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Abstract

Objective—BIlood flow waveforms - essential data for hemodynamic modeling - are often in
practice unavailable to researchers. The objectives of this work were to assess the variability
among the waveforms for a clinically relevant older population, and develop data-based methods
for addressing the missing waveform data for hemodynamic studies.

Approach—We analyzed 272 flow waveforms from the internal carotid arteries of older patients
(73£13 years) with moderate cardiovascular disease, and used these data to develop methods to
guide new approaches for hemodynamic studies.

Main Results—Profound variations in waveform parameters were found within the aged
population that were not seen in published data for young subjects. Common features in the aged
population relative to the young included a larger systole- to - diastole flow rate ratio, increased
flow during late systole, and absence of a dicrotic notch. Eight waveforms were identified that
collectively represent the range of waveforms in the older population. A relationship between
waveform shape and flow rate was obtained that, in conjunction with equations relating flow rate
to diameter, can be used to provide individualized waveforms for patient specific geometries. The
dependence of flow rate on diameter was statistically different between male and female patients.

Significance—It was shown that a single archetypal waveform cannot well-represent the diverse
waveforms found within an aged population, although this approach is frequently used in studies
of flow in the cerebral vasculature. Motivated by these results, we provided a set of eight
waveforms that can be used to assess the hemodynamic uncertainty associated with the lack of
patient specific waveform data. We also provided a methodology for generating individualized
waveforms when patient gender, age, and cardiovascular disease state are known. These data
driven approaches can be used to devise more relevant in-vitro or in-silico intra-cranial
hemodynamic studies for older patients.
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1 Introduction

Various hemodynamic aspects of blood flow such as wall shear stress (WSS) and oscillatory
shear index (OSI) have been implicated as important driving factors for the development of
intracranial vascular diseases [1-4,11] and are therefore an active topic of study, both
experimentally and computationally [12,13,22,31]. Computational fluid dynamic (CFD)
studies of hemodynamic phenomena, for example, are capable of providing non-invasive
estimates of pressure and velocity information as well as flow-related parameters (e.g. WSS,
OSI) at each of (potentially) millions of mesh nodes (analogous to non-obstructive sensors)
within patient specific vascular domains. This capability is extremely important in the
cerebral circulation where it is not yet possible to safely and accurately measure blood
velocity and pressure in vivo using technologies such as MRA [14] with sufficient resolution
to obtain hemodynamic parameters such as WSS and OSI.

Any computational model or experimental simulation of blood flow requires specification of
the shape of the vascular anatomy as well as the prescription of boundary conditions in
terms of inlet/outlet flow/pressure data. When geometric data of the vessel lumen is
obtained, the corresponding blood waveform data in the vessel is seldom measured in
practice, and as a result, the inflow and outflow data for studies of intracranial blood flow
are nearly always estimated from measurements obtained from population studies or
representative subjects [16-23,33]. In doing so, it is inherently assumed that differences
between such a one-fits-all representative waveform and patient specific waveforms
(unknown) are small enough to be neglected. However, because of the large inter- individual
variability of flow regimes relevant to different cardiovascular diseases and variability with
age as well as disease, this hypothesis should be confirmed for specific applications. There is
therefore a critical need to carefully assess the variability among flow waveforms from a
relevant patient population.

In estimating the impact of inter-individual flow rate variability, it is critical to understand
the range of flow waveforms within the population of interest. For example, while the
waveform shape may be relatively similar across healthy, young adults [5],[6], a much larger
variation would be expected in elder based populations, due to, for example, the decrease in
arterial compliance with age [7,15,24]. A study by Hoi et al. (2010), [8] found substantial
differences in the common carotid artery bifurcation waveforms among young and old
patients. Furthermore, with increasing age, proximal cardiovascular diseases are more
common and have been found to substantially alter the cerebral vascular waveform [26].
These age associated variations in flow waveforms will be particularly important for
hemodynamic studies of vascular pathologies, such as cerebral aneurysms [9,25,27] that are
more common in older populations.

In this work, we identified and quantified the variability in both waveform shape and flow
rate found in the left and right internal carotid arteries of an aged population with mild to
moderate cardiovascular disease. Based on this analysis, we then produced results that can
be utilized in one of two ways to incorporate the impact of waveform variability on
hemodynamics in future ex-vivo based hemodynamic studies in the ICA. We first provide
eight waveforms from our ensemble which were found to be capable of capturing the range
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of waveform parameters found to strongly influence flow rate; such waveforms are well
suited for use in parametric uncertainty studies. We then provide data which can be used to
create an individualized waveform for a patient incorporating age, gender, and known
disease factors.

2.1 Waveform generation

2.1.1 Doppler data acquisition—Patients who underwent duplex, bilateral Doppler
ultrasound of the carotid arteries at the Mayo Clinic from 1/1/2012 to 12/31/2012 were
enrolled in the study. Of the 867 enrolled patients, those with greater than mild stenosis of
the carotid artery, stent or patch placement, or lack of information regarding risk factors of
interest were excluded from the study, leaving 352 patients for analysis.

Clinical data was collected for each patient including gender, age, hypertension status, and
existence of the following cardiovascular diseases: aortic stenosis, aortic regurgitation,
congestive heart failure, coronary artery disease, atrial fibrillation, diastolic dysfunction,
systolic dysfunction, and paroxysmal atrial fibrillation (AFIB). Lifestyle and health
information including cigarette smoking and BMI (averaged over three years prior to
Doppler acquisition) were also obtained. Positive classification of hypertension was defined
by a systolic blood pressure greater than 140 mmHg, or a diastolic blood pressure greater
than 90 mmHg. Doppler ultrasounds were performed by dedicated sonographers. The
Doppler ultrasound data in conjunction with the ICA diameters, determined to a precision of
1 mm, were obtained at a location approximately 3 cm distal to the origin of the ICA.
Greyscale ultrasound images of the internal carotid arteries with velocity waveforms
spanning three to eight cardiac cycles were saved by the sonographer for analysis.

2.1.2 Extraction of velocity waveform from Doppler data—The peak velocity over
the cross section as a function of time, V (t), was obtained from the waveform ultrasound
images using custom scripts written in the MATLAB Release 2012a environment (The
MathWorks, Inc., Natick, Massachusetts, United States.). The scripts were designed to
automate the process of the detection of the waveform envelope so as to minimize user
interaction and lessen human bias. The characteristic metrics for each period were visually
checked in an automatically generated figure, e.g. Figure 1. Some of the images were either
of too poor resolution to be analyzed or not possible to be analyzed using the automated
software and were thus excluded from the study. The metrics of the individual periods
comprising the ensemble waveforms (consisting of three to eight periods per waveform)
were simply averaged to produce period-averaged waveform metrics. Period-averaged
waveforms which were produced for latter use in the study were produced by aligning the
normalized waveforms by their maximum velocity to avoid artificial rounding or flattening
of the systolic peaks which was otherwise unavoidable in many cases.

2.2 Definition of characteristic waveform metrics

The waveform shape was characterized by eight metrics that were used for the young,
healthy population in [6] as well as additional metrics (Va4 max Vop V avg 8om V avg ADN
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tvamamax tvop). Pulsatility index (PI) was additionally provided. The additional metrics
were chosen primarily to distinguish features in our aged population that were not present in
the young, healthy population in [6]. The definitions of each metric are listed in Table 1 and
depicted in Figure 1. All velocity variables were normalized by the maximum velocity V ;4
and all temporal variables by the cardiac period, T e The values of each characteristic
metric -such as the maximum, and minimum velocities and the times at which they occurred
- were automatically identified and recorded using the custom MATLAB script described
above. The mean and standard deviation of each metric for each patient were then computed,
as well as the population averaged means and standard deviations for the left and right ICAs.
The dicrotic notch was defined as the local minimum of the waveform velocity directly
following the completion of systole. More quantitatively, this is the point after the second
systolic V1, max Where the second derivative in time of the velocity is maximum. The
quantities V a5 oy and V 4,9 apy Were then defined as the time averaged velocities for the
regions before and after the dicrotic notch, respectively.

2.3 Special treatment of the dicrotic notch

Special care is needed when processing the velocities of the dicrotic notch. It was found that
some waveforms did not contain a discernible dicrotic notch (to within the resolution of 1
cm/s). These waveforms were excluded from metrics directly measuring the dicrotic notch
velocities (Vpp, V pp, and V). In patients where only one of the carotid vessels had an
identifiable dicrotic notch, V o was set to zero for the side with no dicrotic notch.

2.4 Contralateral variability

The contralateral variability of a given waveform metric between the left and right ICAs in
each patient was quantified as the contralateral difference (mgjf = 0) defined as

mair=Abs [2 (my; —m,) / (my+m,)] (1)
where Abs stands for the absolute value of the quantity, m,;and m,are the left and right side

values of the metric, respectively. This metric was used to compare the magnitude of the
difference in waveform metric between left and right vessels relative to their mean value.

2.5 Relationship between velocity waveforms and flow rate waveforms

Flow rate Q(t) and time averaged flow rate ) were defined as

— Q) d

Q(t) =V,(t)rd*/8, Q= T 2

where, in Eq. 2(a), the velocity profile has been approximated as parabolic in space, and d'is
the arterial diameter, which was assumed to be constant in time. As the information to
directly obtain V/,(t) was contained within the ensemble data, we first made use of 2(a) to
transform our data from a velocity quantity to a flow rate quantity. We could then make use

of Eq. 2(b) to obtain a flow quantity that is averaged in time, Q.
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2.6 Representative waveforms for parametric studies

To explore the impact of waveform shape on flow in downstream vessels, it is helpful to
identify representative waveforms from a feasible, manageable number of parameters that
can be used in parametric studies. These representative parameters should be chosen in a
way that they are able to capture the most basic features of the waveform. As motivated
below, after providing a qualitative evaluation of the range of waveforms in the older
population, we concentrate on three primary waveform parameters, rather than the more
extensive list given in Table 1. These are (V*, 7%, V 5,24, Figure 2. V* is defined as the
difference between the maximum and minimum normalized velocities, or

V=1~ Vi) (3)

V* is therefore, the same as the commonly referenced resistance index ([5],[8],[10], [28]).
7* is the nondimensional time interval between the first and second occurences of V1, max
Fig. 1.

These metrics are defined as high or low if they are, respectively, above or below the mean
value for the population. On this basis, each waveform was placed into one of eight sub-
populations consisting of combinations of low and high values of (V*, 7*, V 2, for which
averages of §, V*, T*, and V ;5 were computed. Further sub-categorization based on
diameter was also considered to explore the influence of diameter on waveform parameters
V*, T*, and V ;. and is presented in supplementary material.

2.6.1 Choice of (V*, T*, Vmax) as primary variables for parametric studies—With
the expectation that the dependence of average flow rate on waveform shape is dominated by
the parameters (V*, 7%, V n2x), We introduced an idealized square waveform with equivalent
values (V*, T*, V 2, Figure 2(b). The time averaged flow rate for such an idealized square
wave is

/

Q =Vinao (T + (1 = V) (1= Tx)) wd* /8 (4)

where we have again approximated the flow as parabolic at each instant in time. The
closeness of this approximation to the measured flow rate () was evaluated by determining a

correction factor (i.e., a slope Q/Q/, and the correlation coefficient of the resulting linear
equation.

2.6.2 Selection of representative waveforms for parametric study—
Representative waveforms for each of the eight sub-populations were then determined by
selecting the waveform within each sub-population with values of (V*, 7*, V 52,
collectively closest to the sub-population averages of (V*, 7%, V ;,a0). In particular, the
waveform was chosen with the minimum value of the sum of the magnitude of these
differences, each normalized by the sub-population average for that variable.
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2.7 Generation of individualized waveforms

3 Results

In many cases, although the patient waveform is not known, the vessel geometry and some
patient data is known, for example age, gender, heart rate and existence of various types of
cardiovascular diseases. As described below, this patient specific information can be used to
select individualized values of Q, V*, 7%, and V ;. As for the parametric studies, these
values can then be used to obtain a individualized waveform by morphing a standardized
waveform such as the population averaged waveform to match these values.

2.7.1 Obtaining individualized values of (), V*,T*Vyax—In this method of
generating individualized waveforms, individualized diameter- () was first determined by

curve-fitting a ( relationship for the ensemble. Then, to determine how age, disease, and the
cardiovascular risk factors described in Section 2.1.1 affected waveforms, the ensemble was
divided into patients with and without each disease or risk factor. If a statistically significant
difference (p < 0.05) in the mean values of (V*, T,V ;2 was found between the groups
with and without a disease characteristic, then a disease-specific mean was identified. A
multiplicative scaling (defined as the mean of the disease group divided by the mean of the
group free of that particular disease), was then created for the purpose of adjusting the
waveform parameters to better approximate the waveform for patients harboring the disease.

In the case of ) being significantly influenced by a disease, a unique diameter flow rate
curve was fit for the population harboring the disease.

3.1 Range of patient characteristics across the aged adult database

The analyzed population consisted of 53 males and 83 females between the ages of 51 and
94 with a mean age of 73 + 13 years; 68% of whom were hypertensive. The prevalence of
various cardiovascular diseases are tabulated in Table 2.

3.2 Range in waveforms across the aged adult database

3.2.1 Aged versus young adult populations—The range in waveform shape across
the ensemble of 272 vessels from older adults can be seen in Figure 3(a) where a subset of
32 waveforms are chosen to reflect the range of variability of V* and 7* without crowding
the figure. The aged population (a) shows relatively large variability across waveforms
compared with the young, healthy adult population, (b). This is most evident in the region of
peak velocity, V ,a¢ (P1 in Fig. 3(b)). The flow rate beyond this point decays more slowly in
the aged population. Furthermore, the dicrotic notch, which is visible in the averaged curve
for the young, healthy population, is absent in the average curve for the aged population.
This point will be discussed in more detail in Sec. 3.2.3.

3.2.2 Waveform metrics for aged population—The average, standard deviation, and
extrema of the normalized characteristic metrics for each of the 272 analyzed waveforms are
given in Table 3. All kinematic variables were normalized by the vessel specific V 4, and all
times were normalized by their respective period, T e A Wilcoxon rank sum test revealed

Physiol Meas. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Durka et al.

Page 7

no significant differences in any of the metrics considered here between the contralateral
vessels (lowest p-value was 0.13 for V pp).

The range and frequency of the key waveform quantities (V*, 7*, V4, over the entire
population are shown in Figure 4. In the following sections, this dataset will be used to guide
the selection of the parametric and estimated individualized waveforms for this aged
population.

3.2.3 Lack of dicrotic notch—Twenty-three of the ICA waveforms from the 136 patients
did not contain a discernible dicrotic notch, Figure 5. Sixteen of these patients had no
discernible dicrotic notch on either side, while seven had a discernible dicrotic notch on only
one side. Of these seven, three dicrotic notches were missing from the left and four dicrotic
notches were missing from the right. A significant difference using a Mann-Whitney test (p
= 0.007) was found between the average age of the subgroup missing at least one dicrotic
notch (80 £9.8 years) versus the mean age of the ensemble (73 +13 years).

3.3 Coupling of waveform contour to flow rate

The ability of the square waveform (introduced in Section 2.6, Equation 4) to approximate

the actual waveform flow rate, G, through the waveform metrics (V*, 7*, V 5 was
evaluated for the ensemble waveforms. The relationship between the time averaged flow
rates obtained from the Doppler images and their corresponding square waveform flow rates
was found to be remarkably close to linear with a scaling factor of 1.11, Figure 6,

Q=1.11Q £0.18cm®/s with r’=0.987. (5)

Eq. 4 and Eqg. 5 were then combined to couple waveform shape with flow rate, yielding

Q~ 11 Vipgg (T % + (1 = V) (1 = Tx)) 7d?/840.18cm” /s, with  r?=0.987.  (g)

3.4 Selection of representative waveforms for parametric studies

3.4.1 Prototypical waveforms—As described in Section 2.6, the ensemble of all
waveforms was organized into eight groups, defined through combinations of high and low
values of the parameters (V*, 7, Va0, Table 4. High or low values and combinations of
Vmax T, and V* were found to influence ¢ qualitatively as predicted by Equation 6. The
most representative waveform for each category is shown in Figure 7. Namely, for each of
these categories, a waveform is provided that has the closest fit of V*, 7*, and V ;5 t0 the
respective averages for that category. Hence, these waveforms collectively function as a
parameter-motivated representation of the ensemble. To demonstrate the rather weak
dependence of V ;;, 0n diameter for these groups, Table 4 was further sub-categorized by
diameter. This data is presented in Table 1 of the supplementary material. The lower right

panel of Figure 7 contains the ensemble data for } as a function of d, which can be used to
inspect the likelihood of any of the eight waveforms of Figure 7 occurring for any given
vessel diameter.
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3.5 Generation of individualized waveforms

In this section, we provide a methodology to generate an individualized flow rate and
individualized waveform shape using patient information such as the diameter, age, gender,
cardiovascular disease and risk factors. In the absence of patient specific waveforms and
flow rates, most hemodynamic studies of the cerebral vasculature use a polynomial function
of diameter to estimate the average flow rate and an idealized waveform shape from healthy,
young subjects In this section, we introduce a method to use patient information combined
with the database for older patients to better estimate both average flow rate and waveform
shape for this older population. In particular, patient information and vessel diameter in
conjunction with Equation 6 will be used to provide an individualized value for the flow rate
Q as well as the descriptive waveform metrics (V ;20 V*, T*) needed to generate an
individualized patient waveform. A schematic of the methodology used to estimate these
four parameters is given in Figure 8 and described in detail below.

3.5.1 Patient individualized flow rate estimation from diameter and disease

condition—A power law relationship between ¢ and d was obtained for the entire
ensemble as well as all subpopulations defined by disease state,

Ensemble Q=11.25d"%° + 5 (d), r%2=0.97
Aortic Stenosis g=11.88 A2 + 5 (d), 72=0.99
Atrial Fibrillation Q=9.05d%%2 +o(d), 72=0.82 7

where d is in units of cm and Q) is in units of cm3/s. The units of the multiplicative constant
are not shown. The ensemble data was well fit with an exponent of 1.55 (/2 = 0.97), Figure
9(a). The difference in flow rates for patients with aortic stenosis and AFIB compared with
the ensemble average approached, but did not reach, statistical significance with a 95% CI (p
= 0.06 in both cases), Figure 9(a). No other diseases or factors considered in the study (see
Table 2) were found to have a statistically significant impact on flow rate.

Vessel diameter, additionally, was found to depend on age. For patients older than 73 years,
the ICA diameter averaged 0.497 +0.090 cm. In contrast, for patients younger than 73 years,
the diameter averaged 0.517 +0.083 cm with 94% CI.

3.5.2 Influence of gender on the individualized flow rate—The estimation of flow
rate was further patient tailored by considering the influence of gender. The ensemble was
divided into two gender-based sub-populations (53 males and 83 females) whose mean ages
were not significantly different (p = 0.52). Notably, the mean flow rates for each gender-
based sub-population were significantly different with 3.64 + 1.34 cm3/s for males and 4.13
+1.73 cmd/s for females (p = 0.018), Figure 9.

The power-law fits of flow rate to diameter were substantially different as seen in the
difference in powers of 1.41 for males versus 1.95 for females,
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Ensemble, Male  Q=8.90d'* +o(d), r2=0.99
Ensemble, Female Q=15.53d"% +o(d), r2=0.99 (8)

The best fit power-law models for the subpopulations formed by considering the combined
influence of both disease and gender are

Aortic Stenosis, Male Q=775d"¥ £ 5 (d), r2=0.99
Atrial fibrillation, Male — Q=5.74d%% £ (d), 72=0.82
Aortic Stenosis, Female — Q=17.54d>?3 + 0o (d), r2=0.99
Atrial fibrillation, Female Q=4.85d%%0 +¢(d), 2=0.37 9)

The influence of gender on Q, V*, 7*, V paxand d is shown in Table 5. It was found that

V maxand 7* are primarily responsible for the gender-based difference in flow rate (refer to
Equation 5), while no significant gender based relationship was found for V* and d. The
period of the cardiac cycle also differed significantly between genders (p = 0.03) with an
average of 632#8.5 beats per minute (BPM) for males versus 67+9.3 BPM for females.

3.5.3 Individualized estimates for V*—Of the waveform parameters (V*, 7, V ),
only V* was found to vary significantly (95% CI) with age, Table 6. A scatter plot is
provided for this data in Figure 10(a) with a best linear fit of

V % =0.0036 = age+0.43, r2=0.24. (10)

This relationship can be used to obtain an individualized estimation for V* (age is given in
years). Also shown in Figure 10(b) are the ensemble means from Hoi 2010 [8] (mean age
6828 years) and Ford 2005 [5] (mean age of 28 +7 years). These data show reasonable
agreement with the trend in V* with age found in this work, further supporting the use of
Eg. 10.

The influence of diseases and risk factors on the flow rate parameters V*, 7*, and V ;5 are
tabulated in Table 7 where a disease based scaling factor is provided. In particular, the values
given are multiplicative factors equal to the mean for that population relative to the mean of
the average from the entire population.

The prevalence of hypertension was found to be significantly higher in patients older than
the mean age of 73, compared with those younger than the mean (79% versus 48%,
respectively, p = 7e-5). V* was significantly higher in the hypertensive group (0.7140.07
versus 0.6920.08, p = 0.009). Since this is only a modest influence on V* and redundant
with the increase in V* due to increasing age, we do not consider hypertension as a
modifying factor for V*.

and
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3.5.4 Individualized estimates for Vya—Motivated by the dependence of § on V sy
in Equation 6, a scatterplot of V5 is shown for ), Figure 10(a). Of V*, 7*, and V j55, Only

V max by itself showed substantial dependence on , with a linear fit used here, though
recognizing the appreciable scatter in the data expected for a older, diseased population.

Vm(m:5~0 Q+51 7’220.19 (11)

Using the individualized value of ¢, Equation 11 can be used to obtain a patient
individualized estimation for the maximum velocity, V ;x

3.5.5 Estimation of T*—0Once V*, V 4y Q and d are determined, Eq. 12 can be used to
estimate 7%,

2Q 1

TV e VT

1, where A=nd?/4

3

(12)

which, upon accounting for diastolic dysfunction (Table 7) finally provides all descriptive
waveform parametersl. At this point, the parameters required to morph an existing
waveform into a more patient-tailored waveform are known. The resulting morphed
waveform will have a data driven flow rate with a corresponding data driven shape
appropriate for the age, gender, and disease state of the patient.

4 Discussion

4.1 Waveforms in the aged adult population

In the current study, we demonstrated both qualitatively and quantitatively that there are
profound differences in both ICA waveform shape and the degree of intra-population
variability between healthy young adults and older adults with mild to moderate
cardiovascular disease. The healthy young adult data were drawn from published literature
and the older adult data from our study population of 136 patients with an average age of 73
+ 13 years. We used existing metrics for young adults and also introduced new metrics to
quantify additional waveform features relevant to the older population. As elaborated on
below, the most notable qualitative differences between the healthy young ensemble and
aged population were features defining the waveform shape, including the older population’s
larger systole -to - diastole flow rate ratio, increased flow during late systole, and the
absence of a dicrotic notch. An aspect perhaps most critical to hemodynamic studies, the
flow rate, was found to be 3.94#1.61 cm/s3 for the aged ensemble of the current study versus
the left and right ICA flow rate average 4.58+0.97 cm/s® reported in Hoi [8] for young,

healthy subjects. Between these two populations, the ¢

1as aside point, we note that larger 7* is associated with a faster pulse rate. In particular, the sub-population with a faster than
average pulse (66PBM), has a significantly higher 7* than the average, though it is a very minor difference (0.29 versus 0.28).
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coefficient of variation is nearly double. This decline in ¢y with age could be supported by
the findings reported in Scheel et al. [34] of an age dependent decline in flow velocity and
increase in resistance index (V*). Equation 6 can be used to reference how these two aspects

can cause a decrease in Q.

4.1.1 Augmented secondary systolic peaks—Similar to the findings in this study,
Hoi et al. [8] reported a conspicuous second systolic peak in older adults that existed in
young adults, but was much lower in magnitude (e.g. Fig. 3 in [8])). This increased
magnitude of the secondary peak is believed to be caused, at least in part, by the early return
of wave reflections from the upper body circulation to the aorta, which can arise from age-
related arterial stiffening [15],[30],[32]. For the present study as well as that of Kallman et
al. [29], increased age and aortic stenosis were associated with additional systolic peaks.
While the augmented secondary systolic peak was a common finding in the current
population, a considerable number of waveforms did not possess this characteristic during
systole, displaying instead systolic waveform shapes such as a single spike of short duration
Figure 11(a), a long-duration flat, plateau (see Figure 11(c)), or shapes such as seen in
Figure 5. For this reason, we chose to make use of 7* over the more commonly used flow
augmentation index (FAI) [15]. Though not equivalent, 7* is qualitatively similar to FAI in
that it captures late systolic flow augmentation.

4.1.2 Lack of dicrotic notch—We identified waveforms without dicrotic notches in 17%
of patients, in some cases missing only on one side. O’Boyle et al. [26] considered absence
of a dicrotic notch in the internal, common and external carotid arteries of patients with
different grades of aortic stenosis that included 23 men, 1 woman with a mean age of 72 as
well as 11 male age matched controls. In this male dominated cohort of a relatively small
size, they found 9% of the combined population lacked a dicrotic notch, and there was
statistical difference between control and study group. In a study of 26 patients with aortic
valvular disease, Kallman et al. only identified one ICA waveform without a dicrotic notch
[29]. This patient had moderate aortic regurgitation and a 50-75% ICA stenasis. As for the
study of O’Boyle, we did not find any correlation between lack of dicrotic notch and aortic
stenosis, nor did we find a correlation with aortic regurgitation. In fact, of all the disease/risk
factors considered in the present study, only increasing age was found to be a significant
factor associated with the absence of the dicrotic notch. This suggests, as one possibility,
other vascular age related factors at the systemic level affect the presence of the ICA dicrotic
notch.

4.1.3 Contralateral differences—The magnitudes of the waveform metric contralateral
differences were substantially larger in the aged population compared with those reported
for a young, healthy population. For example, the average intrasubject difference in
between the left and right ICAs was 1.26 cm3/s, or 32% of the ensemble Q average for our
older population. This difference is twice that reported in the Ford study [5] for 17 young,

healthy individuals. In addition to differences in ¢y between left and right ICAs, the older
population studied here showed average contralateral differences in V 5, V* (resistance
index), and 7* of 12 cm/s (17%), 0.04 (5.6%), and 0.03 (10.7%), respectively. We have not
found reports of contralateral differences in these parameters in younger patients. The
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differences that we found for the older popluation did not demonstrate a preference with a
particular side.

4.2 Design of hemodynamic studies

Having shown that, unlike young adults, there is no single prototypical ICA waveform for
older patients, we addressed the question of how to design in vitro and in silico studies of the
hemodynamics in the anterior cerebral circulation, in the absence of patient specific inflow
boundary conditions for the ICAs. We developed two approaches for producing ICA flow
waveforms driven by the study population data. One approach involves the usa eight
identified prototypical waveforms (Section 3.4.1) which capture an appreciable range of
waveform characteristics defined by V ;5 V* 7> found within the ensemble. Referring to
Table 4 as well as the supplementary material, it is also seen that the eight waveforms

capture an appreciable range of variability for . These waveforms could be used in
parametric in-vitro or in-silico hemodynamic studies as inflow data to evaluate the impact of
the waveform signatures in simulated hemodynamics. The value of these eight wavefroms
would then be harnessed, in that for such a study, rather than imposing an arbitrary,
assumed, or hypothetical set of flow conditions, one would instead impose a set of
conditions which accurately simulate the range of conditions found within our data
ensemble. By imposing flow conditions from each waveform onto each vascular geometry in
question, one could develop a margin of uncertainty pertaining to the absence of knowledge
of the actual waveform. One could also evaluate the sensitivity of each hemodynamic
parameter to the choice of waveform for each vessel, and could distinguish the
hemodynamic metrics which are relatively insensitive to the choice of waveform from those
which are more sensitive. Alternatively, it may be of interest to run parametric studies with

Q held fixed; this could be achieved for a given vessel geometry by appropriately scaling
V (1) for each of the waveforms in Figure 7. The bottom right panel of Figure 7 could be

used to provide an appropriate ) for particular vessel in question.

In the case of some studies however, it may not be desirable or practical to consider multiple
waveforms for each geometry; rather, it may be desirable to construct a waveform which
more likely represents the actual patient waveform as opposed to a waveform taken from, for
example, a young healthy subject. The second approach we developed, presented in Section
3.5, is well suited for such a task. The average older waveform obtained for this population
(shown in Figure 3) can be used to generate an older patient waveform with desired values
of V*, and 7* using a morphing technique. An example is shown in Figure 12 where an
older adult waveform was created with prescribed values of (V*, 7*) = (0.91, 0.08). To
illustrate the effectiveness of this method, a patient waveform was chosen with low and high
values of V* and 7* relative to the population average, (V* =0.71, 7* = 0.28).

While there is no unique method for morphing the average waveform, a straightforward
method employing linear interpolation was used here. Briefly, the waveform velocities were
first normalized with respect to V ;5 and Ty In the mapped waveform, the values of V(t)
over the domain (0,t\/ ;2% Were linearly interpolated from the original waveform with

V(ty max) Specified as one (based on the normalization) and V(0) chosen so that the desired
V* was achieved, Eq. 3. Similarly, the values of V(t) over the domain (t/ sz 1) were
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obtained through a linear interpolation of the data defined such that V(1) = V(0) with the
diastolic t\/ 1 pmax Shifted to achieve the prescribed 7*.

If the population averaged waveform (solid black line in Figure 12) had been considered for
the patient, the normalized flow rate would have been over-predicted by 129% in contrast
with a discrepancy of 22% when considering the morphed waveform (green curve in Figure
12) created using the prescribed (V*, 7).

4.3 Limitations and future directions

The current study is by no means intended to be, nor should it be utilized as, a replacement
for patient-specific flow data. There are still uncertainties present even in the most-
representative individualized waveforms which could potentially have a substantial impact
on any hemodynamic study. Furthermore, this study makes no estimates of the impact of
even key waveform parameters on hemodynamics in the ICA. This will be a subject of
further investigation. Another direction of intended future work involves the use of machine
learning for analysis of the ensemble to obtain more accurate descriptions of the waveform
shape that includes more localized shape parameters and their relationship to flow rate and
disease state. This approach has been forgone at the moment since the impact of even the
large scale flow features (e.g., V*, 7*) on hemodynamics have not been well explored.
Furthermore, the patient population for this study consists of older adults with mild to
moderate cardiovascular disease and could be extended in the future to include severely
diseased groups. Here, we have focused on waveforms from the ICA obtained from routine
screening of cardiovascular patients. In a future study, it would be valuable to apply this
approach to the posterior cerebral circulation, for example the basilar artery. Finally, the
standard limitations of Doppler ultrasound apply here, including the precision of typical
clinical Doppler systems and the approach for estimating velocity profiles from a
measurement at a single location.

5 Conclusions

In this work, we have introduced data and methods to address the often unavoidable
challenge of addressing the lack of patient specific waveform data when performing in-vitro
or in-silico hemodynamic studies. We have provided an extensive analysis of the waveform
shapes and flow rates in the ICAs of 136 older adults with mild cardiovascular disease - a
population of clinical relevance where hemodynamics are believed to play an important role
in the onset and progression of diseases (e.g. cerebral aneurysms, atherosclerosis). This
study has demonstrated that there is a substantial degree of variation in flow rate and
waveform shape in this aged adult cohort that cannot be represented by a single archetypal
waveform. With this in mind, we have provided two approaches to design patient specific
hemodynamics studies in the absence of such data. With the results obtained here, we are
poised to move forward to study the impact of range of waveform shape and flow rates on
vascular diseases in the aged cerebral circulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Representative waveform for the normalized velocity V(t) = V (t)/V pax showing waveform

metrics (see Table 1 for definitions).
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Fig. 2.
Representative normalized velocity waveform with nondimensional metrics V*, 7*. Shown

are (a) Velocity waveform with metrics, (b) Corresponding square waveform with equivalent
values of V*, 7> used to estimate Q.
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(b)

Normalized velocity waveforms (dashed lines) and mean waveform (solid line) for (a)
representative subset of older population from this study, and (b) healthy, young adults,
reproduced from [5] with permission of IOP Publishing. All rights reserved. Only a subset
of the 272 waveforms from aged adults and the corresponding average are shown in (a) to
avoid crowding the figure. The volumetric flow rate was calculated by assuming Poiseuille
flow, and therefore, the normalization in (a) and (b) are equivalent, though it should be noted
these axis are scaled differently. Collective patient waveforms in both (a) and (b) are aligned
by the point of mid-acceleration V1, 4% denoted as HO in (b).
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Distribution of (a) flow rate (b-d) primary waveform parameters, and (e) vessel diameter
across the aged population. Here, n is the number of occurences within the 272 waveforms.
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Fig. 5.
Doppler velocity waveforms selected to illustrate the extremes in the aged population
showing (a) marked dicrotic notch and (b) undiscernible dicrotic notch.
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Time averaged flow rate obtained from Doppler velocity waveforms versus the estimated
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Fig. 7.

Representative patient-specific waveform for each of the eight groups identified in Table 4.
Percentage of the overall male/female population represented in each group are shown with
each waveform. The flow rate as a function of diameter for the ensemble is shown in the

lower right panel of the figure.
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(a) Data for average flow rate as a function of diameter for the entire ensemble, the aortic
stenosis sub-population, and the AFIB sub-population and, b) Difference in flow rate
diameter relationship due to gender.
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(a) Scatterplot of V 4y, (r2=0.19) as function of time averaged flow rate, showing data and
linear fit and (b) Distribution of V* with age and comparison with data reported by Ford et

al. [5] and Hoi et al. [8].
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Fig. 11.
Variations in waveforms at late systole having: a) no augmented secondary systolic peak, b)

augmented secondary systolic peak as described by Hoi et al., ¢) plateau-like systolic peak.
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Fig. 12.
Example of morphing the population averaged velocity waveform to obtain a waveform with

prescribed values of (V*, 7*). Shown are the morphed normalized velocity waveform
compared with the older population averaged waveform and the patient specific waveform.
Only the values of (V*, 7) were prescribed to match the morphed and patient waveform. In
the legend: PA = Population averaged; PM = individualized.
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Definitions of waveform characteristic metrics

Dimensional

V(1) Measured Doppler velocity (peak in space)
V max Maximum velocity over period

Tper Duration of cardiac cycle

Non-Dimensional Velocity

V(t) Normalized velocity = V,()/V yax
V min Minimum velocity over period
Vayg Time-averaged velocity

V12 max 12(Vinax=Vinin) + Vinin
Vau max 3/ 4( Vinax— Vmin) +Vinin

V amax Velocity at instant of maximum acceleration
Vpn Minimum velocity of dicrotic notch
Vpp Maximum velocity after dicrotic notch

Vayspon  Time-average velocity before dicrotic notch
Vawapn  Time-average velocity after dicrotic notch
Vree V avg aon =V avg 50N

ACC ax Maximum acceleration

PI VANV

Non-Dimensional Time

Ty max Time when V)=V pax
tviomae  Time when V()= Vi, max
tvzamax  Timewhen V()= Vau max
tyon Time when V ()= V py

typp Time when Vp(t)z Vpp
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Prevalence of cardiovascular risks/disease within ensemble (as % of population (Note UW = underweight, NW
= normal-weight, OW = overweight, O = obese).

Risk factors

BMI

Tobacco use (smoking)

3%:UW, 30%:NW, 38%:0W, 29%:0

54%:never, 5%:smokes, 41%:quit

Hypertension 68%
Cardiovascular Disease

Aortic Stenosis 13%
Aortic Regurgitation 1%
Mitral Valve Regurgitation 10%
Congestive Heart Failure 6%
Coronary Artery Disease 28%
Atrial Fibrillation 11%
Diastolic Dysfunction 4%
Systolic Dysfunction 3%

Paroxysmal Atrial Fibrillation 2%
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Table 3

Average characteristic parameter values for data ensemble

Variable | Average £ SD | Min,Max

Primary Waveform Parameters

ACC ax [cm/s?] | 5260+ 2460

3.94+1.61 [0.91,12.3]
Q [cm?’ / s}
V paxdcmis] 70.7+18.5 [18, 134]
™1 0.28 +0.06 [0.07,0.42]
! 0.71 +0.07 [0.50, 0.92]
Dimensional
V aglcmis] 38.2+105 [7.64,73.9]

[1880, 16700]

T peds] 0.92+0.15 [0.55, 1.35]
Non-Dimensional \elocity, Acceleration

V pin 0.29+ 0.07 [0.08, 0.50]
\ 0.55z 0.07 [0.25,0.71]
Vi max 0.65 + 0.03 [0.55,0.75]
Va4 max 0.82+ 0.20 [0.77,0.87]
V Amax 0.57+0.11 [0.27,0.87]
Von 0.45+0.18 [0.18, 0.75]
Ve 0.52+0.19 [0.33,0.79]
Ve 0.062 0.05 [0.03,0.34]
V avg 80N 0.73+0.07 [0.40, 0.84]
N 0.41+0.08 [0.18, 0.62]
ACC a 73.7+23.2 [30.3,171]
Pl 1.34+0.37 [0.73, 3.67]
Non-Dimensional Time

ty max 0.19+ 0.06 [0.09, 0.50]
ty yomax 1 0.08 0.02 [0.02,0.17]
ty v2max 2 0.37+£0.06 [0.15, 0.55]
tyam maxt 0.11+0.03 [0.04,0.21]
ty 3 max2 0.31%0.07 [0.10, 0.47]
tyon 0.38+ 0.13 [0.28, 0.54]
tyop 0.43+0.15 [0.33,0.70]
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Gender-based sub-population flow rate parameters

| Males | Females

p-value
- 3.64+1.34 | 4.13+1.73 0.018
Q [cm?’ / s}
V padcm/s] 66.5+18.1 | 73.2+17.8 0.010
™ 0.26+0.05 | 0.30+0.05 le-9
% 0.71+0.08 | 0.70+0.07 0.98
d [cm] 0.51+0.08 | 0.51+0.08 0.88
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Table 6

Impact of age on waveform parameters

Parameter | Age>73yo | Age<73yo | p

3.76+1.44 4.08+1.71 0.33

Q

V max 68.4+18.0 72.2+18.3 0.055
™ 0.28+0.06 0.28+0.05 0.69
v* 0.73+0.07 0.67+0.08 le-12
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