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Fig. 14. Synthetically generated (a) normal, (b) moderately tortuous, and (c) severely tortuous
horizontal vessel segments of varying amplitude and size.

horizontal, 12 for vertical, and 12 for diagonal vessel segments) synthetically
generated vessel segments are noted down. The average values of M and R are
calculated by considering the 27 and 36 numbers of vessel segments and are used
for evaluating retinal vessel segment tortuosity. The results obtained from synthet-
ically generated vessels thus constitute the baseline for evaluating the tortuosity of
actual retinal blood vessels.

After applying the method on different synthetically generated vessel segments,
the method was then applied to measure the tortuosity of actual retinal blood
vessels. As different retinal images contain blood vessels of different amplitude,
size, and orientation, the proposed method is applied to evaluate the tortuosity of
retinal vessels . The method was first applied on 20 retinal images collected from
the DRIVE database,’ 30 retinal images collected from the HRF database,'® and 5
retinal images collected from a local eye hospital. These databases contain a large
number of retinal images, thus allowing us to test the system to its full potential.??
For each of these images, five horizontal, five vertical, and five diagonal blood vessel
segments were considered. This implies that, from a single retinal image, 15 blood
vessel (artery and vein) segments were considered. Therefore, the experiment was
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Fig. 15. Normal, (a) moderately tortuous (b), and severely tortuous (c) retinal blood vessel
segments oriented horizontally.
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Fig. 16. Histogram of (a) normal, (b) moderately tortuous, and (c) severely tortuous retinal
blood vessel segments.
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performed on a total of 825 blood vessel segments to classify them as normal,
moderately tortuous, or severely tortuous. Figure 15 illustrates a few horizontal
retinal blood vessel image segments of a normal, moderately tortuous, and
severely tortuous nature that were extracted from a retinal image. The correspond-
ing histogram plot of blood vessel pixels is shown in Figure 16a-c. The results of
tortuosity evaluation of retinal blood vessel segments using the proposed method
is summarized in the Results section.

We would like to mention that we did not consider arteries and veins separately
in the case of synthetically generated blood vessels, considering instead a general
curve representing the blood vessel. We did, however, consider different types
of synthetically generated vessel segments in relation to amplitude, size, and
orientation. After conducting rigorous experiments on these synthetic vessels,
the algorithm was applied to measure the tortuosity of actual retinal blood vessel
segments containing both arteries and veins.

3.5. Evaluation
After applying the method on the retinal vessel segment images of the DRIVE' and
HRF® database, the last stage of the proposed method is to evaluate the efficiency of
our method in determining tortuosity. To do this, the retinal vessel segment images
(30 arteries, 30 veins) from the RET-TORT database!? are used. The image size for
arteries ranges from 78 x 931 to 266 x 932 and the image size for veins ranges from
52 x 931 to 259 x 931. All these images are provided with a clinical order number
by a retinal specialist which represents the tortuosity level. It will be referred to as
RET-TORT order in our method. By observing the vessel segments and their clinical
order, these 30 vessel segment images are grouped into three categories:
1. RET-TORT order 1-11: Normal blood vessel (these vessel segments consist of
fewer turns/twists);
2. RET-TORT order 12-27: Moderately tortuous blood vessel (number of turns/
twists are greater than normal but fewer than severely tortuous vessel); and
3. RET-TORT order 28-30: Severely tortuous blood vessel (number of turns/
twists are greater than moderately tortuous).
This grouping is done on the basis of visual examination of blood vessels from
several images and based on the subjective opinion of different subjects. If the
clinical ordering of the vessels and the results of the proposed method are similar,
then it can be concluded that the proposed method has the capability of measuring
the tortuosity of retinal blood vessels.

4, Results

The results for nine horizontal vessel segments (three normal, three moderately
tortuous, and three severely tortuous), subsequently extended to nine vertical and
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Table 1. Mean of M and R for 27 synthetically generated blood vessel segments

Normal 7 12
Horizontal Moderate 17 26
Severe 28 21
Normal 7 9
Vertical Moderate 17 21
Severe 28 14
Normal 5 4
Diagonal Moderate 7 10
Severe 8 5

nine diagonal vessel segments (three normal, three moderately tortuous, and three
severely tortuous, respectively), as shown in Figure 13, are presented in Table 1.
For all vessel orientations — horizontal, vertical, and diagonal— parameter M and
parameter R for normal, moderately tortuous, and severely tortuous vessels is
obtained by taking the mean of three types of normal, three types of moderately
tortuous, and three types of severely tortuous vessels, respectively. It is clear
from Table 1 that the maximum vessel pixel count (M) increases from normal to
moderately tortuous, and from moderately tortuous to severely tortuous vessels.
The number of rows (R) having the maximum count (M) also increased as compared
to normal vessels.

To eliminate bias in the method, the procedure was executed on 36 synthet-
ically generated vessel segments of different size and amplitude, as shown in
Figure 14. The results are presented in Table 2. The results illustrate that, irrespec-
tive of orientation, size, and amplitude, the tortuosity of the blood vessel segments
increases with increasing oscillation frequency (curviness) of the blood vessel
segments.

On taking the average of M and R from Table 1 and Table 2, the following
conclusions can be drawn:

1. fornormalvessels, ‘M’ and ‘R'< 10

2. for moderately tortuous vessels, ‘M’ or ‘R’ fall in the range of 11-20; and

3. forseverely tortuous vessels, ‘M’ or ‘R=21.

Applying theserangesto actualretinal blood vessels, we found that out of 825 retinal
blood vessel segments, there are a total of 605 normal, 217 moderately tortuous,
and 3 severely tortuous blood vessel segments. The results for parameters M and
R, used for evaluating the tortuosity of retinal blood vessel segments employing
the proposed method, are presented in Table 3. Parameters M and R for normal,
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Table 2. Mean of M and R for 36 synthetically generated blood vessel segments after
considering the four cases

Normal 5 15
Horizontal Moderate 16 14
Severe 28 17
Normal 8 15
Vertical Moderate 12 24
Severe 24 33
Normal 5 3
Diagonal Moderate 8 5
Severe 9 5

Table 3. Tortuosity of retinal blood vessel segments using the proposed method

Normal 8 5
Horizontal Moderate 13 6
Severe 22 10
Normal 8 5
Vertical Moderate 13 5
Severe 21 10
Normal 6 5
Diagonal Moderate 7 10
Severe 8 12

moderately tortuous, and severely tortuous vessels oriented in horizontal,
vertical and diagonal directions are obtained by finding the average for all normal,
moderately tortuous, and severely tortuous vessels, respectively. These results
were verified by conducting subjective evaluations, as discussed in the next section.

To check the validity of our method, the method was evaluated by comparing
with the vessel segment images in the RET-TORT database.'? The evaluation of the
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Table 4. Comparison between RET-TORT order and proposed method

1 Normal 6 7 Normal
2 Normal 8 1 Normal
3 Normal 10 1 Normal
4 Normal 10 1 Normal
5 Normal 10 2 Normal
6 Normal 10 1 Normal
12 Moderate 12 3 Moderate
13 Moderate 14 3 Moderate
14 Moderate 20 4 Moderate
15 Moderate 16 4 Moderate
16 Moderate 14 8 Moderate
17 Moderate 18 3 Moderate
28 Severe 19 8 Moderate
29 Severe 18 7 Moderate
30 Severe 18 9 Moderate

proposed method closely follows the clinical ordering of vessels as provided by
the RET-TORT database. A number of results showing a comparison between the
ranking of RET-TORT vessel segment images using our proposed method and the
clinical ordering by the retinal specialist in the RET-TORT database are presented
in Table 4. However, it was found that, in some cases, the method was not able to
classify severe cases correctly, classifying them instead as moderate. Nonetheless,
normal cases were treated correctly. Table 4 shows that, although severe cases were
classified as moderately tortuous by the proposed method, the values of parameter
M and parameter R lie close to the upper limit of moderately tortuous blood vessels
(M or R close to 20). This shows that there is a small overlap between normal to
moderate and moderate to severe case classifications.

The experimental results show that the proposed method evaluates tortuosity
efficiently and vessels are classified accordingly into normal, moderately tortuous
and severely tortuous.
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5. Subjective evaluation

To investigate the effectiveness of the proposed method, the tortuosity of different
retinal vessels used in the method were also evaluated subjectively. Three post-
graduate students and three research scholars working in the field of retinal image
processing subjectively evaluated the tortuosity of blood vessel segments. Blood
vessels from ten retinal images belonging to the HRF database were cropped
out manually and displayed to the subjects as normal, moderately tortuous, and
severely tortuous according to the number of twists and turns. The subjects were
thus initially trained to identify normal and tortuous blood vessels and asked
to provide an opinion score of 1 for normal, 2 for moderately tortuous, and 3 for
severely tortuous blood vessels. The 825 blood vessel segment images were then
arranged randomly to assess the ability of the subjects in identifying the blood
vessels. The mean opinion score (MOS) was calculated for each image and a graph
was plotted (Fig. 17). The subjective results state that out of those 825 blood vessel
segments, 610 were normal, 210 were moderately tortuous, and 5 were severely
tortuous blood vessel segments. This indicates that the method results correlate
closely with the subjective evaluation.

6. Discussion

The method presented in this paper can be effectively used to evaluate retinal
blood vessel tortuosity. The tortuosity evaluation using synthetically generated
vessel segments shows promising results. The range of values for parameters M and
R were obtained from these experiments and thus used as a baseline for measuring
retinal blood vessel tortuosity. When the method is applied to actual retinal blood
vessel segments obtained from retinal images of publicly available databases, the
results obtained show that vessels are classified as normal, moderately tortuous,
and severely tortuous. While many of the existing tortuosity evaluation methods
have not been applied to retinal vessel segments, our method was tested on artery
and vein retinal vessel segments. Furthermore, only a limited number of methods
have classified the vessels, but the databases used in the work are not publicly
available.'**> In our method, most of the images were obtained from publicly
available databases. The results of our method were also compared with the
clinical ordering of images in the RET-TORT database. The experimental results and
the clinical ordering of images provided by the retinal specialist in the RET-TORT
database as well as the results of subjective evaluation closely match and hence,
the proposed method can be efficiently used for evaluating the tortuosity of blood
vessels. However, we have observed the following limitations in the proposed
method:

1. There is an overlap in classification between normal and moderately
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Fig. 17. MOS graph from the 6 subjects for 825 blood vessel segments.

tortuous blood vessels, and between moderately tortuous and severely
tortuous blood vessels.

2. We have used a simple threshold-based image segmentation technique;
nonetheless, the segmentation results were sufficient for performing our
method.

We observed that, in a few images, some unwanted regions that were not part of the
vessels remained after the segmentation step, which may have affected our results
to some extent. Thus, improving segmentation quality is essential for obtaining
better results.

7. Conclusion

The aim of this study is to measure the tortuosity of retinal blood vessels, which
may help in detecting hypertensive retinopathy. We propose a simple but efficient
image processing-based method to measure the tortuosity of retinal blood vessels.
We found that in binary blood vessel images, the vessel pixel (white pixels) count
increases with increasing vessel tortuosity. Two parameters were used to evaluate
tortuosity. One is parameter M, which represents the maximum vessel pixels; the
otheris parameter R, whichisdescribed asthe number of rows having M vessel pixels.
The values of parameters M and R increase from normal to moderately tortuous,
and from moderately tortuous to severely tortuous vessels. When the method was
applied to the actual retinal blood vessel segments, the results obtained shows that
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vessels are classified as normal, moderately tortuous, and severely tortuous. The
method was also applied on tortuous vessel database (RET-TORT) images and the
measured tortuosity level closely matches with the expert ranking. Similarly, there
was a strong correlation between retinal vessel classification using the proposed
method and retinal vessel classification performed by different subjects. Our
future work will focus on testing the entire blood vessel instead of considering only
segments and then classifying them as normal or tortuous. Given that very few
tortuous images were considered in the work, we also plan to collect hypertensive
retinopathy images in order to apply the method on them.
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Abstract

Purpose: The aim of this study was to compare costs related to glaucoma treatment
for early- and moderate-stage glaucoma patients.

Design: Descriptive observational study.

Methods: The study was conducted at the Eye Clinic in the Hospital of the Lithuanian
University of Health Sciences Kauno Klinikos in Lithuania. An original question-
naire was administered to 80 open-angle glaucoma patients. Data regarding the
age, gender, living area, occupation, income, concomitant diseases, frequency of
outpatient visits, use of topical antiglaucoma and other medications, treatment and
transportation costs were collected. The Hodapp classification was used to divide
patients into two main groups of early- and moderate-stage glaucoma according to
visual field loss. Results with p <0.05 were interpreted as statically significant.
Results: There were 37 patients with early-stage glaucoma and 43 patients with
moderate glaucoma. Moderate stage glaucoma patients were 73 (+ 8) years old,
while patients with early-stage glaucoma were 63 (+ 11) years old, (p < 0.001).
Early-stage glaucoma patients visited their ophthalmologist 2.5 (+ 1.5) times per
year, while patients with moderate glaucoma had 4.4 (+ 2.7) outpatient visits per
year (p < 0.001). Patients with early-stage glaucoma used 1.8 (+ 0.9) medications,
while patients with moderate glaucoma used 2.9 (+ 0.9) medications (p < 0.001).
Combined costs for treatment and transportation totaled an average of 4.7% of
patientincome. Patients that were in the early stages of glaucoma spent about 3.2%
of their annual income for glaucoma care and transportation, while patients with
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moderate-stage glaucoma spent about 5.9% of their income (p = 0.003).
Conclusion: Moderate-stage glaucoma patients had significantly higher expenses
related to glaucoma than early-stage glaucoma patients. Costs related to glaucoma
comprised a significantly greater part of the income of patients who were retired
than patients who were employed.

Keywords: costevaluation,economicevaluation, glaucoma, glaucoma management,
glaucoma treatment costs, socioeconomics

1. Introduction

Glaucoma is a neurodegenerative disorder in which degenerating retinal ganglion
cells produce significant visual disability.! Despite the fact that the pathogene-
sis of glaucoma is not completely understood, it is widely accepted that elevated
levels of intraocular pressure compress the optic nerve and cause progressive optic
neuropathy associated with visual field loss.

Intraocular pressure is determined by the balance between secretion of aqueous
humor by the ciliary body and its drainage through two independent pathways: the
trabecular meshwork and the uveoscleral outflow pathway.? When aqueous humor
outflow is disrupted, intraocular pressure increases. This disruption can occur
when the drainage at the trabecular meshwork is blocked (in the case of open-angle
glaucoma) or when there is a narrowing of the angle of drainage (in the case of
angle-closure glaucoma). Since prolonged periods of elevated intraocular pressure
lead to vision loss, glaucoma can result in complete blindness.

Glaucomaisthe cause of approximately 12% of cases of blindness.? About 10-11%
of cases of blindness in Western Europe and USA are caused by glaucoma, and
these numbers are increasing.® It is estimated that 3% of the global population over
40 years of age currently has glaucoma, the majority of whom are undiagnosed.®
Projections estimate the prevalence of glaucoma worldwide will rise to 79.6 million
by 2020 and counting as the population continues to age.®

Since the glaucomatous processis irreversible and glaucoma is often asymptom-
atic during the early stages, diagnosis and treatment are crucial before the process
reaches advanced stages.” Therefore, early intervention is essential to slow disease
progression.? The main objective of treatment is to preserve the quality of life of the
patient by slowing visual loss.

Reduction of intraocular pressure is the only proven method to treat glaucoma.?
The target intraocular pressure should be achieved with the minimum amount
of medications and fewest possible adverse effects. There are several classes of
medications that lower intraocular pressure, including: prostaglandin analogues,
[B-adrenergic blockers, a-adrenergic antagonists, carbonic anhydrase inhibitors,
and cholinergic antagonists. In general, prostaglandin analogues are the first line of
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medical therapy. This drug class reduces intraocular pressure by reducing outflow
resistance, resulting in increased aqueous humor flow through the uveoscleral
pathway.!! However, as the disease progresses, patients usually require more than
one medication to lower their intraocular pressure.*?

Since glaucomaiis not curable, patients affected with glaucoma require treatment
for the rest of their lives. Lifelong treatment of glaucoma poses a financial challenge
to the patient; this affects drug compliance, which plays a major role in treatment
outcome.®® The fact that patients need more antiglaucoma medications as the
disease progresses suggests that the direct costs of glaucoma treatment increase
as disease severity worsens.'*> Therefore, patients with moderate and advanced
glaucoma have higher economic challenges than the healthy population or patients
in the early stages of glaucoma.’®

The prevalence of glaucomaiin Lithuania has beenrising in the past decade froma
rate of25.6/1000in 2011t030.6/1000in 2015." Acompulsory health insurance model
has been established in Lithuania by the Law on Health Insurance and other laws.
This model is based on the principles of universality and provides the possibility
of receiving individual healthcare services financed from the Compulsory Health
Insurance Funds to insured individuals.®* Reimbursable medicines are prescribed
to patients in an outpatient setting by primary care physicians or specialists. Most
insured patients diagnosed with glaucoma are reimbursed at 80% of glaucoma
medication costs. However, there is insufficient information about the direct costs
of glaucoma treatment and care payed for by patients in Lithuania, as the socio-
economic aspects of glaucoma in the country have never been investigated before.

Therefore, the objective of this study was to determine the relation between
demographic characteristics, stage of glaucomatous process, and economic
challenges of treatment and other costs related to glaucoma.

2. Methods

A descriptive observational study was conducted at the Eye Clinic of the Hospital
of the Lithuanian University of Health Sciences Kauno Klinikos from June to August
2017. The goal of our study was to find out whether early detection and treatment of
glaucoma could significantly reduce the economic burden of this disease.

In order to compare the economic challenges of treatment and other costs
related to the stage of glaucoma, the calculated sample size providing 80% power
to detect a standardized difference of 1.5 in treatment cost between early and
moderate glaucoma groups was 35 in each group, assuming two-sided tests and a
5% significance level. An original questionnaire was administered to 80 patients with
open-angle glaucoma. There were 37 patients (46.3%) with early-stage glaucoma
and 43 patients (53.8%) with moderate glaucoma.
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Inclusion criteria were:

1. patientsolder than 18 years of age;

2. diagnosed with open-angle glaucoma by a qualified glaucoma specialist at
least two years before the questionnaire was administered;

3. actively treated with topical antiglaucoma medications; and

4. willing and able to give consent.

Exclusion criteria were:

1. patients with end-stage glaucoma;

2. patients who underwent surgical or laser glaucoma treatment;

3. advanced age-related macular degeneration, vitreous hemorrhage, diabetic
retinopathy, or any progressive retinal or optic nerve disease other than
glaucoma; and

4. refusal to give informed consent.

Informed consent was obtained from all participants before they participated in the
study. The study was conducted in accordance with the Declaration of Helsinki and
approved by our institutional Research Ethics Committee - Lithuanian University of
Health Sciences Centre for Bioethics.

The questionnaire was composed of a set of 28 questions. Collected data
included:

1. ageand gender;
occupation and income;
frequency of outpatient visits;
living area, means, cost, and duration of transportation;
concomitant diseases;
use and costs of topical antiglaucoma medications; and

7. use of systemic medications.

Data about costs of replacing glasses, loss of wellbeing, rehabilitation, nursing, and
other indirect costs such as lost earnings and productivity were not included. Costs
related to glaucoma screening were not included in the evaluation of treatment
costs since these services are fully compensated by the Compulsory Health
Insurance Fund.

The patients were divided into two main groups of early-stage and moder-
ate-stage glaucoma using the Hodapp-Parrish-Anderson classification,'® which is
based on visual field assessment. Typically, the visual field is assessed by standard
automated perimetry, in which patients respond to light dots presented at fixed
locations in the field of vision by a perimeter that determines a sensitivity threshold
for each location.?

Glaucomatous loss was defined as:

« mean deviation (MD) <-6 dB;

« fewer than 18 points depressed below the 5% probability level and fewer

than 10 points below the p < 1% level; and

+ nopointin the central 5° with a sensitivity of less than 15 dB.

oA wWN
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Moderate glaucomatous loss was defined as:

« MD<-12dB;

« fewer than 37 points depressed below the 5% probability level and fewer

than 20 points below the p <1 % level;

« no absolute deficit (0 dB) in the central 5°; and

« only one hemifield with sensitivity of <15 dB in the central 5°.
Patients with advanced glaucomatous loss were not included in this study.

Statistical analysis was performed using a software package SPSS v. 17.0 (IBM
Corp., Armonk, NY, USA). Independent samples Student’s t-tests were used to
compare and determine the equality of means in two populations. The one-way
analysis of variance (ANOVA) was used to determine whether there are any statis-
tically significant differences between the means of three or more independent
groups. The Mann-Whitney U test was used to compare the differences between two
independent groups, while the dependent variable was ordinal. The Chi-square test
ofindependence was used to analyze differences in two groups when the dependent
variable was measured at a nominal level. Pearson correlation coefficient was used
to measure the linear correlation between two variables. Cramer’s V coefficient
factor was used to measure the association between two nominal variables. Results
with a significance level of p <0.05 were interpreted as statistically significant.

3. Results

Eighty open-angle glaucoma patients participated in the study. Demographic char-
acteristics, rates of comorbidity, and types of medications used to treat glaucoma
are shown in Table 1. The average age of male subjects was 66.8 (+ 10.6) years and
the average age of female subjects was 69.2 (+ 11.1) years, p = 0.343. There was no
significant difference between the average age of males and females.

Patients were diagnosed with glaucoma for an average of 9.2 (+ 7.3) years
(minimum of 2 years; maximum of 30 years). Participants visited their ophthalmolo-
gist on average about 3.3 (+ 1.7) times per year (minimum 1, maximum 7).

There was no significant correlation between the amount of outpatient visits per
year and the age of patients (r=0.002; p=0.985) and distance needed to travel to the
hospital (r=0.129; p = 0.254). Employed patients had an average of 3.5 (+ 2.3) visits
per year, while retired patients had 3.6 (+ 2.6) visits per year, showing that there was
no significant relationship between employment status and number of outpatient
visits per year, p = 0.833. However, from the 31 employed glaucoma patients, 21
(67.7%) had to take a day off to visit their ophthalmologist.

Patient income was distributed in the groups up to € 300 and from € 300 to 500,
while only less than a fifth of patients had an income above € 500 (Fig. 1).

On average, patients lived 51 (+ 66) km (minimum 1 km; maximum 260 km) away
from the hospital. Most patients came to the hospital by private car or public trans-



Socioeconomic evaluation of glaucoma patients 73

Table 1. Demographic characteristics, concomitant diseases, and types of medications used
to treat glaucoma of patients included in the study

Age, mean £ SD, years 68.3+10.9
Sex, N (%)
Male 30(37.5
Female 50 (62.5
Employment status, N (%)
Employed 31(38.8)
Retired 49 (61.2)
Rates of comorbidity, N (%)
Cataracts 27 (33.8)
Arterial hypertension 46 (57.5)
Type 2 diabetes 10 (12.5)
Circulatory system conditions 5(6.3)
Asthma 5(6.3)
Type of medications used, N (%)
-adrenergic blockers 54 (67.5)
Carbonic anhydrase inhibitors 51 (63.8)
a-adrenergic antagonists 26 (32.5)
Prostaglandin analogs 58 (72.6)

Patient distribution by income
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Fig. 1. Distribution of patients in different income groups. The income of most patients was
up to €300 and between €300 and 500, while only less than a fifth of patients had an income

above €500.
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Choice of transport and distance by mean of transport
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Fig. 2. Chosen means of transport and variation of distance by mean of transport. (a) Distri-
bution of chosen transport means used to arrive to the hospital. (b) Box-plot showing the
average distance needed to travel to the hospital by different means of transport.

portation, and some using an intercity bus or on foot (Fig. 2a). Patients who came by
automobile lived statistically significantly further away than the ones that came to
the hospital by bus, p <0.001 (Fig. 2b). Twenty-four (30%) patients drove themselves
to outpatient visits and 12 (15%) were taken to the hospital by a family member
or friend. The average time it took for participants to get to the hospital was 1
hour, first quartile was up to 20 minutes, the median was 30 minutes, and the third
quartile was 1.5 hours.

Sixty-one (76.3%) patients visited the ophthalmologist by themselves, while
the other 19 (23.8%) patients came to the hospital with an accompanying person.
Seventeen (89%) of them accompanied the patient because of their inability to
travel or get to the hospital alone. Twelve (63%) of the 19 accompanying persons
were employed and 6 (50%) of them had to take time off to take the patients to the
hospital.

The average cost of travel for one visit to the ophthalmologist was € 10.84 (+
12.94) (minimum € 0, maximum € 48). Participants that came to the outpatient visits
by bus had an average travel cost of € 4.69 (+ 5.90), while patients who came to the
hospital by car payed statistically significantly more, approximately € 18.72 (+ 14.84)
per visit, p <0.001 (Fig. 3a). Patients who chose to travel to the hospital by bus lived
an average of 27 (+ 36) km to the hospital, while patients who lived further away from
the hospital, approximately 83 (+ 80) km, chose to take an automobile, p<0.001. The
result of correlation analyses shows that there was a statistically significant rela-
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Transport cost by mean of transport and relation between travel distance and cost
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Fig. 3. Transport cost by means of transport and relation between travel distance and cost.
(a) The variation of transport costs per one visit by chosen means of transport. (b) Correlation
analyses shows that there was a statistically significant relationship between the distance
the patient travels to the hospital and travel cost. The scattering of variables and linear
regression is shown.

tionship between the distance traveled by patients to the hospital and travel costs,
r=0.879, p <0.001 (Fig. 3b).

All the patients who participated in this study were divided into two groups
using the Hodapp-Parrish-Anderson classification. There were 37 patients (46.3%)
with early-stage glaucoma and 43 patients (53.8%) with moderate glaucoma.
Comparison of demographic characteristics between patients with early- and
moderate-stage glaucoma outlines that patients with moderate glaucoma were
significantly older and more of them were retired than early-stage glaucoma
patients. The distribution by sex was not significantly different in these groups, as
shown in Table 2.

A summary of distribution of concomitant diseases and conditions in the early
and moderate glaucoma groups is shown in Table 3. There were significantly
more cases of cataracts in the moderate-stage glaucoma group. There was no
significant difference of prevalence of diabetes, arterial hypertension, circulatory
system conditions, and asthma between patients with early- and moderate-stage
glaucoma.

Participants with early-stage glaucoma had been diagnosed in average for 6.6
(+ 5.3) years, while patients with moderate glaucoma had the disease for a longer
time period, approximately 11.2 (+ 8.3) years, p = 0.004. Patients in the early stages
of glaucoma visited their eye doctor about 2.5 (+ 1.5) times per year, while patients
with moderate glaucoma had statistically significantly more visits per year, approx-
imately 4.4 (+ 2.7) visits per year, p <0.001. Types of medication used and frequency
in use of specific types of antiglaucoma medications are detailed in Table 4.
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Table 2. Demographic characeristics of patients with early-stage and moderate glaucoma

Age, mean + SD, years 62.7+11.2 73.14£8.0 <0.001
Sex, N (%)
Male 12 (15.0) 18 (22.5) 0.75 | r=0.097 0.385
Female 25(31.3) 25(31.3)
Employment status, N (%)
Employed 24 (30.0) 7(8.8) 19.78 | r=0.497 <0.001
Retired 13(16.3) 36 (45.0)

Table 3. Concomitant diseases, conditions of patients that suffer from early and moderate
stage glaucoma.

Cataracts 5(13.5) 22 (51.2) r=0.397 <0.001
Arterial 18 (48.6) 28 (65.1) r=0.166 0.175
hypertension

Type 2 diabetes | 4 (10.8) 6(13.9) r=0.136 0.745
Circulatory 3(8.0) 2(4.7) r=0.071 0.658
system

problems

Asthma 1(2.7) 4(9.3) r=0.136 0.366
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Table 4. Frequency in use of different type antiglaucoma medications in early-stage and
advanced glaucoma management

E[:f;:::rgi‘ 22 (59.5) 32 (74.4) 54 (67.5)
Timolol 22 (59.5) 30 (69.8) 52 (65.0)
Betaxolol 0(0.0) 2 (4.7) 2 (2.5)

Carbonic

anhydrase 17 (45.9) 34 (79.1) 51 (63.8)

inhibitors
Brinzolamide 12 (32.4) 21(48.8) 33 (41.3)
Dorzolamide 5(13.5) 13 (30.2) 18 (22.5)

a-adrenergic

antagonists
Brimonidine 4(10.8) 22 (51.2) 26 (32.5)

:;‘;f::ila"di" 23(62.2) 35(81.4) 58 (72.6)
Latanoprost 6(16.2) 17 (39.5) 23(28.8)
Brimatoprost 6(16.2) 8(18.6) 16 (20.0)
Travoprost 8(21.6) 9(20.9) 15(18.8)
Tafluprost 3(8.1) 1(2.3) 4 (5.0)

The distribution of patients by the amount of medications used ranged from one
to four topical antiglaucoma drugs (Fig. 4a). Patients with early-stage glaucoma
used 1.8 (£ 0.9) medications on average, while patients with moderate-stage
glaucoma used significantly more drugs, 2.9 (+ 0.9), p < 0.001. The results show
a statistically significant difference in direct treatment costs depending on the
amount of medications used, p <0.001 (Fig. 4b).

The average yearly cost of antiglaucoma medications was € 249.75 (+ 109.66) per
patient (minimum € 36.75, maximum € 463.44). Patients with early-stage glaucoma
used medications worth € 196.62 (+ 105.12), while patients with moderate stage
glaucoma had medication costs of € 295.47 (+ 92.31) per year, p < 0.001 (Fig. 5).
Patient costs for topical antiglaucoma medications were reimbursed at 80% by the
Compulsory Health Insurance Fund of the Republic of Lithuania. The average direct
cost for annual medication was € 107.09 (+ 56.29) (minimum € 14.40, maximum
€264).
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Variation in treatment cost by amount of medications used
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Fig. 4. Patient distribution by the amount of glaucoma medications used and variation of
yearly treatment cost by amount of glaucoma medications used. (a) Patient distribution
by the amount of glaucoma medications used. (b) Box-plot showing the variation of yearly
cost of treatment by the amount of glaucoma medications used. Results show a significant
increase of costs depending on the amount of medications used.
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Fig. 5. Variation of yearly treatment cost in early and advanced glaucoma groups. Box-plot
showing the variation of yearly cost of treatment in the early-stage and moderate glaucoma
groups.
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Combined direct patient treatment and travel costs were about € 143.29 (+ 86.61)
per year on average (minimum € 86.61; maximum € 528). Travel costs accounted
for about 21% of combined patient costs. Combined costs for treatment and trans-
portation made up about 4.7% of patient income. Patients that were in the early
stages of glaucoma spent about 3.2% of their income on costs related to transport
and treatment, while patients with moderate-stage glaucoma spent an average of
5.9% of theirincome, p=0.003. Employed patients spent about 2.7% of theirincome
for direct glaucoma costs, while retired participants spent a significantly higher
amount, 5.9% of their earnings, p = 0.001.

4, Discussion

The number of people coming to hospital eye departments is likely to increase in the
future as a result of an ageing population, increased optometric case findings, and
raised public awareness.?! This study concludes that patients with moderate-stage
glaucoma were significantly older than patients with early-stage glaucoma. This
and data from other studies suggest that older age increases the risk of glaucoma
progression.??

Patients with moderate-stage glaucoma had a higher number of yearly oph-
thalmologist visits and had glaucoma for a significantly longer time. This shows
that patients who suffer from glaucoma longer have a higher progression rate of
the disease. Participants of this study who had a moderate glaucomatous process
tended to need more medication to reach their target intraocular pressure, which
amounts to higher treatment costs.

Many other studies that have researched the economic burden of glaucoma
concluded that, as disease severity worsens, resource utilization and direct medical
treatment costs increase. This increase in costs was observed in a study done in
Europe, which concluded that direct treatment costs increased by € 86 by each
incremental step (from € 455 in stage 1 to € 969 in stage 4).2° A study conducted
in the USA showed a similar outcome, finding that treatment costs amounted to
US$623 in early-stage glaucoma, USS 1915 in advanced glaucoma, and US$ 2511
in end-stage glaucoma.?® Likewise, as seen in literature reviews, it appears that
several other studies have come to the same result, namely, that increased disease
severity is associated with increased costs.?* This concludes that older patients with
moderate and advanced glaucoma are facing a much higher economic burden than
younger patients with early-stage glaucoma.

Glaucoma management strategies aimed at slowing or stopping disease
progression, if effective, would be expected to significantly reduce the economic
burden of this chronic disease over many years.”®> Early disease recognition,
proactive management, and prevention of progression beyond the early stages may
reduce the overall national and personal economic burden, limit the reduction of
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productivity from vision loss, and preserve quality of life.>!>2> Home tonometers
would transfer a considerable portion of IOP follow-up to patients themselves,
similar to measuring blood sugar and blood pressure at home. The time of medical
professionals would be freed to other patients who could benefit more from their
care.”

Findings about costs related to glaucoma treatment might vary in different
countries and studies, but an objective way to observe the differences in glaucoma
costs is comparing costs to patient income. In a study conducted in Sweden, the
mean annual cost for glaucoma treatment and care was € 476.%” Other studies
undertaken in France and Sweden show that patients spent an average of € 390 and
€531, respectively.? According to data published by the Organization for Economic
Co-operation and Development, the average yearly wage is € 41,835 (SEK 399,988) in
Sweden and € 36,809 in France.? From this data, we can see that glaucoma patients
in Sweden spend about 1.1-1.3% of their income on costs related to glaucoma,
while patients in France spend about 1% of their income.

Inourstudy, patients spentan average of € 143 annually for glaucoma medications
and transport costs combined. The average net monthly earning in Lithuania in
2016 was € 602.30 (yearly income of € 7227.60).%° Working patients spent about 2.7%
of their income on glaucoma treatment and transportation. The average monthly
state social insurance pension in 2015 was € 244.50 (yearly income of € 2934).3! Since
more patients in the moderate-stage glaucoma group were retired and theirincome
came from social insurance pensions, they spent a greater amount of their monthly
pay, approximately 5.9%, for glaucoma care. It is evident that glaucoma poses a
higher economic burden on this social group.

In our study, direct costs for medication comprised 79% of combined costs. In a
study conducted in Europe, medication costs represent a minimum of 42% of total
direct cost at any disease stage.!® Drug costs in Denmark accounted for 57% of total
glaucoma care costs.®

Groups of patients for which glaucoma pose a higher economic burden might
prefer choosing cheaper alternative antiglaucoma medications with different
substance concentrations or might display low treatment compliance due to sparing
medication to lower treatment costs. The proportion of patients who deviate
from their prescribed medication regimen ranged from 5-80%.%* Low treatment
compliance can cause an increase in intraocular pressure and speed up the rate of
glaucoma progression. Treatment compliance is fundamental to reduce glaucoma
progression; even a small (1 mmHg) reduction in intraocular pressure could reduce
glaucoma progression significantly by approximately 10%.3*

Even though average travel costs per visit were about € 10.84 (+ 12.94), they
accounted for 21% of direct costs. There were similar results in a study published
about travel costs for glaucoma patients in London hospitals; travel accounted for
approximately one-fifth of total patient costs.?! It appears that patients who lived
furtheraway had highertransportation costs and would choose travel by automobile
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more often. This problem may occur due to a lack of glaucoma specialists in their
counties.

Our study had several limitations. Costs for office visits, glaucoma examina-
tions, replacing glasses, rehabilitation, nursing, and other indirect costs were not
included. Information about lost income during visits and lost productivity was not
included, and additional costs incurred by accompanying persons were also not
included. We assumed that patients were compliant with treatment and did not
measure compliance directly by any objective methods.

5. Conclusion

Glaucoma is a neurodegenerative disorder in which elevated intraocular pressure
causes irreversible damage to the retinal ganglion cells. Lifelong treatment is
needed to slow disease progression, and as glaucomatous damage progresses,
patients require more medications. Moderate-stage glaucoma patients were older,
had glaucoma for longer, had more outpatient visits, and used more medications
than early-stage glaucoma patients. Costs related to glaucoma comprised a con-
siderable amount of patient income. However, some groups of patients were more
affected than others. Our research shows that moderate-stage glaucoma patients
had significantly higher expenses related to glaucoma than early-stage glaucoma
patients. Likewise, costs related to glaucoma comprised a much higher portion
of income for patients who were retired versus those who were employed. Given
that retired patients had a lower income and higher glaucoma costs while also
having moderate glaucoma more frequently due to disease duration made them
a more socially vulnerable group. This shows that early detection and treatment of
glaucoma can significantly reduce the economic burden of this disease.
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Appendix

Questionaire:
1. Gender:

O Male

d Female

2. Address:

3. Age:

4. Education:

O High school graduate
O Vocational school

O College

O University

O Other:

5. Occupation:
O Employed

O Unemployed
O Student

O Retired

O Other:

6. What is your monthly income?

7. How long have you been diagnosed with glaucoma?

8. How many times a year do you visit your glaucoma specialist for a follow-up?

9. Do you have any eye diseases other than glaucoma? (/f yes, which ones?)
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10. Do you have any other medical conditions?
O Hypertension

O Type 2 diabetes

O Asthma

O Other:

11. Have you undergone any glaucoma surgery?
d Yes

d No

12. Have you undergone any other type of eye surgery?
d Yes
d No

13. What antiglaucoma medications do you use?

Medication Total cost Cost after reimbursement

14. What systemic medications do you use?

Medication Total cost Cost after reimbursement

15. What percentage of your antiglaucoma medication costs are reimbursed by the
Compulsory Health Insurance Funds?

16. Do you have to take a day off because of outpatient visits?
d Yes
d No
O I do not work
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17. What mean of transport do you use to get to outpatient visits?
On foot

Public transport/bus

Intercity bus

Taxi

Car

Ooooo

18. Do you need to come with an escort?
Yes
No (if no, proceed to Question 23)

aa

19. What is your relationship with your escort?
Husband/wife

Family member

Friend

O
O
O
O Other:

20. What is the occupation of your escort?
Employed

Unemployed

Student

Retired

Other:

Ooooo

21.1fthe person that accompanies you is employed, does he/she miss work to escort

you?
O Yes
O No

22. Why do you need an escort to get to outpatient visits?
Drives to the hospital

Moral support

Disability

Other:

O000ad

23. Estimate the cost of one-way transportation per outpatient visit (according to
your means of transport):

. Bus ticket price:
. Train ticket price:
. Taxi price:

. Gas price (by car):
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24. How many kilometers do you need to travel to the hospital?

25. How long does it take for you to get to the hospital (hours and minutes)?

26. Do you have any additional costs (hiring a nanny/nurse for family members or
other) when you go to outpatient visits?

O Yes, what expenses:
d No
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Abstract

Purpose: Intraocular pressure (IOP) during pars plana vitrectomy (PPV) decreases
as aspiration generates flow, a phenomenon known as head loss. Since direct
measurement of the IOP during surgery is impractical, currently, available compen-
sating systemsinfer IOP by measuring infusion flow rate and estimating correspond-
ing pressure drop. The purpose of the present paper is to propose and validate a
physically based algorithm of the infusion pressure drop as a function of flow.
Methods: Complete infusion lines (20G, 23G, 25G and 27G) were set up and primed.
The infusion bottle was set at incremental heights and flow rate measured 10
times and recorded as mean + SD. Overall head loss (OHL) was defined, according
to hydraulics laws, as the sum of frictional head loss (FHL; i.e., pressure drop due
to friction along tubing) and exit head loss (EHL). The latter is equal to the kinetic
energy of the exiting flow through the trocar (FKE = V?/2g). A 2" degree polynomial
equation (i.e., AP = aQ? + bQ, where AP is the pressure drop, or OHL, and Q is the
volumetric flow) was derived for each gauge and compared to experimental data 2™
order polynomial best-fit curve.

Results: Ninety-seven percent of the pressure values for all gauges predicted using
the derived equation fell within 2 SD of the mean difference yielding a Bland-Altman
statistical significance when compared to 91% of best fit curve.

Conclusion: The derived equations accurately predicted the head loss for each given
infusion line gauge and can help infer IOP during PPV.

Correspondence: Tommaso Rossi MD, Via Benedetto XV 5, 16132 Genoa, Italy.
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Keywords: head loss, intraocular pressure compensation, pars plana vitrectomy,
volumetric flow rate

1. Introduction

Pars plana vitrectomy (PPV) addresses a variety of indications, including retinal
detachment, diabetic retinopathy, macular surgery, and many others. Maintaining
invariantintraocular pressure (IOP) and therefore volume during surgery, minimizes
bleeding and prevents serious untoward events, as listed by Rossi et al.}, including
hemorrhagicchoroidaldetachment, optic nerveischemia,and vitreoushemorrhage.

Infusion bottle height guarantees stable intraocular volume and equals ocular
pressure under steady conditions (i.e., when there is no flow). As the aspiration
starts, balanced salt solution (BSS) (Alcon, Fort Worth, USA) flows through the
infusion line and dissipates part ofitsenergy, thus reducing pressure,a phenomenon
called head loss. In order to maintain a stable IOP during aspiration, additional
infusion pressure is needed to compensate the effect of head loss.? Conversely,
when aspiration stops, flows also reduces to zero: pressure drop instantaneously
vanishes and IOP suddenly increases.?

Several systems intended to compensate head loss have been developed and
their efficiency has been tested by Falabella® and Okamoto,® although the underlying
physics and algorithms used often remain unknown.

The purpose of the present paper is to characterize the pressure drop due to
head loss of different infusion tubes ranging in diameter from 20G to 27G (Table 1)
as a function of volumetric flow rate, in order to develop a physically based
algorithm capable of calculating infusion pressure drop. This model applies to any
given infusion system and allows the prediction of head loss based on the flow
measurement and the deployment of reliable compensating systems. A thorough
comprehension of head loss will also help design more efficient infusion lines.

Table 1. Gauge and corresponding inner diameter (in mm).

20G 0.69
23G 0.52
25G 0.40
27G 0.43*

*Note that “inner diameter” is considered the actual free surface available to fluid flow. The
material we tested adopted the solution of an infusion cannula within the trocar for 20G,
23G, and 25G, while for the 27G infusion there was no cannula as the infusion tubing was
directly connected to the trocar itself, which acted as an infusion cannula without further
lumen reduction in order to increase flow. This is why the 27G inner lumen is actually wider
than the 25G.
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2. Materials and methods

2.1. Experimental setting

A sketch of the experimental setup is shown in Figure 1. The infusion system full
of BSS, disposable tubing, cassette, 3-way stopcock, and four infusion cannulas of
different gauges, 20G, 23G, 25G, and 27G (Table 1), were set up in the usual fashion
and primed. All tests used the R-Evolution CR800 combined phaco-vitrectomy
machine (Optikon 2000 Inc., Rome, Italy). In order to exclude possible vacuum
within the infusion bottle, a plastic container open at the top was used and BSS
continuously refilled to maintain the free surface height constant. The infusion ran
by gravity and the cannula was taped to a plastic graduated beaker so that fluid
discharge was horizontal at a given height and air-free.

2.2. Volumetric flow measures

The infusion bottle was set at incremental heights (measured from the discharge
level) and the resulting volumetric flow recorded. During each experiment, the
flow rate was measured by gathering fluid within the graduated container (Fig. 1,
no.5) for 60 seconds after discarding the first 5 seconds of transient flow. The same
procedure was repeated 10 times for each given height, z,, and gauge and flow
recorded as mean + standard deviation (Fig. 2).

2.2. Physical-mathematical model and algorithm
The setting of the vitrectomy infusion system during surgery is represented in
Figure3.

z,

Z

____________

Fig. 1. Sketch of the setup used during the experiments: (I) Open bottle; (2) tubing;
(3) vitrectomy machine and cassette; (4) cannula; (5) graduated beaker.
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Flow Rate as a Function of Difference of Elevation (z,-z,)
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Fig. 2. Infusion line OHL as a function of flow.
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Fig. 3. Sketch of the system setup during surgery. (1) Irrigation bottle; (2) cannula; (3)
vitrectomy machine with disposable cassette; (4) irrigation tubing; (5) eye; (6) aspiration.
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In general, the mechanical energy per unit weight of the fluid (the so-called total
head, H) is given by: H = z + p/y + v2/(2g), where z is the elevation, p the relative
pressure (i.e., referred to the atmospheric pressure), y the specific weight of the
fluid, v the fluid velocity, and g the gravitational acceleration. The total head at the
BSS bottle (Fig. 3, no. 1) is:

H =2+ Py (1)

under the assumption that the average velocity in the bottle is negligible. pb
indicates the venting pressure if present (i.e., when the pressure is equalized to
ambient pressurethrough the openingofan electromagneticvalve p, =0; conversely,
if the bottle is pressurized, pb indicates the pressure within the bottle) and z, is the
elevation of the free surface. Similarly, the total head in the eye is given by:

H, =z, +9% ()

where z, is the elevation of the eye and it is assumed that the average velocity of the
fluid within the eye is negligible. When the fluid is at rest, the total head in the bottle
and in the eye are the same (H', = H,). Equating the heads and rearranging the terms
yields:

IOP'=y(Z,-Z) +P, 3)

As the flow from the bottle to the eye starts, a portion OHL of the fluid energy is
dissipated along the infusion system and the total head (mechanical energy) in the
eye, H"e = ze + IOP"/y decreases correspondingly:

H'"e = H, - OHL 4)

Substituting the expression of H”’e and Equation (2) in Equation (4), IOP during
infusion results in:

IOP" =y(Z,~Z,) + P, - yYOHL = IOP' - yOHL (5)

Equation (4) states that the pressure drop given by the infusion flow, PD=10P"' - IOP",
is proportional to the OHL along the infusion: PD = yOHL. OHL may beideally divided
into two contributions: the frictional dissipation of energy (per unit weight) along
the infusion tubing (frictional head loss; FHL) and the dissipation of energy (per unit
weight) at the cannula outlet (exit head loss; EHL):

OHL = FHL + EHL (6)
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We measured the FHL experimentally by means of the setup described in Figure 1
and computed the EHL analytically.

In order to measure the FHL during the experiments, the total head was measured
both at the beginning (the bottle in Fig. 1, no.1; H,) and at the end of the infusion line
(the cannula in Fig. 1, no. 4; H,). The difference (H, - H,) yields the head loss due to
frictional energy dissipation along the infusion tubing FHL.

The total head at the (open) bottle level corresponds to the free surface elevation
(H, =z,), since both relative pressure and velocity vanish at the open bottle surface,
whereas the total head at the exit, H,, is the sum of elevation (z,) and final kinetic
energy (per unit weight), FKE = v,2/2g, since the outlet is in air and the relative
pressure is null:

H,=z,+v,%/2g=2,+FKE (7)

where v, indicates the fluid velocity at the outlet. Fluid velocity v, can be calculated
as the volumetric flow rate (FR) divided by the area of the exit section (the infusion
cannula) (A): v, = FR/A.

As mentioned above, FHL is the difference between the total heads at the ends
of the tubing:

FHL=H,-H, =(z,~z,) - FKE (®)

i.e., the frictional dissipation along the tubing. The FHL can be obtained from
the experiments simply by subtracting the FKE from the difference of elevation
(DE=2z,-12,).

The second contribution to OHL, i.e., EHL, can be evaluated by considering that,
during surgery, the cannula is inserted into the posterior chamber of the eye (Fig. 3,
no. 2), and once within the eye, the fluid moves erratically until it dissipates all the
kinetic energy it had at its entrance through the infusion cannula (i.e., the FKE).
Therefore, EHL is exactly equal to FKE. In the present experiments, we calculated
this additional head loss as:

EHL = FRYf2g?) 9)

Combining Equation (6) with Equations (8) and (9), we obtain that OHL in surgical
conditionsis directly proportional to the differencein elevation (DE=z,-z,) imposed
during our experiments. Ap = YOHL is the pressure drop that must be compensated
in order to maintain a constant IOP during surgical maneuvers irrespective of the
infusion rate. Following the above argument, the pressure drop can be considered
the sum of the contribution of the FHL, Ap,,, = yFHL and EHL, Ap,,, =YEHL.

During our measurements, we imposed the DE and measured the FR for each
given experiment and analytically computed the EHL from Equation (9). Then, we
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derived the FHL as the difference between DE and FKE (Equation (8)).

The resulting values are reported in the left panes of Figures 4-7 for 20G, 23G, 25G,
and 27G infusion tubing, respectively. In the same plots, the values of EHL obtained
on the basis of Equation (9) are reported.

Obtained FHL values arefairly aligned along a straight line, demonstrating a linear
dependency of the head loss on the flow rate, as expected in laminar flows.® This
resultis consistent with the fact that the Reynolds number, Re=UD/v (U indicates the
velocity of the flow, D the inner diameter of the infusion conduit, and v the kinematic
viscosity of the fluid) in the infusion line did not exceed Re =400 during our tests,
well below the value of transition to turbulence in pipe flows.” FHL for the different
configurations has been approximated as a function of the flow rate by a linear best
fit of experimental data points (see Equation (5) in Appendix), as reported in Figures
4a-Ta. These two equations (parabolic Equation (9) and linear best fit), calculated
for each given gauge, can be algebraically added to yield a third function (referred
to as the ‘derived’ equation or function from here on) that can be used to predict the
OHL along the infusion line for any given flow rate (see Appendix).

Finally, the values of OHL predicted by the above-mentioned function were
compared to experimental data to verify whether they matched (Fig. 8).

Both observed and calculated OHL values have been plotted in Figure 9a-9d for
20G, 23G, 25G, and 27G, respectively. Intuitively, the lesser the distance between
observed and calculated data points, the better the predictive capability of the
algorithm.

20G FHL and EHL as a Function of Flow 20G Predicted OHL and Experimental data

80,00 - ¢ Frictional Head Loss 80,00
70,00 4 70,00 y =0,0075x2 + 2,67x

T 60,00 - T 60,00

£ s000 / £ s000

e y=267x £

g 40007 AExit Head Loss g 4000

< 30,00 - < 3000
20,00 ¥ =0,0075¢2 20,00
10,00 - 10,00

—an—A

OObserved Overall Head Loss

O Predicted Head Loss

0 10 20 30 40 0 10 20 30 40

Flow [ml/min] Flow [ml/min]

Fig. 4. 20G infusion. (Left) EHL and FHL as functions of observed volumetric flow. Both
curves and derived equations (EHL, parabolic and FHL, linear) are reported in each graph.
(Right) Measured OHL compared to predictions by the derived equation (reported in the
plot). Experimental data points (observed OHL) and calculated values (predicted head loss)
overlap significantly.
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23G FHL and EHL as a Function of Flow 23G Predicted OHL and Experimental data
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Fig. 5. 23G infusion. (Left) EHL and FHL as functions of observed volumetric flow. Both
curves and derived equations (EHL, parabolic and FHL, linear) are reported in each graph.
(Right) Measured OHL compared to predictions by the derived equation (reported in the
plot). Experimental data points (observed OHL) and calculated values (predicted head loss)
overlap significantly.

25G FHL and EHL as a Function of Flow 25G Predicted OHL and Experimental data
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Fig. 6. 25G infusion. (Left) EHL and FHL as functions of observed volumetric flow. Both
curves and derived equations (EHL, parabolic and FHL, linear) are reported in each graph.
(Right) Measured OHL compared to predictions by the derived equation (reported in the
plot). Experimental data points (observed OHL) and calculated values (predicted head loss)
overlap significantly.
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Fig. 7. 27G infusion. (Left) EHL and FHL as functions of observed volumetric flow. Both
curves and derived equations (EHL, parabolic and FHL, linear) are reported in each graph.
(Right) Measured OHL compared to predictions by the derived equation (reported in the
plot). Experimental data points (observed OHL) and calculated values (predicted head loss)
overlap significantly.



96 T. Rossi, G. Querzoli and G. Angelini et al.

2.3. Interpolation of experimental data points with best fit polynomial
equation
In order to test whether a simple best fitting algorithm of experimental flow rate
data per se could yield satisfying OHL prediction, we used the Excel 2013 (Microsoft,
USA) best fitting curve to yield a 2nd order polynomial equation (hereafter referred
to as the interpolated equation).

We then calculated OHL values by the interpolating curve and plotted them

in Figure 8 for comparison with experimental (observed) data and OHL values
predicted by the derived function.

2.4, Statistical analysis
The t-test was used for repeated measures of flow rate. Statistical significance was
set at a p-value less than 0.05.

The Bland-Altman statistic evaluated the agreement between observed and
OHL values predicted with the derived and interpolated functions. According to
Bland and Altman recommendations,®® the agreement was considered statistically
significant if at least 95% of the data points fell within + 2 SD of the mean difference
between observed and predicted OHL.
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Fig. 8. Comparison of infusion line head loss: (Top left) 20G; (Top right) 23G; (Bottom left) 25G;
(Bottom right) 27G. Each graph reports the comparison between experimental data points
(observed), derived equation, and interpolated data prediction and curves. For each tested
caliper, the derived equation yields predicted values closer to experimental ones (observed).
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3. Results

Figure 2 reports volumetric FR as a function of the DE for all tested gauges. FR
decreased in the following order: 23G > 20G > 27G > 25G; the difference between all
calipers reached statistical significance for any given pressure delta over 15 mmHg
(p<0.01).

The EHL parabolic function and FHL linear equation fitting experimentally
derived points are reported in the left panes of Figures 4-7, while the comparison
between experimental points (observed) and the derived function (see Appendix)
for all tested gauges are shown in the right panes of Figures 4-7. The graphs report
the comparison between experimental data points (observed), derived equation,
and interpolated data prediction and curves. For each tested caliper, the derived
equation yields predicted values closer to experimental ones (observed). Figure 8
includes the 2nd order polynomial best fit in the comparison.

The Bland-Altman plot of observed OHL vs those predicted with both equations
is shown in Figure 9. The derived function (Fig. 10a) shows a highly statistically
significant agreement with experimental data: 97.1% of all data points falling within
2 SD of the mean difference. The best fit (interpolation) function (Fig. 10b) showed a
higher SD and data scattering with only 91.1% of predicted values falling within + 2
SD of the mean difference, a predictive value considered non-significant.

The difference between OHL data calculated with the derived and interpolated
functions proved also highly statistically significant (p <0.01).

Observed - Predicted Head Loss Observed - Interpolation Head Loss
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Fig. 9. Bland-Altman plot for (left) predicted and (right) interpolated values. Predicted values
are less dispersed and much closer to the x-axis (97% within 2 SD) than those obtained with
the interpolated function (91% within 2 SD). Solid line is the mean of difference and dotted

line+2SD.
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Fig. 10. Schematics of the trocar/cannula systems used during the experiments. (a) 20G, 23G,
and 25G. (b) 27G. (1) infusion tubing metal connector; (2) trocar; (3) silicone tubing.

4, Discussion

Maintaining a stable IOP throughout surgery is extremely important, as pressure
changes may result in severe intra- and postoperative complications, as described
by Minami et al.*° Previous studies by Kim et al.'* and Moorhead et al.** on PPV
recorded an IOP range of 0-120 mmHg, with oscillations exceeding 40 mmHg, values
which may induce acute ischemic damage also in healthy eyes.??

The introduction of small gauge instruments with highly efficient pumps allows
high outflow rates and reduced surgical time, but inherently raises the issue of head
loss and the risk of hypotony, as clearly shown in the work of Abulon et al.** In fact,
small gauge surgery imposes a narrow distal infusion opening that limits inflow,
increasing the risk of significant pressure drop, especially at high vacuum.

The purpose of our study is to characterize the flow of 20G through 27G infusion
lines in order to measure head loss and define a consistent prediction algorithm as
a prerequisite for its efficient compensation.

Experimental data (Fig. 2) emphasize the objective clinical significance of head
loss and the need for yOHL compensation, showing head losses corresponding
up to 40 mmHg at flow easily generated during surgery. The relative role of tubing
and trocar/cannula in OHL is clarified in the left panes of Figures 4-7: the tubing
frictional component is predominant (steeper curve), but the trocar/cannula gains
significance as flow increases and caliper diminishes, reaching a fraction as high as
approximately one-third of the FHL (left panels in Figs. 5-7). It should be noted that
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FKE includes the energy dissipation along the tubing, predicted by the Hagen-Poi-
seuille law and the additional head loss due to the sudden variations, such as tips or
connections between different conduit tracts.

Construction details explain the apparently odd result of the 27G and 23G yielding
a lower EHL compared to the 25G and 20G, respectively. Unlike their counterparts,
the 27G and 23G infusion tubing are in fact directly connected to the trocar, whereas
the 25G and 20G have a metal cannula tip sliding into the trocar, thus reducing its
inner lumen (see Fig. 10 and Table 1). Additionally, the FHL is slightly lower for the
27G infusion compared to the 25G. This demonstrates that a significant fraction
of frictional dissipation (FHL) occurs at the narrowest section: the trocar/cannula
system. The meaningful role that the trocar/cannula system plays both in EHL and
FHL suggests that its design is crucial in minimizing the pressure drop generated
by an infusion line. Interestingly, since head loss depends on the 4" power of the
lumen diameter based on Hagen-Poiseuille law for fluid flow, even a small increase
of the exit lumen and/or inner diameter of the cannula inner lumen may significantly
decrease the related head losses.

We derived head loss function (OHL) by adding its known physical components:
EHL and FHL. The former has a known equation (see Methods section and Appendix),
while the latter is obtained from experimental data (Figs. 4-7). The developed
algorithms are both justified from a purely hydraulic standpoint and experimental-
ly validated, since predicted OHL values closely matched experimental data (right
panels in Figs. 4-7 and Fig. 8; 20G-27G) and proved significantly more accurate than
direct interpolation (Figs. 8 and 9). It is important to note that the coefficients of the
equation proposed here strictly refer to tested infusion lines and cannot be applied
to infusion tubing belonging to other manufacturers. Nonetheless, their form holds
in general and the same simple method can be used to derive the appropriate coef-
ficients for any given infusion line of any brand.

We relied on gravity infusion to ensure invariant pressure given by piezometric
head andyield accurate measures. Although most vitrectomy machines use a forced
infusion system, the concept of head loss applies to pressure drop caused by flow,
regardless of how pressure is imposed on the infusion bottle.

An accurate OHL compensating system would undoubtedly represent a step
forward although insufficient per se in guaranteeing a stable pressure throughout
surgery. A ‘feed forward’ mechanism, in fact, may correct deterministic, systematic
biases due to the onset and interruption of aspiration, but are useless by definition
in counteracting random pressure changes as well as transient states. Feedback
controls,onthe contrary, can compensate unpredictable changes but take time, and
require fine-tuning to avoid dangerous overcorrection and/or system divergence.

Falabella et al.* and Sugiura et al.*® investigated one such device and concluded
that it reestablished preset |IOP after an average delay of 2.8 seconds; a lengthy time
and potentially dangerous, due to the system design that reacts ex-post to pressure
drop.
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Falabella et al.* also reported an overshooting pressure wave after head loss
compensation, but did not investigate the opposite phenomenon. When high
flow aspiration steady state is reached, the system increases infusion pressure to
balance head loss; if aspiration stops abruptly, eye pressure will suddenly equal the
infusion line pressure at potentially dangerously high levels.!* In such a case, flow
would stop almost instantaneously and no compensating system could effectively
attenuate this pressure rise.

In summary, we derived functions capable of describing with very high precision
OHL based on flow in a steady regime. Although unable to capture the transient
effects due to the velocity of variation of the FR, the equations based analytically
on hydraulics laws demonstrated a statistically significant prediction capability of
the steady component of the pressure variations. The same method can be used for
any given infusion system and will help develop algorithms capable of improving
intraoperative pressure control. It is worth noting that, in principle, the present
study could be extended to investigate the transient pressure changes due to the
flow variation velocity. However, these effects are presumably too fast to be reliably
compensated in real time during surgery.
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Appendix

1. Derived function

Figure 2a reports experimental Ap,, and Apg,, data in mmHg as functions of FR
measured in ml/min for the 20G infusion line. The EHL in mmHg was evaluated as a
function of FR in ml/min using Equation (3) that assumes the form:

ApFHL =a x FR? )

where the coefficient a =0.0075 mmHg/(ml?>/min?).
The FHL computed by Equation (2) is then approximated by a linear best fit as a
function of the FR with the equation:

Apg, =bxFR (5)

where b =2.6700 mmHg/(ml/min).
Since OHL = FKE + FKL, the pressure drop, which equals yOHL, can be predicted
as the sum of Ap,,,, and Ap,,, equations as follows (derived from the OHL equation):

Ap=yOHL=axFR*+bxFR (6)

The left panel in Figure 2 reports Ap obtained from the measured OHL and the
predicted head loss as a function of FR, calculated with the above equation for
the 20G infusion line. The overlap between experimental and prediction data is
excellent.

2. Interpolation function

For comparison, a 2nd-degree polynomial interpolant was obtained by a best fit
procedure from OHL data points, viz:

Ap=yOHL=cxFR?+d x FR )

where ¢ = 0.0242 mmHg/(m[*/min?) and d = 2.1463 mmHg/(ml/min); the pressure
drop is measured in mmHg and FR in ml/min, as usual. The values for the pressure
drop obtained from the interpolating Equation (7), from the derived Equation (6),
and the experimental data are plotted in the left panel of Figure 6.
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The same procedure was repeated for the 23G, 25G, and 27G infusion circuits.
Corresponding coefficients a and b of the derived Equation (6) and c and d of the
interpolant Equation (7) are listed in Table 1 and related datais plotted in Figures 5-8.
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Peripapillary non-flow area
measurement for progressive
localized glaucomatous perfusion
damage: a case series

Gabor Holld

Department of Ophthalmology, Semmelweis University, Budapest, Hungary

Abstract

Purpose: To investigate the applicability of peripapillary non-flow area (PNFA)
measurement in the radial peripapillary capillaries (RPC) layer for the measurement
of progressive localized glaucomatous perfusion damage.

Methods: A research software version of the Angiovue /RTVue-XR OCT (Optovue,
Fremont, CA, USA) was used to measure localized PNFA progression by clicking on
a predefined peripapillary non-perfusion area on prospectively acquired images.
Capillary vessel density (VD) in the corresponding peripapillary sector was also
measured. High-quality peripapillary Angiovue OCT VD images of an open-angle
glaucoma population prospectively imaged for2 to 2.5 years (5 or 6 visits at 6-month
intervals) were investigated. Eyes with both localized PNFA at baseline and statis-
tically significant peripapillary VD progression in the hemifield of the PNFA were
selected for the analysis.

Results: Four eyes of four patients were eligible. In three eyes, the Octopus visual
field cluster mean defect in the cluster spatially corresponding to the area of the
PNFA progressed significantly (P < 0.01) at a rate of 1.5 to 3.4 dB/year. In two eyes,
neither PNFA nor sector VD showed significant correlation with the follow-up time.
In one eye, significant negative correlation for sector VD (r =-0.841, P = 0.036) and
almost significant positive correlation for PNFA (r = 0.803, P = 0.055) was found,
while in another eye significant positive correlation for PFNA (r = 0.875, P = 0.022)
but no correlation for sector VD was found.

Conclusion: Our results suggest that PNFA measurement in the RPC layer is a

Correspondence: Gabor Holl6, MD, PhD, DSc, 1085 Budapest, Maria u 39, Hungary.
E-mail: hollo.gabor@med.semmelweis-univ.hu
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potentially useful tool for the measurement of progression of localized glaucoma-
tous capillary perfusion damage in open-angle glaucoma eyes with localized peri-
papillary non-perfusion.

Keywords: Angiovue optical coherence tomography angiography, glaucoma
progression, peripapillary capillary vessel density, peripapillary non-flow area
measurement, retinal nerve fiber layer thickness

Introduction

Primary open-angle glaucoma is one of the most common, irreversible, and
potentially blinding painless progressive optic neuropathies, in which the retinal
ganglion cells and their axons are progressively lost.! Treatment of open-angle
glaucoma is mainly intraocular pressure reduction, which slows down progression
in most of the cases, but cannot fully stop disease progression. The manifest glau-
comatous structural damage is characterized by optic nerve head cupping (loss of
the neuroretinal rim of the optic nerve head), reduced peripapillary retinal nerve
fiber layer thickness (RNFLT), and reduced inner macular retina thickness, while the
functional deterioration is best characterized and quantitatively measured with
threshold perimetry of the central 30° portion of the visual field.? Since vision-relat-
ed quality of life of a glaucoma patient is determined both by the severity of damage
atthe time of diagnosis and the speed of progression (rate of progression expressed
as worsening of a parameter per year), long-term glaucoma management requires
regularly repeated functional and structural testing of the eye under treatment.

Vasculardysregulationand unstable perfusionoftheopticnerveheadandthe peri-
papillary retina have been considered as important risk factors for the development
and progression of primary open-angle glaucoma.?* Therefore, in the last decades,
several ocular perfusion measurement methods have been established and inves-
tigated for glaucoma.® However, due to their limitations, their use remains minimal
in clinical glaucoma care. Optical coherence tomography (OCT) angiography is a
non-invasive technology that has been recently developed to measure capillary
perfusion in various layers of the retina, in the macula, the optic nerve head, and
the peripapillary area, respectively.'® The most important difference between
the information provided by earlier blood flow measurement methods and OCT
angiography is that the latter provides segmented measurement data for various
retinal layers and areas separately, while the former methods provide results for the
whole eye, whole optic nerve head, retina, or large retinal areas, respectively. The
segmented and localized information offered by OCT angiography on the peripap-
illary perfusion and its stability or progressive reduction can be coupled with the
spatially corresponding structural and functional test results.

Early and significant reduction of peripapillary vessel density (VD) in the RNFL
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(radial peripapillary capillaries layer, RPC layer) has been established in open-angle
glaucoma.t'® Measurement of glaucomatous progression of the peripapillary
capillary perfusion damage, however, remains a challenge in clinical practice.!**®
The software in some OCT angiography instruments automatically presents
and calculates 360°, superior and inferior hemifield VD progression for change
analysis.'>**1% However, in a similar fashion to progressive glaucomatous RNFLT
reduction, capillary perfusion damage may progress in small isolated areas with
little effect on 360° and hemifield average values provided by the software. In order
to better focus on local VD changes, the Angiovue/RTVue-XR OCT (Optovue Inc.,
Fremont, CA, USA) offers peripapillary sectors and sector VD values for the RPC
layer.’® The peripapillary sectors follow the distribution of the sectors established
by Garway-Heath and colleagues for spatial correspondence with the visual field
test points and glaucomatous visual field deterioration pattern (the Garway-Heath
map).?’ However, in localized progressive capillary perfusion damage, the sector VD
values may still not be entirely satisfactory, since the damage area may not respect
the sector borders, and the between-visit fluctuation of the preserved perfusion
within the sector may blunt the effect of localized progression.

Non-flow area measurement is an established method in macular OCT
angiography scans to quantify non-perfusion in macular disease.’** In the retinal
layer of interest, the investigator selects a dark (non-perfused) area by clicking on
the appropriate point on the screen, and the software automatically delineates
those pixels that form a non-perfused area continuous with the site of the click-
point. The area of the total delineated surface is automatically given in mm?2.

In the current case series, we investigated whether peripapillary non-flow area
(PNFA) measurement in the RPC layer can be used to measure the progression of
localized peripapillary capillary perfusion damage in open-angle glaucoma. We
used a research version of the Optovue 2017.1 software that allows measuring PNFA
in the RPC layer. PNFA was measured in high-quality peripapillary OCT angiography
images that had been obtained earlier from open-angle glaucoma eyes in a
prospective study.?

2. Methods

The research protocol was approved by the Institutional Review Board for Human
Research of Semmelweis University, Budapest. Written informed consent was
obtained from all participants before enrolment. All applicable institutional and gov-
ernmental regulations concerningthe ethical use of human volunteers were followed.
All participants were white Europeans participating in a long-term imaging study in
the Glaucoma Center of Semmelweis University in Budapest. OCT angiography and
RNFLT imaging were conducted prospectively between March 2015 and September
2017. The detailed methodical description is provided in our original publication.*?
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In brief, five or six prospective study visits at 6-month intervals were made (2 to
2.5-year follow-up). A reliable Octopus normal G2 perimetry test was conducted
on all study eyes in all visits.*>?>?* To be included in the analysis, the participants
had to have clear optical media, no eye disease other than glaucoma, and no eye
surgery during the study period. For peripapillary VD measurements, we used the
Angiovue/RTVue-XR OCT and the Optovue 2015.100.0.33 software version (Optovue
Inc., Fremont, CA, USA) via undilated pupil. Only images with optimal image quality,
no motion artifacts, vitreous floaters, or other artifacts were used for research
purposes. The 4.5 mm x 4.5 mm scan size was used. All image acquisitions were made
by the same investigator (GH). In the current investigation, the previously acquired
VD images were reanalyzed using a research software version of software 2017.1
with the Phase 7 update.”* This software version provides selective information on
capillary vessel density (expressed in percentage of the measured area) in the RPC
layer for the superior and inferior hemifields, and for each of eight peripapillary
sectors, respectively. The research software version also offers PNFA measurement
in the RPC layer, irrespective to the VD sector borders. The software automatically
offers linear regression analysis for superior and inferior peripapillary VD, separately,
based on the Garway-Heath map.? No exact P-value is given; significant progression
is defined as P <0.05.

For the current analysis, eligible eyes had to have open-angle glaucoma and both
localized PNFA in the baseline image and a statistically significant peripapillary VD
progression for the hemifield containing the PNFA. One eye per patient was investi-
gated; therefore, when one eye of a patient qualified for the analysis, the other eye
was not considered eligible. One PNFA location per eye was investigated. The exact
location of the clicking-point for PNFA measurement was determined in the baseline
image using anatomical landmarks and the cross-line tool of the VD image (Fig. 1C).
This image was saved and used for the exact repetition of the clicking-point on all
corresponding VD images. PNFA was determined three times in each VD image. The
measured value was accepted and used for analysis when all three PNFAs reflected
the same area and provided exactly the same area value. Baseline Octopus visual
field cluster mean defect (MD) and the software-provided cluster MD progression
(in dB/year)?** for the corresponding OCT angiography follow-up period were
recorded for the cluster that spatially corresponded to the PNFA location. In Octopus
perimetry, a visual field cluster comprises all test points that project to the same
peripapillary retinal nerve fiber bundle, based on the Garway-Heath map.?>?%% In
Octopus perimetry, abnormal sensitivity values are indicated with positive numbers.

2.1. Statistics

Pearson correlation with the follow-up time was used to determine progression. A
significant VD progression was defined with a negative slope, and a significant PNFA
progression with a positive slope at P <0.05 level. The ROPstat 2.0 program package
was used.
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Results

Of the 24 prospectively imaged open-angle glaucoma cases, 4 eyes of 4 patients
qualified for analysis (Table 1). Case 1 was an advanced primary open-angle
glaucoma eye of a 73-year-old male patient with 51 pm baseline mean RNFLT
and 18.5 dB baseline Octopus visual field MD. No significant RNFLT progression
was measured during the follow-up, probably due to the low values, which had
decreased below the measurement threshold (floor effect). PNFA was defined in
the superior sector adjacent to an advanced superotemporal RNFL bundle defect
(Fig. 1B and C). Neither PNFA nor sector VD progressed in a statistically significant
manner (Table 1). In the spatially corresponding visual field cluster, the cluster MD
progressed significantly at 2.9 dB/year rate (P <0.01).

Case 2 was a primary open-angle glaucoma eye of a 65-year-old male patient
with early visual field deterioration (baseline visual field MD 4.1 dB), high myopia
(spherical equivalent: 8.0 diopter), and 71 um baseline average RNFLT. PNFA
was found in the inferotemporal sector. No sector VD progression and no PNFA
progression were found (Table 1). No significant average RNFLT progression was
measured, and the spatially corresponding visual field cluster progression was not
statistically significant.

Case 3 was an early primary open-angle glaucoma eye of a 71-year-old female
patient with multiple vascular white matter lesions in the brain. The baseline RNFLT
was 81 um and the baseline visual field MD 0.3 dB. The RNFLT progression rate was
3.77 pum/year (P = 0.004) and the visual field cluster MD progression rate 1.5 dB/
year (P < 0.01) in the cluster spatially corresponding to the inferonasal peripapil-
lary sector, where sector VD progressed significantly (r =-0.841, P =0.036) and PNFA
progressed in an almost significant manner (r = 0.803, P = 0.055, Table 1).

Case4wasanadvanced juvenile open-angle glaucoma eye of a 48-year-old female
patient with 59 um baseline RNFLT and 18.7 dB baseline visual field MD. No RNFLT
progression was found during the follow-up, probably due to floor effect. In the
superotemporal sector, significant PNFA progression (r = 0.875, P=0.022) was found
without sector VD progression (Table 1). The visual field cluster MD progression in
the spatially corresponding cluster was 3.4 dB/year.

4, Discussion

In the current case series, prospectively acquired peripapillary OCT angiography
images of four open-angle glaucoma eyes with PNFA and significant hemifield VD
progression were investigated using a research software version that offers both
PNFA measurement and peripapillary sector VD measurement in the same images.
Our goal was to investigate whether PNFA measurement in the RPC layer can add
clinically useful information regarding localized progression of glaucomatous
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Table 1. Demographics and progression data of the patients

Casel
73-yrold male,
left eye,
superior sector

51

18.5

50

141

0.26
P =0.410

2.9
P<0.01

Case2
65-yrold

male, left eye,
inferotemporal
sector

71

4.1

53

10.8

0.04
P=0.820

11
P>0.05

Case3

71-yrold
female, left eye,
inferonasal
sector

83

0.3

91

0.0

-3.77
P=0.004

1.5
P<0.01

Case4

48-yrold
female, left eye,
superotemporal
sector

59

18.7

60

17.7

-0.44
P=0.31

3.4
P<0.01

*: Pearson correlation; #: sector in which the peripapillary non-flow area is located; +: visual
field cluster that spatially corresponds to the sector in which the peripapillary non-flow area
is located; RNFLT: retinal nerve fiber layer thickness; VF: visual field; MD: mean defect; VD:

vessel density
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perfusion damage to the information provided by the corresponding sector VD in
eyes with PNFA. The background to our investigation is that localized progression of
capillary perfusion damage in such eyes can theoretically be caused both by a more-
or-less diffuse reduction in a peripapillary VD sector and by an isolated increase of
a non-perfusion area. In the latter case, sector VD may not detect progression since
PNFA may not respect the sector borders, and the between-visit variability of the
preserved perfusion in the sector may mask the effect of PNFA change.

In two of the four cases, neither sector VD nor PNFA correlated with the follow-up
duration. This suggests that, in these cases, no OCT angiography progression was
present in the investigated areas. In another case, high correlations (progression)
were found for the spatially corresponding sector VD and PNFA, although for the
latter parameter the relationship was not quite statistically significant. In the last
case, a high and significant correlation was found for PNFA, but no correlation was
found for the corresponding sector VD. These results show that PNFA and sector
VD provide similar but not identical information, and their clinical usefulness can
be different in different cases. In this small case series, we did not find any clear
relationship between sector VD and PNFA progression, and visual field cluster MD
progression in the spatially corresponding visual field cluster.

It is important to note that in the current work our goal was to evaluate one
technical aspect of peripapillary OCT angiography for the evaluation of open-angle
glaucoma progression. Thus, we present the between-parameter differences for
the detection of progression within an eye, and do not interpret the between-pa-
tient differences or the differences between the systemic health conditions of the
patients. Since only four eyes qualified for the current analysis, such interpreta-
tion would not be scientifically or medically established. There was a consider-
able difference in the age of the patients, ranging from 48 and 73 years at baseline.
However, in progressive late-stage glaucoma, age plays no role in the development
of glaucomatous progression in a 2.5-year follow-up period.'*!* One may speculate
that Patient 3, with both primary open-angle glaucoma and white matter lesions in
the brain, progressed rapidly due to a combination of both diseases. This, however,
has no influence on the technical aspects of perfusion measurement investigated
by usin the current case series. In real-life glaucoma care, elderly glaucoma patients
frequently suffer from systemic vascular and cerebrovascular diseases. Therefore,
Case 3 represents one type of open-angle glaucoma patient commonly seen in
clinical practice.

Our case series has limitations. Even though we had 24 open-angle glaucoma
patients prospectively followed for 2.5 years in the original study, in the current
case series the analyzed sample size was small due to the small number of eyes with
both PNFA and significant hemifield VD progression, as well as high-image quality.
We could not extend the length of the analyzed period beyond 2.5 years (6 visits)
since we replaced the imaging software with a different, higher resolution version.
Currently, PNFA measurement has not been validated by the OCT manufacturer.
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Thus, further research is necessary before this parameter can be considered for
clinical application. Extension of a PNFA toward the image periphery can be limited
by theimage frame. This can decrease the probability of measuring true progression.

In conclusion, our results suggest that PNFA measurement in the RPC layer
may provide additional information to sector VD measurement. Therefore, it
may become a potentially useful new tool for the measurement of progression
of localized glaucomatous peripapillary capillary non-perfusion. Evaluation of
PNFA for glaucoma progression requires prospective high-quality imaging and
long follow-up. Therefore, ongoing prospective clinical investigations conducted
on large open-angle glaucoma populations may provide the possibility of a more
detailed and sufficiently powered future investigation on the usefulness of PNFA in
glaucoma progression analysis.

Acknowledgements

This research received no specific grant from any funding agency in the public,
commercial or not-for-profit sectors. Gabor Hollé is an unpaid consultant of
Optovue, Inc. (Fremtont, CA, USA) and Carl Zeiss Meditec, Inc. (Jena, Germany).

References

1. WangW,HeM,LiZ, etal. Epidemiological variations and trends in health burden of glaucoma world-
wide. Acta Ophthalmol. 2019;97:e349-e355. doi:10.1111/a0s.14044

2. European Glaucoma Society. Terminology and guidelines for glaucoma 4th Edition. Publicom,
Savona 2014.

3. Pinto AL, Willekens K, Van Keer K, et al. Ocular blood flow in glaucoma - the Leuven Eye Study. Acta
Ophthalmol. 2016;94:592-598. d0i:10.1111/20s.12962

4. Flammer J, Orgiil S, Costa VP, et al. The impact of ocular blood flow in glaucoma. Prog Retin Eye Res.
2002;21:359-93

5. GrudzinskaE,ModrzejewskaM.Moderndiagnostic techniquesforthe assessmentofocularblood flow
in myopia: current state of knowledge. J Ophthalmology. 2018;4694789. d0i:10.1155/2018/4694789

6. Yarmohammadi A, Zangwill LM, Diniz-Filho A, et al. Optical coherence tomography angiogra-
phy vessel density in healthy, glaucoma suspect, and glaucoma eyes. Invest Ophthalmol Vis Sci.
2016;57:0CT451-459. doi:10.1016/j.0phtha.2017.01.004

7.  LiuL, JiaY, Takusagawa HL, et al. Optical coherence tomography angiography of the peripapillary
retinain glaucoma. JAMA Ophthalmol. 2015;133:1045-1052 doi:10.1001/jamaophthalmol.2015.2225

8. Yarmohammadi A, Zangwill LM, Diniz-Filho A, et al. Relationship between optical coherence tomog-
raphy vessel density and severity of visual field loss in glaucoma. Ophthalmology. 2016;123:2498-
2508. doi:10.1016/j.0phtha.2016.08.041

9. Holld G. Relationship between optical coherence tomography sector peripapillary angioflow-den-
sity and Octopus visual field cluster mean defect values. PLoS One. 2017;12:e0171541. doi:10.1371/
journal.pone.0171541



114 Gabor Holld

10. Geyman LS, Garg RA, Suwan Y, et al. Peripapillary perfused capillary density in primary open-angle
glaucoma across disease stage: an optical coherence tomography angiography study. Br J Ophthal-
mol. 2017;101:1261-1268. d0i:10.1136/bjophthalmol-2016-309642

11. Shoji T, Zangwill LM, Akagi T, et al. Progressive macula vessel density loss in primary open-angle
glaucoma: A longitudinal study. Am J Ophthalmol. 2017;182:107-117. doi: 10.1016/j.2j0.2017.07.011

12. Hollé G. Comparison of peripapillary OCT angiography vessel density and retinal nerve fiber
layer thickness measurements for their ability to detect progression in glaucoma. J Glaucoma.
2018;27:302-305. d0i:10.1097/1JG.0000000000000868

13. Hollé G. Influence of removing the large retinal vessels-related effect on peripapillary vessel
density progression analysis in glaucoma. J Glaucoma. 2018;27:e137-e139. do0i:10.1097/
1JG.0000000000000990

14. Holl6 G. Progressive decrease of peripapillary angioflow vessel density during structural and visual
field progression in early primary open-angle glaucoma. J Glaucoma. 2017;26:661-664. doi:10.1097/
1JG.0000000000000695

15. Hollé G. Valsalva maneuver and peripapillary OCT angiography vessel density. J Glaucoma.
2018;27:€133-e136. doi:10.1097/1JG.0000000000000983

16. Holl6G.Influence of largeintraocular pressure reduction on peripapillary OCT vessel density in ocular
hypertensive and glaucoma eyes. J Glaucoma. 2017;26:e7-e10. doi:10.1097/1JG.0000000000000527

17. Holld G. Influence of posterior subcapsular cataract on structural OCT and OCT angiography vessel
density measurements in the peripapillary retina. J Glaucoma. 2019; 28.e61-e63. d0i:10.1097/
1JG.0000000000001147

18. Holld G. Peripapillary capillary vessel density progression in advanced glaucoma: a case report. BMC
Ophthalmol 2019;19:2 https://doi.org/10.1186/5s12886-018-1021-x

19. Optovue Inc. RTVue XR Avanti System. User Manual International Software Version 2017.1. Release
date: 11/2017.

20. Garway-Heath DF, Poinoosawmy D, Fitzke FW, Hitchings RA. Mapping the visual field to the optic disc
in normal tension glaucoma eyes. Ophthalmology 2000;107:1809-1815.

21. Atta Allah HR, Mohamed AAM, Ali MA. Macular vessels density in diabetic retinopathy: quantita-
tive assessment using optical coherence tomography angiography. Int Ophthalmol. 2018;Sep 7.
doi:10.1007/s10792-018-1013-0. [Epub ahead of print]

22. Hollé G. Comparison of structure-function relationship between corresponding retinal nerve fibre
layer thickness and Octopus visual field cluster defect values determined by normal and tenden-
cy-oriented strategies. Br J Ophthalmol 2017;101:150-154. doi:10.1136/bjophthalmol-2015-307759

23. Racette L, Fischer M, Bebie H, et al. Visual field digest: A guide to perimetry and the Octopus perime-
ter. 7th edition, Hag-Streit AG, Kéniz, 2017:165-187.



.é © Journal for Modeling in Ophthalmology 2019;3:115-132
y Original article

Increasing protected data
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cataract research using a
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Abstract

Ophthalmology researchers are becoming increasingly reliant on protected data sets
to find new trends and enhance patient care. However, there is an inherent lack of
trust in the current healthcare community ecosystem between the data custodians
(i.e., health care organizations and hospitals) and data consumers (i.e., researchers
and clinicians). This typically results in a manual governance approach that causes
slow data accessibility for researchers due to concerns such as ensuring auditability
for any authorization of data consumers, and assurance to ensure compliance with
health data security standards. In this paper, we address this issue of long-drawn
data accessibility by proposing a semi-automated “honest broker” framework that
can beimplemented in an online health application. The framework establishes trust
between the data consumers and the custodians by:

1. improving the efficiency in compliance checking for data consumer requests
using a risk assessment technique;

2. incorporating auditability for consumers to access protected data by including
a custodian-in-the-loop only when essential; and

3. increasing the speed of large-volume data actions (such as view, copy, modify,
and delete) using a popular common data model.
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Via an ophthalmology case study involving an age-related cataract research use case
in a community cloud testbed, we demonstrate how our solution approach can be
implemented in practice to improve timely data access and secure computation of
protected data for ultimately achieving data-driven eye health insights.

Keywords: common data model, honest broker, precision medicine, protected data
access, semi-automated compliance

1. Introduction

Health care big data being collected today for patients typically comprises heteroge-
neous data sets collected as: electronic health records (EHR) of patient history, wear-
able and other sensor data, genetics, environmental factors, medicalimaging, clinical
diagnosis of signs/symptoms/outcomes, and laboratory results.! With the increased
push to promote data-driven methods in healthcare, there are massive data collec-
tion and archival efforts underway. In fact, biomedical big data has become one of
the critical thrust areas for the US National Institutes of Health? due to the potential
of multi-source data sharing and analysis for discovering rare patterns. Particularly,
EHRs have transformed the availability of patient data as well as disease information
to researchers and physicians. The American Medical Informatics Association (AMIA)3
Genomics and Translational Bioinformatics Working Group has identified knowledge
discovery and data mining as important components of clinical research informatics
and next-generation clinical decision support.

Building upon these advances, researchers and clinicians in ophthalmology and
other fields of medicine can enhance existing knowledge relating to studies of disease
management (diagnosis, prevention, early prediction, personalized treatment)* for
quality health care.! They can potentially analyze/visualize any accessible (protected)
data sets to pursue medical breakthroughs in the areas of personalized medicine,’
and big data knowledge discovery.® Thus, they can investigate novel data-driven
methodsin, e.g., identifying latent associations of patient data sets to determine risk
factors for diseases and test hypotheses with relevant heuristics as part of ongoing
clinical research studies.”

However, there is an inherent lack of trust in the current health care community
ecosystem between the data custodians (i.e., health care organizations and hospi-
tals) and data consumers (i.e., researchers and clinicians). This typically results in an
approach that causes slow data accessibility for consumers due to concerns such as
ensuring auditability for any authorization of data access, and information assurance
to ensure access compliance with health data security standards. The governance to
authorize data access requests from researchers and clinicians includes several data
custodian tasks. The tasks include:

1. ensuring privacy preservation of data owners (i.e., patients) by checking for
compliance of health regulations such as the Health Insurance Portability and
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Accountability Act (HIPAA);® and

2. ensuringdata consumers have the appropriate Institutional Review Board (IRB)
protocol approvals when accessing the data.

These essential tasks introduce additional steps that cause delays in timely handling
of the user data query requests. Figure 1illustrates the current "manual honest bro-
ker" governance that is used by data custodians to manage data consumers’ access of
multiple data sources with heterogeneous data sets that are multi-domain, sensitive,
and guarded by multiple access regulations. Consequently, any data consumer user
request involving various data sets access and their corresponding secure computa-
tion resource requirements are subject to governance tasks and community cloud in-
frastructure configuration. These actions often take several months before approval
is granted for data consumption.
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Fig. 1. llustration of an honest broker facilitation for health big data sharing.

In this paper, we address this issue of long-drawn data accessibility by propos-
ing a semi-automated "honest broker” framework that can be implemented in an on-
line health application. Figure 1 shows the various features that our honest broker
solution must ideally support. It should help in the automation of the data sharing
negotiation process, as well as ensure data access compliance to protect all parties
involved (i.e., data owners, data custodians, and data consumers). The design of our
honest broker framework aims to foster trust establishment between the data con-
sumers and the custodians in several ways. Firstly, it improves the efficiency in com-
pliance checking for data consumer requests using a risk assessment technique that
uses a natural language processing scheme to automate portions of the compliance
checking (based on the NIST SP 800 guidelines)® given a data consumer’s filled-out re-
quest form, and a data custodian’s access policy document. Secondly, it incorporates
auditability for consumers to access protected data by including a custodian-in-the-
loop only when essential. Logging, notification, and manual approval confirmation
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are performed for data actions (such as view, copy, modify, and delete) depending
upon the assessed risk and the sensitive nature of the data being accessed. Lastly,
it increases the speed of large-volume data actions using a popular common data
model (CDM)'™ on a global data catalogue (a.k.a., centralized data repository) that is
hosted in a community cloud infrastructure with high-performance computing, high-
throughput storage, and virtual desktop access resources."” We implement our semi-
automated honest broker solution in the form of an online health application for an
ophthalmology case study involving an age-related cataract research use case involv-
ing the assessment of risk factors (e.g., race, age, and diagnosis) that can possibly
cause the cataract diseases.'”? We also demonstrate our implementation benefits for
the ophthalmology case study in a real-world community cloud testbed to improve
timely data access and secure computation of protected data for ultimately achieving
data-driven eye health insights.

The remainder paper organization is as follows: Section 2 lists the related work
and discusses the novelty of our contributions. Section 3 presents a background re-
garding our ophthalmology case study and challenges experienced when accessing
protected data sets. Section 4 details our solution approach for the semi-automated
honest broker framework development. Section 5 describes our solution implemen-
tation and benefits demonstration in a real-world community cloud testbed for pro-
tected health data management. Section 6 concludes the paper.

2. Related work

2.1 Brokering solutions for health applications

To expedite the processing of data requests, existing works'>'* adapt the functionali-

ties of a brokering approach thatincludes either retrieving the data faster or checking
the access compliance based on data custodian policies to identify the risk of sharing
the data. Prior work'™ proposed an integrative clinical and genomic data framework
called SPARKS, featuring a user interface that requires low levels of training on how to
query/access the diverse data. However, these works™ " fail to address the latency
caused by the manual governance approach to process the related data requester
queries. In order to address such data access issues in a diverse data environment,
our approach employs a semi-automated honest brokering approach (automation is
performed when possible based on risk factors) to the process of compliance check-
ing that ultimately enhances data access speed and its secure computation in a com-
munity cloud infrastructure.

2.2 Data model approaches for integrating diverse data

Due to the diverse nature of the data sources handled in existing works,>' the data
retrieval process for each user request can cause overheads for the users, such as
knowing the query language for data retrieval, getting to know the internal structure
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of data sources, or dealing with the burden of combining multiple data sources. To re-
solve such challenges, a data repository known as the common data model (CDM)" is
employed, which includes standardized data elements, reduced data discrepancies,
combined handling of multiple data sources within standard views, and facilities for
reproducibility and consistency of data retrievals.'® The fundamental part of using
a CDM'® s that it supports data collections for different purposes and from multiple
sources. Forinstance, providers, clinical research, patient care, and financial informa-
tion can be combined within a common structure. The OMOP-CDM'® has been widely
adopted to structure clinical research data,' and multiple open-source tools have
been published to bring disparate data sources into the CDM.'® Given the advantages
of using a CDM, we use the OMOP-CDM version 5 in our work to improve query per-
formance of data retrievals from the original data sources and establish a CDM-based
common data repository.

2.3 Risk assessment approaches

Health data access and availability of information from different data sources are es-
sential factors to take a clinical decision for the data consumers (i.e., researchers and
clinicians) involved in a health care ecosystem. Ensuring trust between the data con-
sumers and the data custodians to facilitate data accessibility is one of the key com-
ponents for many data-oriented transactions involved in health care applications. To
establish mutual trust or auditability in cloud-based software deployments, the risk
of each data transaction and its impact needs to be analyzed.”® As part of establish-
ing trust between the users using our honest broker solution approach, we employ
a two-step process which includes the NIST-based risk assessment approach.'®?° We
also adapt a semi-automated compliance checking building upon the work in?® in or-
der to bring a custodian-in-the-loop only when necessary.

2.4 Compliance-checking solutions

Industry efforts in existing works?'~2% deploy various computation capabilities along
with HIPAA compliance to support the development of health care applications. Sim-
ilarly, to efficiently utilize cloud-based services, consumers have to continuously
monitor and manage the Service Level Agreements (SLA) and also ensure compli-
ance among the services requested by the users. Moreover, a NIST-based compliance
mechanism in our prior work?® elaborates how to align and check compliance for
different computing service policies for a given user request with security and per-
formance requirements for a bioinformatics use case. Our proposed honest broker
solution features semi-automated HIPAA® compliance checking?® based on Natural
Language Processing (NLP) methods to establish the trust and auditability of data
transactions in health care big data applications.
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3. Background of age-related cataracts case study

3.1 EHR database

Recent advancements in health care community using big data provide unique op-
portunities to investigate risk factors for the development of age-related cataract dis-
eases. As part of a cataract research study,”” we utilize the data in a computation-
friendly EHR database such as the Cerner HealthFacts® database. This EHR database
captures and stores de-identified, longitudinal EHRs, including information on de-
mographics, type of encounter, diagnosis, medications, procedures, laboratory tests,
hospital information, and billing details with more than 60 million patient records. In
our work, we particularly utilize a cataract data set research study as a use case for
our proposed honest brokering solution development.
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Fig. 2. Demographics of the ophthalmological data in the Cerner HealthFacts® database.

This EHR database provides us with a unique opportunity to study more variables
(patient demographic, gender, weight, diagnosis, etc.) to analyze the risk factors, as
shown in Figure 2 of age-related cataract diseases.'? As part of accessing the data for
this risk factor analysis,"? the data consumers (i.e., clinicians and researchers) need
to run large-scale queries similar to a query shown in Figure 3. In our experiments,
it took approximately 24 minutes to run a basic program using about 1% of the data
available in the HealthFacts database. For more complex programs using more of the
data, it took 3 or 4 days to run the query, as shown in Figure 3. Such performance
outputs are extremely slow for data consumers who would have to wait long periods
to test bold data-driven hypotheses and derive analytical insights for the futureillness
treatment or drug discovery.

3.2 Governance process challenges in the current model

In addition to the above discussed practical problems, new bottlenecks in utilizing
large health-related databases can arise due to the manual governance employed in
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PROC SQL;
CREATE TABLE PREJOINED AS
SELECT IDSK.PATIENT_ID, IDSK.PATIENT_ SK, IDSK.RACE, IDSK.GENDER,HF_F_ENCOUNTER.ADMITTED_DT_TM, HF_F_ENCOUNTER.ENCOUNT
FROM IDSK AS L INNER JOIN HFFACTV3.HF_F_ENCOUNTER AS R
ON L.PATIENT_ID=R.PATIENT_ID
WHERE HF_F_ENCOUNTER.PATIENT_ID IN (SELECT PATIENT_ID FROM EYEVIS.EYE_ID);
QuIT;
PROC SORT DATA=PREJOINED NODUPKEY;
BY PATIENT_ID PATIENT_SK ADMITTED_DT_TM ENCOUNTER_ID WEIGHT HOSPITAL_ID;
RUN;
PROC SQL;
CREATE TABLE JOINED AS
SELECT PREJOINED.PATIENT_ID, PREJOINED.PATIENT_SK, PREJOINED.RACE, PREJOINED.GENDER, PREJOINED.ADMITTED_DT_TM, PREJOI
FROM PREJOINED AS L INNER JOIN D_DIM V3.HF_D_UNIT AS R
ON L.WEIGHT_UNIT_ID=R.UNIT_ID;
QUIT;

Fig. 3. Query execution of an ophthalmology health big data application case study involving
HealthFacts and the Statistical Analysis System (SAS) analytical tool.

the current HealthFacts, as shown in Figure 4. The challenges caused by the man-
ual governance approach can be grouped under issues pertaining to: approval for
extracting data, latency in extracting data, and storing the data for analysis. To elab-
orate, the data request process in the current HealthFacts system includes the fol-
lowing steps. Firstly, a data consumer sends his/her data request to the HealthFacts
database custodian involving various data types such as: aggregated, de-identified,
identified, and limited. Secondly, each of the user requests are reviewed by a data
custodian-appointed governance committee to check for HIPAA compliance along
with the policies employed across different data sources. The time taken for obtain-
ing consent from each of the parties involved in the data access transaction typi-
cally takes several days or even months due to the manual processes. This results
in queued data requests, query building to use for data visualization, latency in ac-
cessing the data (slow query response), and delayed patient care decisions, which
we term as a case of Loss of opportunity.

= Health Facts DB HETTINAEE TR Data Delivery Visualization
E= Physicians collect Data is delivered i
= data from patients to users using a researcher will
o record data in EHR secure FTP build a query
= =
2 g Data is stored in -
@5 a repository
8k Query build
platform i2b2
|| |[ESE] | | B
request a database
Server at MU

Fig. 4. Data sharing pipeline subject to a governance process for compliance assurance and
auditability of protected health big data applications.

The usability is affected for data consumers due to the latency in accessibility of
the data specifically to run large-scale queries for analytical purposes. The end users,
who are typically not experts in high-performance computing, require automation for
handling queries that involve performing a data lookup at the high scale. Moreover,
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lack of auditability mechanisms for data transactions in a health care ecosystem and
other related trust issues among the data consumers and custodians leads to the fear
of Loss of value for data sets being requested. Furthermore, slow disk mechanisms
used for data lookup, inadequate memory provisioning, and low-scale processing
back-ends can all cause additional latency in data accessibility. To scan billions of
health records from the HealthFacts database using a query look up, relevant user
interfaces and appropriate community cloud system configurations need to be de-
signed to obtain reasonable response times for retrieval of relevant records.

4. Semi-automated honest broker framework

In order to address the challenges shown in Figure 4 relevant to the case study, we
propose a semi-automated brokering solution that features a pipeline to speed up
the data request, access, and sharing process to help research and day-to-day clin-
ical applications. We mainly categorize our proposed solution approach into three
modules:

1. User interface (Ul) module - for the user requests;

2. Honest broker module - for the brokering service to process the requests involv-
ing the governance committee; and

3. CDM - to integrate the disparity among the multiple sources of data for speedy
query/analysis, as shown in Figure 5.

Thus, through our approach, multiple and disparate data sources can be integrated
and the queried data can be shared without compromising the access policy com-
pliance of the sources. Our approach also expedites data accessibility by improving
performance while handling users requirements, and making the data sharing pro-
cess trustworthy.

4.1 Ul design

The Ul module features a web-based interface that allows users to request/review
data relevant to the age-related cataract research study. To develop the Ul, we used
an open-source platform known as HumHub,?* which is an open-source social net-
work development kit based on the Yii2 Framework. HumHub uses the Model-view
controller (MVC) architecture that allows adding new features or allows changing ex-
isting core features by means of custom modules. We implemented our Ul equipped
with both front-end technologies (e.g., HTML, CSS, Javascript) and back-end tech-
nologies (e.g., PHP, PostgreSQL, Python). The Ul allows data consumers (i.e., re-
searchers and clinicians) to create a new data request by filling out a questionnaire
that helps the administrators in governance committee reviews, and initiates the
processing of user requests to make a (approve/deny) decision. The decisions are
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Fig. 5. Layout of the functional modules of the honest broker that include the: Ul for the data
custodians and data consumers, the honest broker service for semi-automated assurance and
auditability of the protected health data access, and the CDM for supporting high-volume data
actions.

made based on the compliance and risk values obtained for each of the user requests
considering tradeoffs in the Loss of opportunity and Loss of value criteria. The interac-
tions between the server and the web applications that are part of the data request
and authorization review process in the Ul are communicated via JSON formatted
messages. We assume two different types of data consumers, i.e., local-user (Intra-
domain) and external-user (Inter-domain), who can submit their requests. These
users can have access privileges with, e.g., default access for Intra-domain user, and
limited access for Inter-domain user. An example of the user data request form and
the admin request review form to access diverse data types (e.g., aggregated, de-
identified, limited, identified) are included in Figure 6.

4.2 Honest brokering design

The honest brokering module serves as a monitoring system that acts upon the tasks
of a governance committee, such as HIPAA and data source policy compliance, risk
assessment of each data request, and subsequent decision making on each of the
user requests. The honest broker module in Figure 5 illustrates the compliance check
functionality, risk assessment'® relevant to a user request, and user access privileges;
decision module that pertains to the approval/denial of the user requests. The com-
pliance functionality, allows the admin users to classify the requests into several bags
of words that are categorized as performance and security requirements (Fig. 7). The
performance and security requirements obtained, as well as the policies of the re-
quested data sources are checked for HIPAA compliance adapted from the work in
Dickinson et al.,2° whose compliance levels are classified as low, medium, and high."®
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Fig. 6. Honest broker Ul screenshots from the HumHub-based implementation of the user data
request forms, and the logging/notification/approval-seeking for assurance and auditability.
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Fig. 7. Conversion of a user request into performance/security requirements using an NLP tool.

The honest broker module handles various parameters related to the requested
data, and analyzes the risk associated with each user request, as shown in Figure 8.
Arisk assessment evaluates the risk score associated with each of the user requests,
including data type requested, user type, and data source. Due to the independent
event nature of these user request entities, a maximum function is used to determine
the overall likelihood (f1). For accurate risk assessment, we model the compliance
score (level) of the user request as input into the risk assessment module to com-
pute the overall risk score (f2), which is an average function of (f1 and compliance
score). The overall risk score is categorized on a uniform scale of 1-10 such as: low (1-
3), medium (4-6), and high (7-10). To take an effective decision based on all the com-
puted parameters, such as compliance and risk associated with the user requests, a
decision process is integrated. This enables the admin to give a decision to approve/-
deny that considers tradeoffs in Loss of opportunity and Loss of value criteria. For ex-
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ample, consider an Intra-domain user (local user) requesting aggregated data whose
data source risk input is minimum. The risk assessment in this case determines the
overall risk score as low. Consequently, data access is allowed by logging the data
transaction and additionally notifying the admin about the data transaction. With
such a risk-analysis based decision, a long-drawn manual governance committee re-
view is avoided. However, if an Inter-domain user (external user) requests, e.g., iden-
tified data involving a large number of days range, then the risk assessment directs
the admin to initiate a manual governance committee review.
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Fig. 8. Steps to calculate the compliance score during risk assessment for a given user request.

4.3 Data query using the CDM

The CDM' helps in the creation of a global catalogue that can provide a standardized
repository of the data. This standardized data is accessible to the honest broker sys-
tem for sharing data analytics pipelines to Intra/Inter-domain users. As part of the
CDM module, we adapt the MOP-CDM v5.0 to provide a common view of the data and
control the access pertaining to different types of data and resources allocated to ful-
filla particular request.’® Our CDM module improves performance by exposing a stan-
dard way to access any data request. This module combines the data from multiple
data sources into a single standard model via Extraction, Transformation, and Load
(ETL)'® functions, as shown in Figure 9. Data is recorded on a day-to-day basis as part
of the regular healthcare operations in the EHR at the data source sites. An ETL pro-
cessfrom EHRina CDM implementation can be automated by schedulingincremental
refresh of data on a nightly, biweekly, monthly, or even quarterly basis. Data can also
be refreshed in real-time using HL7 messages. In the case that a specific data attribute
is queried across a given time and day range by user(s), the corresponding data can be
retrieved if necessary metadata has been added by the data sources involved. Note
that the metadata information can be processed as new attributes in the data model
as part of the CDM implementation. To validate our solution approach, we considered
data sources containing age-related cataract patients data in the DE-SynPUF format
stored in text files.
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Fig. 9. lllustration of CDM module handling multiple data sources through an ETL process to
convert to the standard OMOP-CDM v5.0 format and to load into central data repository.

An offline ETL process extracts the data from the text files, transforms the data into
the OMOP-CDM v5.0 data model'® format, and loads the standardized data into the
CDM repository built on a PostgreSQL v9.5 database. With data available in the CDM
repository, the honest broker is able to process approved/authorized user requests
by running predefined queries to handle the user-requested data sets.

The sample data sets as shown in Table 1, are utilized for the data retrieval process
where the user requests are processed by the honest broker, as shown in Figure 10.
Once the user request is processed and an approval decision is made automatically
(with notification to the admin), or manually by the admin or the governance commit-
tee, the related predefined queries are executed against the CDM repository, where
the time taken for data retrieval is logged. The data flow process shown in Figure 10
includes a set of text files from data sources comprising patient data in the DE-SynPUF
format. The data is extracted from those files, transformed into the OMOP-CDM V5.0
format,'® and loaded into the central data repository. When user data requests are
processed through data retrieval from the central repository, the result-sets are pre-
sented to the users for analysis/visualization.

If a request is semi-automatically approved by the honest broker, then the total
processing time for that request is just limited to the time taken to execute the query
(on the order of a few seconds). Our approach is thus based on the fact that the de-
cision about approving or denying a request is automated based on the data access
factors of the request and the additional information provided by the user for risk as-
sessment. If further authorization is needed for data access, then a custodian-in-the-
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Fig. 10. Illustration of the data flow process handled by the honest broker from multi-domain
sources to the target CDM-supporting computing location.
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loop intervention is introduced (on the order of a few days or months). Regardless,
the semi-automated honest broker along with the CDM simplifies user data access
requests, and shortens the time for checks (e.g., HIPAA fields) and data transforma-
tion (e.g., de-identification) that are currently performed entirely manually. Thus, the
semi-automated honest broker aids the admin as well as the governance committee
to formally approve data access from multiple data sources with varied compliance
requirements. Correspondingly, it also helpsin streamlined and automated handling
of data queries based on the fields, as well as their associated metadata in the CDM.

5. Implementation and evaluation results

5.1 Testbed setup

To evaluate our proposed honest broker solution, we implemented our solution ap-
proach using a community cloud testbed on the NSF GENI cloud infrastructure,? as
shown in Figure 11. In this community cloud testbed setup, we included a host ded-
icated for the honest broker service on a HumHub instance?* and customized our Ul
functionality. An ExoGeni host allows Layer 3 access to the CDM module. Virtual ma-
chines are deployed for the two hosts dedicated to the original data-source reposito-
ries (located locally and externally), and the two hosts to serve as the users (Intra-
domain and Inter-domain). All of these components are connected via a network
switch that emulates the functionalities of each of these entities across multiple net-
work domains.

Each of the components in the testbed setup as shown in Figure 11 are equipped
with different networking speeds based on the user type (Inter-domain, Intra-domain).
An Intra-domain user requests the data access via a LAN (Local Area Network) switch
to the data repository, whereas an Inter-domain data access occurs over the Inter-
net. To process these requests, the honest broker administrator (HB-ADMIN) who is
a local user, will have the option to review the request based on the responses from
the honest broker component used in the testbed setup. The decisions are sent to
the HB-ADMIN from the honest broker module via a high-speed network to avoid the
latency in the request process. If the request is approved, then the requested data is
fetched from the ETL-CDM component used in the community cloud-testbed setup
shown in Figure 11. Evaluation results for the functionalities of each

5.2 Risk assessment results

As part of the honest broker service, we performed compliance checking along with
risk assessment based on the scheme detailed in Section 4. As the main three entities
of a user request (i.e., data source risk, data type requested, and user type) are given
as the input parameters as shown in Figure 8, we term these entities as A,B,C with
eight combinations of user request scenarios. As defined in Section 4, we utilize a
scale of 1-10 for the related risk assessment calculations. As function f1is modeled as
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Fig. 11. Community cloud testbed topology including the honest broker node, the ETL-CDM Exo-
Geni node, the data sources, an Inter-domain user external to the data custodian organization,
and an admin user corresponding to the data custodian organization.

amaximum function, itisirrelevant which entity amongA,B,C s high, as each of these
A,B,C parameters are independent of each otherin an online health application. Thus,
the combination of user request scenarios are reduced to eight and used to compute
f1,as shownin Table 1. Furthermore, as shown in Figure 8, once the compliance mod-
ule identifies that the given user requests are compliant with HIPAA privacy rules, a
compliance score is assigned. The values of the compliance score are assigned as low
(L), medium (M), and high (H) scale based on the user request being processed.>'%20,

This compliance H/M/L score is sent as an input to compute the risk score, which
isthe average of the three entities. The compliance score for each user request is then
output as shown in Table 1. To elucidate, consider the scenario when a local user re-

Table 1. Risk assessment for exemplar user requests handled in the online health application.

3 2 3 3 3 3 L
5 6 4 6 6 6 M
8 9 10 10 10 8 H
2 5 9 9 6 8 H
2 4 6 6 6 6 M
3 5 6 6 3 5 M
3 8 9 9 3 6 M
5 6 10 10 10 10 H
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quests (compliance level: Low) for an aggregated data (Low) and data requested is
"Return the count of condition type (diagnosis)” which is compliant with HIPAA poli-
cies (as the data does not have any PHI data); the corresponding overall risk score
level is Low. In this case, the admin approves the user request and shares the data
based on Loss of opportunity (data availability) priority considerations. Similarly, for
the other seven user request scenarios, we enlisted the risk scores as shown in Ta-
ble 1, with corresponding data access authorizations involving logging, notification,
or formal (manual) approval from admin or governance committee.

5.3 CDM-enabled query results

After the (approve/deny) decision process has been completed, the response for the
requested data access is shown on the Ul dashboard of the data consumer. If the re-
quest is approved, the data consumer is granted access to the data via a data deliv-
ery mechanism that can include links to, e.g., archived repositories or shared folders,
which have an expiration period. Each of these data delivery mechanismsis linked to
the data retrieval from the CDM implementation, and logged on the data custodian
system side for auditability.

Table 2. CDM-enabled data query times in the community cloud testbed implementation of
the semi-automated honest broker solution for high-volume patient data requests.

Requested data set Query
time
Counts of drug types 4.1sec
Counts of persons W.Ith any number of 328 ms
exposures to a certain drug
Distribution of age across all observation
709 ms

period records
How long does a condition last 783 ms
Number of patients by gender, stratified

by year of birth 846 ms
Number of people continuously observed

178 ms
throughout a year
Number of people who have at least one 183 ms
observation period that is longer than 365 days
Patient count per care site place of service 321ms

We validated the functionality of our proposed CDM module by uploading a
cataract data sample that includes health claim-related information. The query
time shown in Table 2 is the parameter we use to evaluate the implementation of
our CDM module in the honest broker implementation. Based on the query time
shown in Table 2, we can observe that most of the resultant data set is retrieved in
a time period of less than a second, whereas, the user request related to drug type
took approximately four seconds. Thus, from the results shown in Table 2, we show
that the complexity of the queries is impacted when performing joins and retriev-
ing the required data sets from the relational schema. Based on these results, we
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plan to further evaluate the effectiveness of our honest broker implementation in
the future by considering additional usability-related metrics relevant to the user
requests for the age-related cataract study, including: query time, data request time,
and latency/delay for handling a data request. We also plan to compare the results
for different community cloud infrastructure configurations and data source policy
variants to investigate CDM-based designs that improve the user experience.

6. Conclusion

Health care data comprises heterogeneous data sets collected from multiple sources,
such as patient information, health claims, billing info, and user demographic data.
To pursue new trends and medical breakthroughs, researchers and clinicians are in-
clined to analyze or visualize any protected data sets. In this paper, we addressed the
issue of long delays in data accessibility using a semi-automated honest broker so-
lution within an online health application implementation. Our solution approach is
targeted for an ophthalmology case study involving an age-related cataract research
study that is supported via an actual community cloud testbed. Our honest broker
solution facilitates the data request process in the case study based on the following
steps. Firstly, a user can send a data request via the user interface module we devel-
oped. Secondly, these user requests are checked for compliance with HIPPA and data
source policies as part of a compliance module that uses NLP. Thirdly, the risk asso-
ciated with each user request is analyzed based on the risk assessment calculation
that follows NIST SP 800 guidelines. Finally, once an approve/deny decision is taken
based on the tradeoffs of Loss of opportunity and Loss of value criteria, the response
to the user request is sent back to the user. If the decision associated to the user re-
quest results in an approval, then the requested data is retrieved using a CDM that
transforms the disparity in any multi-source data as a common representation (ter-
minologies, vocabularies, and coding schemes). In the other cases, our honest broker
solution approach handles data accessibility with a limited custodian-in-the-loop in-
tervention using logging, notification, or formal approval from admin or governance
committee.

Our future work is to extend the CDM implementation with additional features re-
lated to an automated ETL process to bring multiple data sources into the standard
model on aregular basis. In addition, we also plan to compare the effectiveness of our
current semi-automated honest broker solution to the current manual governance
considering other exemplar case studies. Using such detailed analyses, we seek to
establish a fully automated honest broker solution with minimal dependency on the
totally manual governance processes in current practice through advanced features
that include user interfaces for non-experts to easily query within online health ap-
plications, and parallel computation services for scalable data processing in a variety
of analysis contexts of health big data sets.
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