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Hypertension

ARTERIAL STIFENESS

Wave Reflection at the Origin of a First-
Generation Branch Artery and Target Organ

Protection
The AGES-Reykjavik Study

Michael A. Haidar, Mark A. van Buchem, Sigurdur Sigurdsson, John D. Gotal, Vilmundur Gudnason, Lenore J. Launer,
Gary F. Mitchell

ABSTRACT: Excessive pressure and flow pulsatility in first-generation branch arteries are associated with microvascular damage
in high-flow organs like brain and kidneys. However, the contribution of local wave reflection and rereflection to microvascular
damage remains controversial. Aortic flow, carotid pressure, flow and hydraulic power, brain magnetic resonance images, and
cognitive scores were assessed in AGES-Reykjavik study participants without history of stroke, transient ischemic attack, or
dementia (N=668, 378 women, 69-93 years of age). The aorta-carotid interface was generalized as a markedly asymmetrical
bifurcation, with a large parent vessel (proximal aorta) branching into small (carotid) and large (distal aorta) daughter
vessels. Local reflection coefficients were computed from aortic and carotid characteristic impedances. The bifurcation
reflection coefficient, which determines pressure amplification in both daughter vessels, was low (0.06+0.03). The carotid
flow transmission coefficient was low (0.11£0.04) and associated with markedly lower carotid versus aortic flow pulsatility
(waveform SD, 7.2+2.0 versus 98.7£21.8 mL/s, ”<0.001), pulsatility index (1.8+0.5 versus 4.520.6, A<0.001), and pulsatile
power percentage (10+4% versus 25+5%, A<0.001). Transmitted as compared to incident pulsatile power (19.0£9.8
versus 3591178 mW, £<0.001) was further reduced by reflection (—4.31£2.7 mW) and rereflection (—12.5£8.1 mW)
within the carotid. Higher carotid flow pulsatility correlated with lower white matter volume (R=—0.130, £<0.001) and lower
memory scores (R=—0.161, A<0.001). Marked asymmetry of characteristic impedances at aorta-branch artery bifurcations
limits amplification of pressure, markedly reduces absolute and relative pulsatility of transmitted flow and hydraulic power
into first-generation branch arteries, and thereby protects the downstream local microcirculation from pulsatile damage.
(Hypertension. 2021;77:1169-1177. DOI: 10.1161/HYPERTENSIONAHA.120.16696.) ® Data Supplement
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in the United States." By 2050, the prevalence is

projected to increase to over 13.8 million." Cardio-
vascular risk factors, including arterial stiffness, are risk
factors for dementias of all types and represent impor-
tant potentially modifiable targets for intervention.?
Pressure and flow pulsatility in the macrocirculation
and microcirculation are associated with microvascular
damage in target organs like the brain and kidneys.®"
Wave reflection at the origin of a first-generation branch

Age-related dementias affect 5.8 million people

artery (FGBA) arising from the aorta represents a possi-
ble mechanism that could limit the pulsatility of flow and
power transmitted into these arteries.® However, some
have speculated that since the aorta-carotid bifurcation
is relatively well matched, with a reflection coefficient
of 0% to 15%, any effect of local wave reflection on
transmitted power at the junction is trivial, with 97% and
100% of incident power transmitted.%'® Furthermore,
larger bifurcation reflection coefficients increase trans-
mitted pulsatile pressure, which should be deleterious
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Novelty and Significance

What Is New?

* The present analysis provides the first detailed descrip-
tion of pulsatile pressure, flow, and power dynamics at
a generalized asymmetrical bifurcation in the aorta.

What Is Relevant?

* Excessive pulsatile power is harmful in the microcir-
culation of high-flow organs like the brain and kidneys
and is exacerbated by aortic stiffening. Cardiovascular
disease risk factors associated with aortic stiffening

represent important potentially modifiable targets for
intervention.

Summary

The general structure of markedly asymmetrical bifur-
cations at stiff first-generation branch arteries arising
from a compliant aorta optimally limits pulsatile power
transmission into the branch vasculature and protects
the fragile microcirculation.

Nonstandard Abbreviations and Acronyms

FGBA first-generation branch artery

in terms of downstream organ function."" Others have
observed that bifurcations in the arterial system are
generally impedance-matched in the forward, but not
the backward direction, optimally transmitting forward
hydraulic power while causing backward-traveling
power to be trapped in daughter arteries by rereflec-
tion.”>'® We examined relations of the aorta-carotid
bifurcation reflection coefficient and carotid flow trans-
mission coefficient with the pulsatile flow and hydraulic
power in the common carotid arteries. We hypothesize
that the highly asymmetrical structure of bifurcations,
consisting of the low characteristic impedance aorta
giving rise to a high characteristic impedance FGBA
and continuation of the low characteristic impedance
aorta, limits amplification of transmitted pressure while
markedly limiting pulsatility of flow and power trans-
mitted into the FGBA. We further hypothesize that the
limitation of pulsatile power entering the FGBA circula-
tion is attributable to low initial transmission as well as
rereflection at the origin of the FGBA, both of which are
dependent on a high FGBA reflection coefficient.

METHODS

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Study Participants

The rationale and design of the AGES-Reykjavik study have
been presented.'® Between 2002 and 2006, a total of 5764
men and women participated in detailed evaluations of car-
diovascular, neurocognitive, musculoskeletal, and metabolic
phenotypes. AGES-Reykjavik was approved by the National
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Bioethics Committee in Iceland, which acts as the institutional
review board for the Icelandic Heart Association (approval
number VSN-00-063), and by the National Institute on
Aging Intramural Review Board. All participants gave written
informed consent.

Data Acquisition and Analysis

The hemodynamic data acquisition, brain magnetic resonance
imaging, and cognitive function testing protocols have been
described.®'5°22 Please see http://hyper.ahajournals.org for the
Data Supplement with additional details. Briefly, signal aver-
aged tonometry waveforms were calibrated using mean and
diastolic pressure from the brachial waveform, which was cali-
brated to systolic and diastolic brachial cuff pressure.?® Aortic
and common carotid artery flows were analyzed from digitized
Doppler audio data using a semiautomated signal-averaging
approach as detailed previously?* Flow velocity waveforms
from each common carotid artery were multiplied by the
respective artery cross-sectional area to obtain volumetric flow
rates. Right and left volumetric carotid flow waveforms were
then summed to create one aggregate carotid flow waveform.
Peripheral vascular resistance was computed as mean arterial
pressure divided by mean flow. Aortic and carotid character-
istic impedances were calculated by dividing the peak deriva-
tive of pressure by the peak derivative of flow.”® Normalized
impedance was calculated by dividing characteristic impedance
by the associated peripheral resistance. Flow pulsatility index
was computed for carotid and aortic waveforms by dividing
the flow pulse amplitude (peak flow minus flow at the onset of
the systolic upstroke) by mean flow. Global flow pulsatility was

Ztlo(of -Q

—\2
assessed as the flow SD, QSD = %, where Q

represents mean flow.?
Total hydraulic power (in Watts, W) was calculated as the aver-

age of the point-by-point product of time-resolved pressure (P)
T

and flow (Q) waveforms: IT = %Z(F’t xQ,), where trepresents
t=0

time, and Trepresents the period of one cardiac cycle.?” For simplic-

ity, the above formula will henceforth be denoted as: I1 = P x Q.

Mean power (units of W) was calculated as mean arterial pressure

multiplied by mean flow. Pulsatile power was calculated as the dif-

ference between total power and mean power.

Hypertension. 2021;77:1169-1177. DOI: 10.1161/HYPERTENSIONAHA.120.16696
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Wave Separation Analysis

Transit time from proximal aorta to the flow measurement site
in the common carotid artery, 1 cm proximal to the carotid
sinus, was assessed as foot-foot delay between aortic and
carotid flow waveforms. This total delay was divided into 2
equal segment delays, assuming that the transit times from
aortic root to common carotid origin and from common
carotid origin to the flow measurement site in the distal com-
mon carotid were comparable. Distal common carotid forward
and backward pressure and flow waveforms were obtained
by time-domain wave separation analysis.?® Distal reflection
factor was computed by dividing backward wave amplitude
by forward wave amplitude. To estimate the pressure and flow
waves at the common carotid origin, we shifted forward pres-
sure and flow waves one segment delay earlier and backward
pressure and flow wave one segment delay later, then recom-
bined the forward and backward waveforms (Figure S1 in the
Data Supplement).

Bifurcation Model

The aorta-carotid interface was modeled as a simple bifur-
cation, where the proximal aorta (vessel 1) branches into 2
daughter vessels (Figure 1). The lumped right and left com-
mon carotid arteries represent one branch (vessel 2), and the
downstream aorta and distal vasculature represent the other
branch (vessel 3). The 3 vessels have characteristic admit-
tances (reciprocal of characteristic impedance) of A, A, and
A, respectively. To estimate distal aortic characteristic imped-
ance, we assumed constant local pulse wave velocity and mean
flow velocity in the aorta proximal and distal to the origin of
the common carotid arteries.? Under these conditions, the distal
impedance can be assumed to be equal to the proximal imped-
ance scaled in proportion to the drop in mean volume flow:
Z,

Q
_ proximal s
distal —Zp,gxfma,x[ , Where Z denotes characteristic

distal

impedance and Q denotes mean flow. The bifurcation reflection

coefficient is as follows: T, = m The reflection
A+ A +A,
coefficients for retrograde waves exiting branches 2 and 3 are
r, = A*4=A g, —ATAYA
A+A+A A+A+A

For mathematical convenience, we define the quantities I',=T",
and I';=—T', , to express the values with respect to antegrade
waves entering a single branch, where the reflection coefficient
has the same magnitude but opposite sign as for retrograde
waves. The transmission coefficient for pressure is (1 +F1), while
the transmission coefficients for flow in daughter branches 2

24, 24
At A+ A A+A+ A
equivalent to (1-T,), respectively, resulting in power transmis-
sion coefficients in the 2 daughter vessels of (1+I")x(1-T)
and (1+I")x(1-T,), respectively. Please see http://hyperaha-
journals.org for the Data Supplement with further details.

Using the previously defined notation for average hydraulic
power over the cardiac period, forward wave hydraulic power in
the aortic root is defined as follows: I1f,, = Pf,, xQf,,, where

Pf,, and Qf,, are theinitial forward-traveling pressure and flow
waveforms (with mean offsets removed) in the proximal aorta.

, respectively.

and 3 are , equivalent to (1-T"), and

Hypertension. 2021;77:1169-1177.DOI: 10.1161/HYPERTENSIONAHA.120.16696
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Figure 1. Simplified schematic of the aorta-carotid
interface.

We model the aorta-carotid interface as a simple asymmetrical
bifurcation in which the proximal aortic segment (branch 1) splits
into a carotid branch (branch 2) and the distal aortic segment
(branch 3). T, indicates bifurcation reflection coefficient; T,
carotid reflection coefficient; and T'y, distal aortic reflection
coefficient.

Forward waves in the carotid were decomposed as the sum
of incident and rereflected components: Pf., = Pinc., +Prr,
and Qf,, =Qinc,, +Qrr,,., where rereflected pressure and
flow were computed as follows: Prr, =(-T',)Pb, and
Qrr,, = (T,)Qb,, (Figure 2), noting that only a single itera-
tion of reflection and rereflection was considered. Incident
pressure was then computed as follows: Pinc., = Pf,, —Prr,,
and incident flow as follows: Qinc,, = Qf,, —Qrr,,. Net
forward-traveling  power was computed as fol
lows: I, = Pf,, xQf,, =(Pinc, + P, )x(Qince, +Qrr,,).
Expanding this product resulted in 4 power components:
Pincg, xQincg, and Prr, xQrm, represent in-phase inci-
dent and rereflected power, respectively, while Pinc, x Qrr,,
and Prr., xQinc,, represent interaction terms of incident and
rereflected waves. Reflected wave hydraulic power was calcu-
lated as follows: Ilb,, = Pb,, xQb.,.

Statistical Analysis

Sample characteristics, hemodynamic variables, measures
of brain structure and function, and components of total pul-
satile power in the common carotid arteries were tabulated.
Stepwise multivariable linear regression analysis was used
to assess relations of local wave reflection with carotid flow
pulsatility (assessed as waveform SD) and pulsatile power
in the common carotid arteries. Multivariable adjusted par-
tial correlation was performed to examine relations of carotid
flow SD and pulsatile power with measures of brain structure
and function. Partial correlations were adjusted for previously
reported correlates of arterial function and brain structure and
function, including age, height, weight, high-density lipopro-
tein cholesterol level, blood glucose level, use of statin drugs,
heart rate, mean arterial pressure, current smoking, presence
of depressive symptoms, and education level. Carotid flow
SD, pulsatile power, and pulse pressure were skewed and
were, therefore, natural logarithm transformed. For all models,
continuous dependent and independent variables were first
converted to sex-specific Z scores. A 2-sided P<0.05 was
considered significant.
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Figure 2. Waveform separation analysis in the proximal carotid.
Measured waveforms in the proximal carotid were separated into
forward and backward pressure and flow waves. The forward waves
were further separated into incident and rereflected components.

The reflected and rereflected waves have nearly equal amplitude and
opposite polarity, resulting in a measured pressure wave that is nearly
the same as the incident pressure wave. The reflected and rereflected
flow waves are the same polarity and nearly equal amplitude, resulting
in a measured flow wave that is substantially different from the

incident flow. P, indicates backward pressure; P, forward pressure;
P, incident pressure; P, derived pressure at carotid origin; P,
rereflected pressure; Q,, backward flow; Q, forward flow; Q, , incident

inc?
flow; Oorig, derived flow at carotid origin; and Q , rereflected flow.

!

RESULTS

Clinical characteristics of the 668 participants in
our cohort of older adults are presented in Table 1.

1172 April 2021
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Hemodynamic variables are summarized in Table 2.
Pulse pressure and aortic characteristic impedance
were relatively high in this sample. Carotid peripheral
resistance was b-fold higher than aortic, consistent
with the observation that #20% of cardiac output
goes to the brain. However, carotid characteristic
impedance was an order of magnitude greater than
aortic, resulting in a 2-fold higher normalized imped-
ance in the carotid (Table 2). Mean power, pulsatile
power, and pulsatile power as a percentage of total
were markedly lower in the carotid than the proximal
aorta (Table 2).

Figure 2 illustrates size and shape of forward, back-
ward, rereflected, incident, and measured waves at the
carotid origin. A small difference in size and shape of
incident and measured pressure waveforms contrasted
with major differences in size and shape of incident and
measured flow. When cases were stratified by sex-spe-
cific median carotid flow transmission coefficient (1-T',)
(0.12 in men and 0.10 in women), incident pulsatile
power at the carotid origin was higher in individuals with
high versus low carotid flow transmission coefficient
(1-T,) (41.7£189 versus 30.0£14.5 mW, A<0.001).
Table S1 summarizes the contribution of components of
power to the transformation from incident to net power
dissipated in the carotid circulation in the full sample.
The in-phase components of incident and rereflected
pressure and flow contributed to forward power trans-
mission. However, the cross terms, Pinc., xQrr., and
Prr.,, xQincg,, combined to reduce forward power
transmission within the carotid (Table S1), resulting
in a net reduction of transmitted power as a result of
rereflection (—12.6£8.1 mW). Forward power (P xQr)
was further reduced by local wave reflection (Psx Qb),
resulting in the net power dissipation (Table S1). The
cross terms of forward and reflected waves were equal
in amplitude but opposite in sign and, therefore, had no
effect on net transmitted power. The proportion of inci-
dent power ultimately transmitted into and dissipated in
the carotid circulation (544139%) was closely related to
the distal carotid reflection factor (R=—0.898, ”<0.001).

Results of multivariable linear regression models
for carotid flow SD and pulsatile power are presented
in Table 3. Candidate exposures included central pulse
pressure, carotid flow transmission coefficient (1-T,),
carotid distal reflection factor, and heart rate. Carotid
pulse pressure, carotid flow transmission coefficient
(1-T,), and heart rate were positively related, and
carotid distal reflection factor was negatively related to
both carotid flow SD and pulsatile power (Table 3). In a
separate model that adjusted for age and distal carotid
resistance, higher carotid characteristic impedance
was associated with lower carotid distal reflection fac-
tor (R=—0.366, £<0.001), suggesting that increased
carotid stiffness reduced the impedance gradient and
distal wave reflection within the carotid system.

Hypertension. 2021;77:1169-1177. DOI: 10.1161/HYPERTENSIONAHA.120.16696
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Table 1. Characteristics of the Sample
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Table 2. Hemodynamic Variables

Variable Value Variable ValuetSD
Sample size 668 Blood pressure, mmHg
Women, N (%) 378 (57) Systolic 139+19
Age, y 75+4 Diastolic 6610
Height, cm 16819 Mean 94112
Weight, kg 7614 Central pulse pressure 69121
Waist, cm 100£11 Heart rate, beats/min 62+10
Body mass index, kg/m? 274 Aortic pressure-flow measures*
Cholesterol, mmol/L 5.4%+1.1 Mean flow, mL/s 63.4+15.1
HDL, mmol/L 1.6+0.4 Resistance, dynexs/cm® 21061553
Triglycerides, mmol/L 1.1£0.6 Characteristic impedance, dynexs/cm® 259196
Glucose, mmol/L 5.7£1.2 Normalized impedance, ratio 0.13%£0.04
Medical history, n (%) Pulsatility index, ratio 4.5+0.6
Coronary heart disease 113 (17) Flow SD, mL/s 98.7+21.8
Diabetes 67 (10) Total power, MW 10621301
Treated hypertension 396 (59) Mean power, mW 798+220
Statin use 159 (24) Pulsatile power, mW 265+107
Current smoker 76 (11) Pulsatile power percent, % 2515
Education level, n (%) Distal reflection factor, ratio 0.34+0.10
Elementary 141 (21) Carotid pressure-flow measures
Secondary 354 (53) Mean flow, mL/s 13.5+£3.3
Junior college 98 (15) Resistance, dynexs/cm® 997242903
University 75 (11) Characteristic impedance, dynexs/cm® 2504+879
GDS score, median (25%-75%) 2 (1-3) Normalized impedance, ratio 0.2610.07
MMSE, median (25%-75%) 27 (26-29) Pulsatility index, ratio 1.84£0.5
GDS indicates geriatric depression scale; HDL, high-density lipoprotein; and Flow SD, mL/s 72420
MMSE, minimental state examination score. Total power, mW 189451
. . . ) Mean power, mW 170146
As previously reported® brain magnetic resonance imag- :
ing revealed the following segmental volumes as a percent- Pulsatlle power, mW 19210
age of intracranial volume: total parenchyma, 73£4%; gray Pulsatile power percent, % 10+4
matter, 4623%; and white matter, 26+2%. Median white Distal reflection factor, ratio 0.41£0.11
matter hyperintensity volume was 11 (25th—75th percen- Bifurcation reflection coefficient (I",), unitless* 0.06+0.03
tiles: 6-22) mL, or —4.94£0.9 as a natural logarithm trans- Carotid flow transmission coefficient (1-T,), unitless* | 0.11+0.04
formed percentage of intracranial volume. Relations of Carotid power transmission coefficient (1+I",)(1-T',), | 0.12+0.04
carotid flow SD and carotid pulsatile power percentage with unitless*

measures of brain structure and function are presented in
Table 4. Higher carotid flow SD was associated with lower
total parenchyma and white matter volumes, while higher
pulsatile power percentage was associated with lower
white matter volumes. Neither variable was related to gray
matter or white matter hyperintensity volume (Table 4). Both
measures were associated with lower scores on memory
and executive function tests, while only flow SD was related
to lower scores on tests of processing speed (Table 4). In
the subset of participants with the foregoing brain mea-
sures and cardiac echocardiography (N=334), in a model
that adjusted for the same covariates, higher carotid flow
transmission coefficient (1—1"2) and higher carotid power
transmission coefficient (1+I",)(1-T",) were associated with
lower white matter volume (R=0.166, P=0.005 and
R=—0.140, P=0.012, respectively).

Hypertension. 2021;77:1169-1177.DOI: 10.1161/HYPERTENSIONAHA.120.16696

“In a subset of 210 men and 261 women with echocardiographic data.

DISCUSSION

We performed a detailed analysis of wave reflection
and power transmission at the origin of a FGBA aris-
ing from the aorta, using a lumped model of the right
and left common carotid circulation as an example. This
general aortic structural element, consisting of a low
characteristic impedance proximal aortic parent vessel
that bifurcates asymmetrically into a high characteristic
impedance FGBA and low characteristic impedance dis-
tal aortic segment, repeats along the full length of the
aorta, with the exception of the terminal aorta, which
bifurcates symmetrically into the 2 iliac arteries.?® The
sequential asymmetrical bifurcations are characterized
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Table 3. Relations of Arterial Measures With Carotid Pulsa-
tility

Haidar Wave Reflection and Organ Protection

Table 4. Relations of Arterial Measures With Brain Struc-
ture and Function

Models also adjust for age, height, weight, high-density lipoprotein choles-
terol level, blood glucose, hypertension treatment, use of statin drugs, mean
arterial pressure, and current smoking. Mean flow and mean power were
entered into the models for flow SD and pulsatile power, respectively, before
stepwise entry of additional exposure variables. All continuous variables were
converted to sex-standardized Z scores. Carotid flow SD, carotid pulsatile
power, central pulse pressure, mean carotid flow, and mean carotid power were
natural log transformed.

by a low bifurcation reflection coefficient (T,), a very high
FGBA reflection coefficient (T, ), and a low distal aortic
reflection coefficient (I ). The low bifurcation reflection
coefficient (T;) limits wave reflection within the proxi-
mal aortic segment and minimizes transmitted pressure
amplification in the daughter branches. Since pressure
at the origins of the daughter branches must be equiv-
alent, the pressure level is effectively clamped and the
low flow transmission coefficient of the FGBA (1-T,)
has a dominant effect on flow, markedly limiting pulsatile
flow transmission into this branch. The combination of
minimal pressure amplification and marked attenuation
of flow pulsatility results in a large net reduction in pulsa-
tile power transmitted into the FGBA circulation. Further-
more, reflected waves arising in the distal vasculature of
the FGBA circulation encounter a strong negative rere-
flection coefficient (-T", ) at the FGBA origin. Resulting
rereflected waves minimally amplify pressure and mark-
edly attenuate flow, a secondary effect that further lim-
its pulsatile power transmission into the FGBA vascular
bed. Higher aortic stiffness increases the local carotid
flow transmission coefficient (1-T',), resulting in higher
carotid flow pulsatility and greater dissipation of pulsatile
power in the carotid circulation. Greater carotid flow pul-
satility and pulsatile power dissipation were associated
with evidence of microvascular damage in the brain and
reduced performance on cognitive testing. The foregoing
observations are consistent with the hypothesis that aor-
tic stiffening reduces the local impedance gradient at the
origin of FGBAs and increases harmful pulsatile power
transmission into the microcirculation, resulting in target
organ damage and dysfunction.

1174 April 2021

Carotid flow SD Carotid pulsatile power Carotid pulsatile
Carotid flow SD ower
Variable B+SE Pvalue | BSE Pvalue 16 fow il
Carotid mean flow | 0.483+0.032 | <0.001 LELLD g S AT
Carotid mean 0.326+0.021 | <0.001 EIE0 EiEE
power Total brain —0.094 0.017 —0.062 0.113
Central pulse pres- | 0.459+0.037 | <0.001 | 0.895+0.021 | <0.001 parenchyma
sure Gray matter —0.047 0.230 —0.016 0.677
Carotid flow trans- | 0.261£0.030 | <0.001 | 0.122+0.017 | <0.001 White matter —0.130 | <0.001 | —0.093 | 0018
mission coefficient White matter 0.068 0.081 0.010 0.794
(1-r,) hvber .
yperintensity volume
Heart rate 0.220£0.031 | <0.001 | 0.099+0.018 | <0.001 " .
Cognitive function
— o 080t 0000+

Carotid distal 0.062+0.029 | 0.036 0.209£0.017 | <0.001 Memory o161 <0001 | —o1s3 | <0001
reflection factor
Model R? 0.686 <0.001 | 0.896 <0.001 Speed —0.091 | 0020 —0088 | 0174

Executive function —0.153 <0.001 —0.134 <0.001

Adjusted for age, height, weight, high-density lipoprotein cholesterol level,
blood glucose, hypertension treatment, use of statin drugs, heart rate, mean arte-
rial pressure, current smoking, presence of depressive symptoms, and education.
Carotid flow SD was adjusted for mean flow. Carotid pulsatile power was adjusted
for mean power. Carotid flow SD and carotid pulsatile power were natural log
transformed and converted to sex-specific Z scores. White matter hyperintensity
volume was transformed by using the natural logarithm.

The low flow transmission coefficient at the origin of
the FGBA (1-T,) represents the first barrier to entry
of pulsatile power into the FGBA circulation. Some have
argued that the concept that high levels of wave reflec-
tion, which could increase load on the heart, are required
to protect distal vascular beds is at odds with optimal
ventricular performance and design.’® The present analy-
sis demonstrates that arterial system design protects the
downstream microcirculation while also limiting pulsatile
load on the heart. Our low observed values of bifurcation
reflection coefficient (T',), 6%, are consistent with the
previously described phenomenon of impedance match-
ing for bifurcations in the forward direction,'*'® and
imply minimal additional reflected wave loading of the
heart. In addition, researchers have previously suggested
that wave reflection at aortic bifurcations has a trivial
effect on transmitted pulsatile power because bifurca-
tion reflection coefficients (T,) tend to be small®1°
Others have observed that transmitted pulsatile pres-
sure would actually be increased by wave reflection at
multiple successive junctions, exposing target organs to
potentially harmful pressure pulsatility.®'" It is important
to note, however, that while pulsatile pressure transmis-
sion increases in proportion to the bifurcation reflection
coefficient (T, ), which is small, transmitted pulsatile flow
and power decrease in proportion to the much larger
FGBA reflection coefficient (T, ). As a result, flow wave
amplitude in the carotid was reduced 9-fold relative to
the aorta while pressure wave amplitude increased by
only 6%, resulting in a marked net reduction in pulsatile
power entering the carotid branch. Thus, while the major-
ity of hydraulic power is transmitted through the bifurca-
tion, the low FGBA flow transmission coefficient (1-T',)
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ensures this forward-traveling power is distributed
unequally to the 2 daughter branches, with the FGBA
receiving a disproportionately smaller amount of pulsa-
tile power than the distal aorta, despite relatively high
mean flow in the case of the carotid circulation, leading
to a major reduction in relative pulsatility of flow and
power in the FGBA.

Beyond the initial effect of asymmetrical pulsatile
flow allocation, the large negative rereflection coefficient
for retrograde waves at the FGBA origin (=I',) further
limits pulsatile power entering the FGBA circulation.
Previous work has suggested that the majority of local
reflected wave hydraulic power within FGBA vascular
beds is rereflected downstream and therefore trapped
in the FGBA circulation.'>'*'® Forward pulsatile hydraulic
power (Pf., xQf., ) represents the sum of 4 incident
and rereflected power terms (Table S1). However, for-
ward power is substantially less than incident power
(Pinc., % Qincg, ). Rereflected power (Prr., xQrr., )
does contribute to forward-traveling power; however, its
effect is outweighed by the large negative contribution
of the 2 cross terms (Table S1). Thus, while rereflection
traps a small component of power within the FGBA cir-
culation, it prevents a substantially greater component
of pulsatile power from entering the local circulation,
resulting in a net beneficial effect in terms of reducing
flow pulsatility and pulsatile power in the downstream
microcirculation.

Reflection within the carotid bed and rereflection at
the carotid origin contribute to the distinctive, marked
divergence in shape between pressure and flow in the
carotids. The large, negative rereflection coefficient for
retrograde waves at the origin of a daughter artery (-T',)
causes the reflected wave to rereflect as a forward-trav-
eling expansion wave that reduces forward pressure and
forward flow. Therefore, reflected waves arising from the
distal carotid bed amplify pressure, but are nearly can-
celed by simultaneous rereflection at the carotid origin,
resulting in minimal difference between incident and
measured pressure waves (Figure 2). Conversely, the
attenuation of measured flow by reflected flow waves is
nearly doubled by the rereflected flow waves (Figure 2).

Net flow pulsatility entering the carotid branch cor-
relates with adverse measures of brain structure and
cognitive function, with the notable exceptions of gray
matter volume and white matter hyperintensity volume
(Table 3). Cortical gray matter is perfused by perforating
branches arising from the long, circuitous pial arteries,
which would be expected to effectively damp pulsatile
energy proximal to the microcirculation. In contrast, white
matter is perfused by short perforators arising directly
from the circle of Willis and proximal segments of the
major intracranial arteries. These shorter pathways are
much less able to damp pressure and flow pulsatility.
White matter hyperintensity volume appears to have a
more complicated relation with pulsatility, correlating with
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neither flow nor power pulsatility in the present study.
However, a prior analysis of this cohort has related white
matter hyperintensity volume to higher carotid-femoral
pulse wave velocity.®

An increase in the stiffness of FGBASs, such as the
carotid and renal arteries, should increase impedance
mismatch between the aorta and the specific FGBA,
as assessed by I',, thereby protecting the downstream
microcirculation. However, greater carotid stiffness has
been associated with measures of downstream target
organ damage.®*®' Carotid arteries tend to stiffen in
parallel with the aorta,*? which could maintain a similar
impedance mismatch and local carotid flow transmis-
sion coefficient (1-T,) at the aorta-carotid bifurca-
tion. However, aortic stiffening simultaneously increases
pulse pressure and pulsatile power throughout the sys-
tem. Furthermore, we have shown that carotid stiffening
reduces distal wave reflection in the local vascular bed
and hence limits the protective effects of reflection and
rereflection within the carotid circulation. Conflicting
favorable and deleterious effects of carotid stiffening
may render isolated assessment of carotid stiffness
a suboptimal approach for assessing cerebrovascu-
lar risk. In addition, isolated stiffening of the common
carotid arteries likely would not provide a solution to the
underlying problems of excessive pulsatility due to aor-
tic stiffening and could be deleterious. Aortic stiffness,
therefore, represents the best risk measure and target
for interventions aimed at decreasing harmful pulsatile
power transmission into the brain.

Limitations

There are limitations to this study that should be consid-
ered. We computed aortic characteristic impedance by
using a measured common carotid artery pressure paired
with the aortic flow, which will tend to overestimate aortic
characteristic impedance by a factor comparable to the
local bifurcation reflection coefficientin the proximal aorta
(T,). We aggregated flows from the right and left carot-
ids and assumed that the right subclavian artery arose
distal to the aggregated carotids, which means that our
estimate for aortic characteristic impedance just proximal
to the combined carotids was modestly underestimated.
Since each of these errors was =4% to 6% in opposite
directions, the net effect was likely very modest. In addi-
tion, we assumed that the right carotid arose directly
from the aorta rather than the brachiocephalic. To vali-
date this assumption, we compared the arrival times and
cross-correlation of right and left carotid flow waveforms.
The arrival times were nearly synchronous (78.8+15.2
versus 80.8+16.1 ms), and the cross-correlation of the 2
waveforms was quite high (R=0.97), consistent with our
assumption that the origin of the right common carotid
from the brachiocephalic trunk minimally affects carotid
flow waveform morphology and timing.
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Segment delays within the ascending aorta and prox-
imal carotid were not measured directly but rather were
estimated from the overall foot-foot delay between aor-
tic and carotid flows, assuming that waves propagating
through the aorta reached the origin of the carotid at
approximately the midpoint of this delay. However, these
delays were relatively short and, therefore, changes in
pressure and flow shape as a result of rephasing for-
ward and reflected components to estimate pressure
and flow at the carotid origin were relatively small. Echo-
cardiography was performed in a random subset of half
of our participants. As a result, we have limited statistical
power to assess relations of reflection coefficients, such
as FQ, with brain variables. To address this limitation, we
related reflection coefficients to flow and power trans-
mission in the subset with echocardiography; we then
related measures of pulsatile flow and power to brain
variables in the full sample.

The average age of participants in this study was 75
years and the sample exhibited many aortic and brain
structural and functional changes commonly seen with
aging. In addition, the sample included only white individ-
uals of European descent. Therefore, our results may not
be generalizable to younger people with markedly lower
aortic stiffness or to other races or ethnicities. Studies in
younger cohorts of varied racial and ethnic composition
will be required.

Perspectives

The structure of the aorta-carotid interface, as an example
of a highly asymmetrical bifurcation, is optimally designed
for minimal augmentation of transmitted pulsatile pres-
sure with marked attenuation of transmitted pulsatile flow
and pulsatile power in the FGBA. Reflections arising from
the distal carotid circulation and rereflection at the carotid
origin further decrease power transmitted into the cere-
brovasculature. Aortic stiffening leads to a decrease in
the impedance gradient between the proximal aorta and
the common carotid arteries, and, crucially, to an increase
in the local flow transmission coefficient of the FGBA
(1-T,), while the overall reflection coefficient of the
bifurcation (T',) remains small. Decreased local reflection
allows for greater pulsatile power transmission into the
FGBA. Pulsatile power and specifically the pulsatile flow
component are associated with presence of microvascu-
lar brain lesions and reduced performance in various cog-
nitive domains. We suggest that relations between aortic
and FGBA pulsatile power follow from a general design
feature of the aorta and FGBAs and applies to other vas-
cular beds supplied by high impedance FGBAs arising
from the much larger aorta.
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