resulted in larger WSS as indicated in Figure 6d. The RSDs are 9.8%, 10.7%, and 4.9% for 

velocity; and 9.7%, 14.0%, and 5.1% for WSS at three locations respectively. The values of 

blood vessel diameter and blood flow velocity from our measurements are consistent with 

the previous reports6, 19.

As FMD is almost entirely mediated by eNOS, the high precision and effectiveness of 

measuring FMD were demonstrated by the result that the FMD % value was markedly 

blunted after intravenous administration of L-NAME (a competitive NOS inhibitor). The 

femoral artery was first occluded for 3 minutes with an inflatable cuff on the lower leg, and 

the subsequent hemodynamic response was continuously measured every 10 seconds after 
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releasing the cuff. FMD% value was quantified as the percent change of the diameter after 

releasing the cuff as compared to pre-release values: FMD = [(Dafter-release − Dpre-release)/

Dpre-release]×100%. As shown in Figure 7, ‘B’ represented the baseline data before the cuff 

releasing, and other data were acquired during a period of 5 minutes after deflation. We can 

see the blood flow immediately increased after releasing and gradually recovered to the 

baseline. The dilation of the vessel peaked around 140s and WSS generally followed the 

trend of blood flow. Our results show that the average FMD was 11.96±0.98%, which was 

robustly reduced to 5.69±0.4% by intravenous administration of L-NAME. Of note, the 

WSS, but not the flow velocity was significantly decreased by L-NAME treatment.

3. Discussion

FMD test has been established for over two decades as a reliable measurement of vascular 

endothelial function in humans and widely used in clinics assessing the risk for 

cardiovascular events5, 20 However, until recently, Schuler D. et. al characterized the 

physiology of FMD of the femoral artery in living mice, the most useful and valid animal 

model for studying cardiovascular disease6. In a series of elegant studies, they provided 

definitive evidence that, analogous to FMD in humans, vasodilation occurs following 

ischemia-induced reactive hyperemia, which is primarily mediated by activation of eNOS 

and subsequent NO production, representing endothelial function. The measurement 

accuracy of the blood arterial diameter and shear rate is a key for FMD calculation. In the 

present study, OCT-based imaging technique with features of contact-free, label-free, and 

high resolution is employed to estimate FMD. The imaging protocol combines the OCTA 

and Doppler OCT to measure vessel diameter and blood flow. Although Doppler OCT can 

measure the diameter of the blood vessel, herein, angiography data was chosen to measure 

the diameter due to the following reasons. First, blood flow in the femoral artery is 

considered as laminar flow in which the layer in contact with a stationary surface has 

minimum velocity and increases towards the vessel center. Thus, the flow velocity at vessel 

wall is too low to get a reliable Doppler signal especially at the end of diastole21. In contrast, 

OCTA is much more sensitive to the slow blood flow and measures blood vessel more 

accurately. Second, the scanning density in OCTA is more sparse than Doppler OCT so that 

it can provide a 3D structure of femoral vessels in mouse hindlimb, which enables 

identifying the same location of the blood vessel during an FMD test. The limitation of 

OCTA is lack of absolute measurement of blood flow, which is complemented by the 

Doppler OCT measurement. In our current setup, a total scan time duration of 0.8s allows 

Doppler OCT imaging of the femoral artery over about 4 cardiac cycles. The averaged blood 

flow should avoid the pulsatile blood flow pattern.

To calculate blood flow velocity, we used a parabolic fitting to estimate the mean velocity 

and WSS instead of a conventional phase un-wrapping method. This is because the high 

flow speed in the femoral artery often caused several phase wrapping within a vessel and the 

un-wrapping method can become complicated. Therefore, after verifying that the parabolic 

fitting has a good precision as shown in Figure 5, we used it to calculate the blood velocity 

in this study.
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As the wall shear stress exerted on endothelium is the primary stimulus for FMD response, it 

is imperative to accurately estimate the blood velocity and shear rate during FMD test, 

which is a significant challenge in mice due to the small size of hindlimb and femoral artery. 

In this context, OCT-based imaging system demonstrates a clear contact-free advantage over 

ultrasound technique. In ultrasound, it requires the optimal insonation angle and size of the 

sample volume by appropriately placing the probe to acoustically contact mouse femoral 

artery but not compress the vessels. In OCT, the direct contact is completed eliminated.

Normalizing FMD by the shear rate has been thought to eliminate the impact of 

heterogeneous reactive hyperemia across healthy young/old subjects and those with 

peripheral vascular diseases22–25. As the diameter and WSS of blood vessel can be measured 

in one scanning protocol by using OCT-based image platform, we can envision that using 

this method, the FMD in mice may be accurately estimated and well correlated with vascular 

endothelial function by, 1) obtaining the true peak diameter and expressing as an increase in 

vasodilation above baseline values, 2) normalizing FMD for shear rate area under the curve, 

which is necessary to alleviate the impact of alteration in reactive hyperemia particularly in 

mouse models of aging and peripheral artery diseases.

In the current study, to obtain the 3D structural and functional images with 1.3 μm resolution 

and 1mm depth penetration, a small (1mm) incision on hindlimb of mice was made to 

expose the femoral artery. Although its impact on FMD test is neglectable, for the further 

improvement, a 1300 nm system may be used to render a better penetration achieving a 

genuinely non-invasive vascular imaging system.

4. Conclusion

To the best of our knowledge, this study is for the first time to establish an OCT-based 

imaging system combining OCT angiography and Doppler components for accurate 

assessment of FMD of mouse femoral artery, a reliable, in vivo measurement of vascular 

endothelial function. The current OCT system enables three-dimensional imaging of 

anatomy with micron-level resolution. We developed a scanning protocol allowing to acquire 

the 3D structure of femoral artery, blood flow velocity, and WSS every 10 seconds 

continuously within one single volumetric scan. The high precision in measurement of 

vessel diameter and WSS can render accurate estimation of FMD and associated endothelial 

function that is evidenced by the fact of FMD inhibition by eNOS inhibitor.
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Figure 1. 
The schematic and the scanning protocol of the OCT system. (a) The OCT system. SCL: 

super-continuum laser. LP: long pass dichroic mirror. SP: short pass dichroic mirror. M: a 

mirror. COL: collimator. FC: fiber coupler. PC: polarization controller. DC: dispersion 

control glass. ND: Neutral Density. GM: galvanometer mirror. (b) The OCT scanning 

protocol. (c)–(d) Triggering signals for acquiring angiography and flow data, respectively. 

The X and Y waveforms are the signals for triggering two galvanometer mirrors, 

respectively. The T waveforms are the signals for triggering the spectrometer. In (c), each 

red block contains 300 triggers within one OCT B-scan. In (d), there are 3000×4 triggers in 

the red block, with each B-scan composed of 3000 A-lines.

Song et al. Page 12

J Biophotonics. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
The in vivo imaging of a mouse femoral artery. (a) The photograph is showing the location 

of the incision over the femoral artery. (b) In vivo depth-encoded en face view of OCTA 

from a mouse femoral artery. The image is stitched by three volumetric data sets. (c) The 

diameter of the blood vessel. (d) The Doppler angle of the blood vessel, measured from the 

cross-sectional OCTA image along the blood vessel centerline depicted in (b). (e) The 

Doppler phase-contrast image is showing the projective blood flow velocity along the beam 

axis. Panel (c) and (e) are roughly at the same B-scan location. Bar =300 μm.
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Figure 3. 
System characterization. (a) The roll-off performance of our system. A second-order 

polynomial fitting was provided. The roll-off rate is about 6 dB/mm. The secondary peak is 

an artefact due to the specular reflection from the mirror in the sample arm. (b) The 

projective flow velocity vp calibration by a blood flow phantom composed of 1:1 diluted 

milk pumped through a capillary tube. The flow velocity was precisely controlled by a 

syringe pump. The examples of the DOCT B-scan images of capillary tube was shown at 

various speeds. The averaged phase contrast within the tube was used to calculate vp. Bar 

=150 μm.
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Figure 4. 
(a–b) Two en face projections of OCTA over the same femoral artery that was acquired 150 

s apart. The location of a branching vessel was chosen to be the reference point (the green 

point) and to offset the slight displacement. The vessel diameter was measured underneath 

the reference point, as we called OCTA measurement with reference. In panel (b), the red 

line is the same B-scan location in the OCTA image without reference. The vertical lines in 

panel (a) and (b) were caused by the cardiac cycles. Bar = 0.2 mm. (c) The measurements of 

blood vessel diameter from 30 consecutive volumetric scans of the same femoral artery over 

5 minutes, with and without reference, respectively. Error bars are standard deviation.
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Figure 5. 
(a, e) The cross-sectional OCTA images of the femoral artery without and with phase 

wrapping. (b, f) The corresponding Doppler phase contrast images of the femoral artery 

without and with phase wrapping. (c, g) The projective blood flow velocity as a function of 

the distance from the central axis of the blood vessel, without and with phase wrapping. The 

velocity was averaged within the central regions of the femoral artery labeled in (b). The 

blue line is the raw result and the red line is the fitting result fitted from the raw parts over 

the rising segment of the velocity under a laminar flow assumption. (d, h) The calculated 

blood flow rates indicating cardiac cycles, without and with phase wrapping. The black line 

was calculated from integrating the raw phase shift signals within the blood vessel, and the 

red line was calculated from the fitting result. The horizontal lines are the mean results.
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Figure 6. 
The precision analysis of measurements of blood vessel diameter in (a), blood flow in (b), 

blood flow rates velocity in (c), and WSS in (d). The WSS was measured 30 times 

consecutively over 5 times. All the data was acquired from the same femoral artery in vivo. 

The interval of each acquisition is 10 s. L1, L2, L3 in each figure indicate three different 

locations along the artery. Error bar = stander deviation.
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Figure 7. 
In vivo measurement of (a) Flow velocity, (b) Diameter, (c) WSS, (d) FMD% of healthy 

C57BL6J mice undergoing FMD test described in the Methods without and with L-NAME 

intravenous administration. the horizontal axis is the time after releasing the cuff; the ‘B’ 

representative baseline data prior to occlusion. The black curve and the red curve represent 

the vessel responses before and after L-NAME intravenous adminstration. p < 0.05, n=3. 

Error bar = standard deviation.
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