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Abstract

Purpose: Arterial waveform parameters (WPs) are commonly used to monitor and 
diagnose systemic diseases. Color Doppler Imaging (CDI) is a consolidated technique 
to measure blood velocity profile in some of the major ocular vessels. This study 
proposes a computer-aided manipulation process of ophthalmic artery (OA) CDI 
images to classify and quantify WPs that might be significant in the assessment of 
glaucoma.
Methods: Fifty CDI images acquired by four different operators on nine healthy 
individuals and 38 CDI images of 38 open-angle glaucoma (OAG) patients were 
considered. An ad-hoc semi-automated image processing code was implemented 
to detect the digitalized OA velocity waveform and to extract the WPs. Concordance 
correlation coefficient (CCC), two-sample t-test and Pearson’s correlation coefficient 
were used to test for similarities, differences and associations among variables.
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Results: The OA-CDI images manipulation proposed showed a higher concordance 
between measured peak systolic velocity (PSV) data and extracted PSV data 
(0.80≤CCC≤0.98) than on end diastolic velocity (EDV) (0.45≤CCC≤0.63) and resistive 
index (RI) (0.30≤CCC≤0.58) data. In OAG patients, EDV, RI, subendocardial viability 
ratio (SEVR), period (T), area ratio (f) and normalized distance between ascending 
and descending limb (DAD/T) were found statistically correlated to at least one of 
the following factors: gender, age, ocular medications and year of diagnosis. When 
compared to healthy individuals, OAG patients OA-CDI profiles showed statistically 
higher values of f (p < 0.001) and DAD/T (p = 0.002) (p-values corrected by age and 
gender).
Conclusion: The proposed computer-aided manipulation of OA-CDI images allowed 
to identify DAD/T as a novel WP that vary significantly among healthy individuals 
and OAG patients, and among female and male OAG patients. Future studies on lon-
gitudinal OAG data are suggested to investigate the potential of DAD/T to predict 
severity and progression of the disease.
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1. Introduction

Ophthalmic disease encompasses many risk factors and physiological pathways, 
including those of the ocular vasculature. For instance, vascular deficits have been 
identified in open-angle glaucoma (OAG),1-4 diabetes,5,6 and age-related macular 
degeneration (AMD),7-10 among other diseases. Additionally, vascular deficits are 
more prone in certain groups such as those of African descent.11 Geometric and 
hemodynamic features of the ocular vasculature can be visualized and measured 
using various techniques, such as fundus imaging, optical coherence tomography 
(OCT), Heidelberg retinal flowmetry (HRF), confocal scanning laser flowmetry, 
cannon laser blood flowmeter, retinal angiography, and Color Doppler imaging 
(CDI). In this article, we focus on CDI and the computer-aided extraction of arterial 
waveform parameters (WPs).

CDI is a consolidated technique to measure blood velocity profile in some of 
the major ocular vessels, including the ophthalmic artery (OA), the central retinal 
artery (CRA), the posterior ciliary arteries (PCAs), as well as the central retinal vein 
(CRV). CDI measurements are noninvasive, collected data is not affected by poor 
ocular media, and absolute velocity measurements can be confirmed.12 CDI studies 
have shown significant blood velocity derangements in the OA, CRA, and PCAs in 
association with diabetic retinopathy,13 glaucoma,14-17 and they have also been 
utilized to estimate the intracranial pressure (ICP) noninvasively.18 

For decades, CDI has demonstrated its effectiveness and reliability in measuring 
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different vascular beds in the eye and throughout the body.12 For example, CDI is 
commonly used in the fields of radiology,19,20 cardiology,21-24 and obstetrics.25,26 
Interestingly, since the arterial waveform changes as we move along the arterial 
tree, various WPs have been proposed in the scientific literature. Typical WPs 
utilized in ophthalmology are peak systolic velocity (PSV), end diastolic velocity 
(EDV) and resistive index (RI).27 Galassi et al. demonstrated that CDI EDV and RI of the 
ophthalmic artery are correlated with the risk of visual field progression in patients 
with OAG.28 Recently, several WPs commonly used in renal and hepatic arteries to 
predict transplant failures and detect stenosis might provide new insights in the 
characterization of the OA velocity waveform in glaucoma patients.29 In the present 
study, we further advance the analysis of CDI measurements by proposing a com-
puter-aided manipulation process of ophthalmic artery CDI images that enables 
the extraction of a novel set of WPs that might help better characterize the disease 
status in glaucoma.

2. Methods

In this study CDI images obtained form healthy individuals and glaucoma patients 
are considered. The CDI images of healthy individuals were collected at the 
University Eye Clinic, Foundation IRCCS, Policlinico San Matteo, Pavia, Italy, and the 
CDI images of glaucoma patients were collected at the Eugene and Marilyn Glick Eye 
Institute, Indiana University School of Medicine, Indianapolis, IN, USA. In Pavia, the 
Siemens Antares Stellar Plus™, probe VFX 9-4 MHz vascular linear array, was used to 
obtain 50 CDI images acquired by 4 different operators on 9 healthy individuals. In 
Indianapolis, the Philips HDI 5000 SonoCT Ultrasound System with the microvascu-
lar small parts clinical option (Philips Medical Systems, Bothell, Washington, USA), 
7.5 MHz linear probe, was used to obtain CDI images of 38 glaucoma patients within 
the Indianapolis Glaucoma Progression Study. The baseline characteristics of the 
study group are described in Table 1. The PSV, EDV and RI raw data are obtained 
directly from the ultrasound machine as an average of the values measured over at 
least three cardiac cycles.

An ad-hoc semi-automated image processing code was implemented in MATLAB 
to analyze the CDI images, detect the digitalized OA velocity waveforms and extract 
the WPs (Fig. 1). The image processing consists of several steps:

1. The CDI image in red-green-blue (RGB) color scale is converted into grayscale 
format;

2. The resulting grayscale image is analyzed to extract the time scale, velocity 
scale, cardiac cycle period and height of PSV (all of them measured in terms 
of image pixels);

3. The original grayscale image is cropped, using the previously extracted 



Table 1. Baseline characteristics of the healthy individuals and glaucoma patients included 
in the study.

Healthy Glaucoma

Number of patients 9 38

Females 5 19

Males 4 19

Age 24 ± 2 70 ± 13

Years of glaucoma diagnosis at the time of the visit - 17 ± 10

Intraocular pressure [mmHg] 14 ± 3 16 ± 4

Heart rate (HR) [bpm] - 67 ± 12

Systolic blood pressure (SBP) [mmHg] 117 ± 7 138 ± 21

Diastolic blood pressure (DBP) [mmHg] 70 ± 8 84 ± 11

Mean arterial pressure (MAP) [mmHg] 86 ± 7 102 ± 13

Systolic ocular perfusion pressure (SOPP) [mmHg] 103 ± 8 77 ± 15

Diastolic ocular perfusion pressure (DOPP) [mmHg] 56 ± 8 41 ± 8

Mean ocular perfusion pressure (MOPP) [mmHg] 43 ± 5 53 ± 10

Ocular medications - 25 (66%)

Systemic medications - 22 (58%)

Peak systolic velocity (PSV) raw [cm/s] 40 ± 7 26 ± 10

End diastolic velocity (EDV) raw [cm/s] 8 ± 2 6 ± 3

Resistive index (RI) raw 0.80 ± 0.05 0.78 ± 0.7

Fig. 1. A summary of the semi-automated image manipulation process used to extract the 
ophthalmic artery waveform parameters. Starting from the CDI image (left), the digitalized 
OA velocity waveform is detected (center) and the corresponding waveform parameters are 
extracted (right).
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pixels values, to contain only one cardiac cycle; 
4. The Sobel method30,31 is used to detect waveform edges;
5. The waveform edges are smoothed via local regression using weighted linear 

least squares and a first degree polynomial model;
6. The resulting waveform profile is then scaled from pixel units to physical 

units.

Once the OA waveform digitalized profile is constructed, the following WPs are 
extracted (Fig. 1): peak systolic velocity (PSV), dicrotic notch velocity (DNV), end 
diastolic velocity (EDV), resistive index RI = (PSV-EDV)/PSV, period of a cardiac cycle 
(T), first systolic ascending time (PSV time), difference between PSV time and DNV 
time (Dt), subendocardial viability ratio (SEVR) between the diastolic time interval 
(DTI) and the systolic time interval (STI),32 area under the wave (A), area ratio (f) 
defined as f = Aw/Abox = Aw/(PSV Dt), normalized distance between ascending and 
descending limb of the wave at two thirds of the difference between PSV and EDV 
(DAD/T).33

The Shapiro-Wilk test  was used  to test the normal distribution of quantita-
tive variables: as all quantitative variables were normally distributed, the results 
expressed as the mean value and standard deviation (SD) were reported. Qualitative 
variables are summarized as counts and percentages. An analysis of concordance is 
performed to compare the raw values of PSV, EDV and RI with the corresponding 
values extracted from the digitalized OA profile using the image manipulation process 
detailed previously. The concordance correlation coefficient (CCC) determines how 
far the data deviate from the line of perfect concordance, combining measures of 
precision and accuracy.34 CCC ranges in values from 0 to 1. A CCC value of 0 indicates 
that most of the error originates from differences in measurements between 
operators. As CCC values approach 1, the measurement differences between the 
different operators are becoming negligible and more consistent. Inter-observer 
agreement was classified as poor (0.00 to 0.20), fair (0.21 to 0.40), moderate (0.41 to 
0.60), good (0.61 to 0.80), excellent (0.81 to 1.00).35 CCCs are reported together with 
theirs 95% Confidence Interval (95% CI). To investigate the WPs differences among 
OAG patients with respect to gender and ocular medications, and between healthy 
subjects and OAG patients, a two-sample t-test for independent data is used. 
Moreover, the differences between healthy subjects and OAG patients are adjusted 
for age and gender fitting multivariable linear regression models. The Pearson’s 
correlation coefficient (r) is computed to explore the associations among WPs and 
age, year of diagnosis and clinical measurements in OAG patients. A p-value (p) less 
then 0.05 was considered statistically significant. All tests were two-sided. The data 
analysis was performed with the STATA statistical package (release 14.0, 2015, Stata 
Corporation, College Station, Texas, USA).
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3. Results

When considering all individuals included in the study, i.e., healthy individuals and 
glaucoma patients, the analysis showed an excellent concordance on PSV (CCC = 
0.85; 95%CI 0.77-0.93), a good concordance on EDV (CCC = 0.63; 95%CI: 0.49-0.78) 
and a fair concordance on RI (CCC = 0.33; 95% CI: 0.14-0.52). When considering only 
glaucoma patients, the analysis showed a good concordance on PSV (CCC = 0.80; 
95%CI: 0.69-0.91), a good concordance on EDV (CCC = 0.62; 95% CI: 0.46-0.78) and a 
fair concordance on RI (CCC = 0.30; 95%CI: 0.09-0.52). When considering only healthy 
individuals, the analysis showed an excellent concordance on PSV (CCC = 0.99; 
95%CI: 0.97-1.00), a moderate concordance on EDV (CCC=0.45; 95%CI: 0.15-0.74) and 
a moderate concordance on RI (CCC = 0.58; 95%CI: 0.31-0.85).

When compared to male glaucoma patients, female glaucoma patients showed 
statistically higher values of the ratio DAD/T (p = 0.002), and statistically lower values 
of SEVR (p = 0.031). No statistical difference was found in the remaining WPs when 
comparing glaucoma patients of different gender. Glaucoma patients taking ocular 
medications showed significantly higher values of T (p = 0.005) and SEVR (p = 0.002) 
when compared to glaucoma patients not taking ocular medications. No statistical 
difference was found in the remaining WPs when comparing glaucoma patients 
taking ocular medications with glaucoma patients not taking ocular medications. 

Glaucoma patients’ age is positively correlated with RI (r = 0.52; p < 0.001) and 
negatively correlated with EDV (r = -0.35; p = 0.030). No statistical correlation 
was found among the remaining WPs and glaucoma patients’ age. The years of 
glaucoma diagnosis at the time of the visit is negatively correlated with T (r = -0.41; 
p = 0.015) and SEVR (r = -0.36; p = 0.038). No statistical correlation was found among 
the remaining WPs and glaucoma patients’ years of diagnosis at the time of the visit. 
Among the set of clinical measurements of heart rate (HR), systolic blood pressure 
(SBP), diastolic blood pressure (DBP), mean arterial pressure (MAP), intraocular 
pressure (IOP), systolic ocular perfusion pressure (SOPP), diastolic ocular perfusion 
pressure (DOPP) and mean ocular perfusion pressure (MOPP), HR is the only 
parameter that showed statistical correlations with some of the WPs in glaucoma 
patients: HR is negatively correlated with T (r = -0.65), PSV time (r = -0.41), SEVR (r = 
-0.39), f (r = -0.35).

When compared to healthy individual, glaucoma patients showed significantly 
higher values of f (p < 0.001) and DAD/T (p < 0.001), and statistically lower values of A 
(p = 0.041), Dt (p = 0.008), PSV (p = 0.004) and EDV (p = 0.033) (Fig. 2). If the comparison 
is adjusted by gender and age (fitting a multivariable linear regression model), then, 
glaucoma patients showed significantly higher values of f (p < 0.001) and DAD/T (p = 
0.002), and significantly lower values of RI (p = 0.002) when compared with healthy 
individuals. No statistical difference was found in the other WPs when comparing 
glaucoma patients with healthy individuals. 



Fig. 2. Digitalized OA velocity profile of a healthy individual (left) and a glaucoma patient 
(right).
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4. Discussion and conclusions

Over the past decades, CDI has gained popularity as a reliable tool to measure blood 
flow in a variety of vascular beds throughout the body. For instance, analysis of 
different WPs in cardiology has led to novel approaches in diagnosis and prognosis.21-

24 When measuring ocular blood flow, PSV, EDV, and RI have been traditionally used, 
and several studies have shown that OAG patients have reduced blood velocity with 
respect to these parameters when compared to healthy patients. However, novel 
approaches to analyzing CDI waveform parameters in ophthalmology have trailed 
behind the advancements of WP characterization in other fields of medicine. In this 
study, we investigated whether new approaches to analyzing WPs using comput-
er-aided manipulation of OA-CDI images could distinguish between healthy subjects 
and OAG patients.

The OA-CDI images manipulation proposed here showed a higher concordance 
between PSV raw data and extracted PSV data than on EDV and RI data. Note that, 
the raw PSV, EDV and RI values were obtained averaging over at least three cardiac 
cycles; instead the corresponding parameters extracted via the OA-CDI manipula-
tion process correspond to just one of those cardiac cycles. Moreover, CDI PSV mea-
surements have been found to be more reproducible and accurate then EDV and RI 
measurements.36-38

There now is strong evidence that OAG patients have a vascular contribution 
to their disease. Several previous studies have suggested that OAG patients have 
reduced ocular blood flow velocities compared to healthy subjects. Most recently, 
Abegão Pinto et al. showed that when examining the ocular vasculature of 614 
subjects using CDI, OAG patients had lower PSV and EDV when compared to healthy 
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subjects.39 In our study we found that OAG patients had a statistically significant 
higher DAD/T than did healthy subjects. This is interesting because when Oliva 
and Roztocil33 examined patients with obliterating atherosclerosis by Doppler 
ultrasound and then analyzed the waveform to identify P/L, which is identical 
to DAD/T here, they found that P/L identified the severity of the disease and the 
presence or absence of progression based on the variability coefficients. We also 
found that OAG patients had a statistically significant higher area ratio f than did 
healthy individuals. Of note, f represents another method to measure the shape of 
the wave in the systolic portion of the cardiac cycle similar to that proposed by Oliva 
and Roztocil. The correlation between DAD/T, vascular status, and OAG could prove 
to enhance the screening of OAG, and potentially serve as a marker for progression.

It has long been debated whether men or women are at higher risk of OAG. 
Recently, Kapetanakis et al. found that men were more likely to have OAG.40 
However, Vajaranant et al. found that older women were more at risk for OAG.41 
Additionally, it is thought that post-menopausal women could be at a higher risk of 
OAG due to the loss of estrogen and its protective vascular effects.42 In our study we 
found a statistically significant increase in DAD/T in females when comparing male 
and female patients with OAG whose average age was 70 ± 13. This is significant 
because by examining ultrasonography waveforms in a non-traditional way, it may 
be possible to differentiate between female and male patients at higher risk and 
predict severity for OAG. 

It is well-known that age is a risk factor for OAG,43 and its been proposed that 
while age alone may not give rise to disease, its advancement generates vulnerable 
vascular beds that increase susceptibility to further insults.44 In our study, we found 
that age correlated positively with RI and negatively with EDV. To date, there have 
been only a few reports specifically detailing ocular blood flow parameters as they 
correlate with age.45-47 These findings suggest that, similar to other vascular beds,48 
the OA is susceptible to the atherosclerotic effects of aging. 

Although the correlation with DAD/T, glaucoma, and gender shows very promising 
results, there were, however, several limitations to the study design. The difference 
in mean age between healthy and OAG patients was 46 years. Due to the role of 
age on general health and disease process, future studies comparing age-matched 
healthy and OAG patients might provide closer evaluation between healthy 
subjects and OAG. The total number of enrolled subjects was 47, with nine healthy 
subjects. In future studies, analysis of a larger population with equal numbers of 
healthy subjects and OAG patients would provide greater insight into the potential 
role of DAD/T. Some of the OAG patients were taking potentially vasoactive OAG 
medications throughout the study, and however, since they were not prescribed 
a uniform treatment regimen, we did not expect a uniform bias. Future studies 
with more steady treatment protocols could mitigate bias among vasoactive OAG 
medications taken by participants.

In summary, our computed-aided analysis of OA velocity waveforms obtained 
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