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Pappelis K, Choritz L, Jansonius NM. Microcirculatory model
predicts blood flow and autoregulation range in the human retina: in
vivo investigation with laser speckle flowgraphy. Am J Physiol Heart
Circ Physiol 319: H1253-H1273, 2020. First published September 28,
2020; doi:10.1152/ajpheart.00404.2020.—In this study, we mathemati-
cally predict retinal vascular resistance (RVR) and retinal blood flow
(RBF), we test predictions using laser speckle flowgraphy (LSFG), we
estimate the range of vascular autoregulation, and we examine the
relationship of RBF with the retinal nerve fiber layer (RNFL) and gan-
glion cell complex (GCC). Fundus, optical coherence tomography
(OCT), and OCT-angiography images, systolic/diastolic blood pressure
(SBP/DBP), and intraocular pressure (IOP) measurements were
obtained from 36 human subjects. We modeled two circulation markers
(RVR and RBF) and estimated individualized lower/higher autoregula-
tion limits (LARL/HARL), using retinal vessel calibers, fractal dimen-
sion, perfusion pressure, and population-based hematocrit values.
Quantitative LSFG waveforms were extracted from vessels of the same
eyes, before and during IOP elevation. LSFG metrics explained most
variance in RVR (R*=0.77/P = 6.910"") and RBF (R*=0.65/P =
1.0-1079), suggesting that the markers strongly reflect blood flow physi-
ology. Higher RBF was associated with thicker RNFL (P = 4.0-10™%
and GCC (P = 0.003), thus also verifying agreement with structural
measurements. LARL was at SBP/DBP of 105/65 mmHg for the aver-
age subject without arterial hypertension and at 115/75 mmHg for the
average hypertensive subject. Moreover, during IOP elevation, changes
in RBF were more pronounced than changes in RVR. These observa-
tions physiologically imply that healthy subjects are already close to
LARL, thus prone to hypoperfusion. In conclusion, we modeled two
clinical markers and described a novel method to predict individualized
autoregulation limits. These findings could improve understanding of
retinal perfusion and pave the way for personalized intervention deci-
sions, when treating patients with coexisting ophthalmic and cardiovas-
cular pathologies.

NEW & NOTEWORTHY We describe and test a new approach
to quantify retinal blood flow, based on standard clinical examina-
tions and imaging techniques, linked together with a physiological
model. We use these findings to generate individualized estimates
of the autoregulation range. We provide evidence that healthy sub-
jects are closer to the lower autoregulation limit than thought
before. This suggests that some retinas are less prepared to with-
stand hypoperfusion, even after small intraocular pressure rises or
blood pressure drops.

autoregulation; blood pressure; hemodynamics; mathematical model-
ing; retinal blood flow
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INTRODUCTION

The retinal microcirculation is involved in many ophthalmic
pathologies, but particular attention has been given to its role in
leading causes of blindness, such as age-related macular degen-
eration, diabetic retinopathy, and glaucoma (74). In addition, it
is often an indicator of cardiovascular or cerebrovascular dis-
ease (16a, 45). To date, there is only partial understanding of the
regulation of blood supply in the retina and the optic nerve head
(ONH), partially due to the lack of a gold-standard, noninvasive
way to quantify blood flow (BF) (136).

The main advantage of the retinal vasculature is that it can be a
direct source of physiological insight in humans, as a result of the
transparent anterior ocular structures. However, there still are
numerous caveats in assessing the retinal circulation. Despite its
advantages, fluorescein angiography is an invasive procedure that
only provides limited, qualitative information about tissue perfu-
sion (66). With the development of optical coherence tomography
angiography (OCTA), many additional characteristics of the reti-
nal microvasculature can now be quantified noninvasively, but,
when considered alone, they still do not describe BF in its entirety
(62, 118). In addition, laser speckle flowgraphy (LSFG) is one
among several promising techniques currently used for relative
retinal BF dynamic evaluation (50, 124, 129). Details of this tech-
nique, as well as its application in the retina and the ONH, have
been described elsewhere (28, 81, 124). In short, it calculates the
mean blur rate (MBR) of the speckle pattern, which is caused by
moving red blood cells and is roughly proportional to BF velocity.
Its ability to quantify BF characteristics has already been demon-
strated, but considerable technical limitations have to be overcome
before LSFG can be introduced to the clinical setting (16, 82).

Consequently, there is no direct way to predict how individ-
ual microcirculatory determinants interact to determine tissue
blood supply in the bigger picture. This interaction is complex:
BF is driven by a pressure difference [ocular perfusion pressure
(OPP)] but also depends on numerous properties of the vascular
bed, such as autoregulation (AR). AR is the intrinsic ability of
certain blood vessels to actively modify their caliber in response
to changes in circumferential wall stress (110). Hence, the use
of oversimplified perfusion surrogates such as OPP is a common
shortcoming in ophthalmology. Indeed, not only does this
approach run into serious statistical limitations in population
studies, but it also disregards physiological compensatory mech-
anisms (67, 105).

In an attempt to complement the current assessment of reti-
nal hemodynamics, current research mainly focuses on two
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approaches. First, the emergence of Doppler OCT allows for
absolute retinal blood flow quantification, which has been
regarded as informative in describing physiological phenom-
ena, as well as in detecting pathological changes (5, 76).
Absolute retinal blood flow is a metric that partly addresses the
limitations raised in the previous paragraph and is also the pe-
nultimate step in estimating tissue oxygenation (141). While
the reproducibility of Doppler OCT is constantly being
improved, it could still pose significant challenges in patholog-
ical conditions, since it requires considerably more expertise
than standard imaging methods (127). Consequently, it has not
found its way to the clinical routine yet. Second, mathematical
models have been proposed, especially with regards to glau-
coma, where a vascular component has long been thought to
pertain to the disease pathogenesis (19, 34, 38, 43, 44, 83).
However, these models have not attempted to describe quanti-
tative BF metrics that could be easily obtained in everyday
clinical care, hence immediately useful not only in physiologi-
cal research, but also in diagnostic and treatment decisions. In
addition, even though AR in the retina has been established as
a general principle, each individual vasculature is unique. As
such, it has distinct AR capacity that depends on its phenotype
at a given point in time (extent of dilation/contraction, struc-
tural complexity, viscous forces, perfusion pressure, etc.).
Neither approach is currently able to quantitatively predict the
effect of blood pressure (BP) changes on BF physiology, con-
sidering these individual phenotypical characteristics.

Therefore, the primary aims of this study were /) to mathe-
matically predict retinal vascular resistance (RVR) and absolute
retinal blood flow (RBF), given individualized input collected
with a proposed clinically feasible protocol, 2) to test these pre-
dictions against in vivo BF measurements from human retinal
vessels, and 3) to provide individualized estimates for the range
of retinal vascular AR. For this purpose, in the theoretical part
of the study, we extended a model for the retinal microcircula-
tion based on fractal geometry (128); in the experimental part,
we examined the relationship of the theoretical predictions with
BF information obtained from a human population in a clinical
setting by means of LSFG. As a secondary aim, we looked into
whether the model predictions for blood supply also reflect
structural (nerve tissue) measurements.

METHODS

Study Population

The experimental part had a prospective, cross-sectional design. We
included 36 eyes from 36 adult subjects. Participants underwent screen-
ing to exclude ocular pathologies. We did not exclude glaucoma, ocular
hypertension, mild cataract (with best-corrected visual acuity >0.8),
mild/moderate refractive error (—6D to +3D), and astigmatism of 2D
or less. In order for the model to be tested over the full dynamic range
of its variables, we encouraged participation of subjects with arterial
hypertension (AHT), albeit no hypertensive retinopathy, and glaucoma.
We used the standard AHT definition: current use of antihypertensive
medication, or systolic blood pressure (SBP) >140 mmHg, or diastolic
blood pressure (DBP) >90 mmHg (142). Glaucoma was defined as an
already established clinical diagnosis, in accordance with the European
Glaucoma Society guidelines (2). As a result, 15 of 36 subjects had
AHT and 5 of 36 were patients from the ophthalmology clinic, already
diagnosed with glaucoma [4 high-tension, primary open angle (POAG)
cases, 1 primary closed angle case]. Eleven of 15 subjects with AHT
were using antihypertensive medication, while all 5 glaucoma patients
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were using at least 1 topical antiglaucoma medication. The age of the
participants ranged from 22 to 77 yr (median 54 yr).

Screening comprised a detailed slit lamp examination, best-corrected
visual acuity (on a standardized letter chart), and C20-1 screening
mode frequency doubling perimetry (Carl Zeiss, Jena, Germany).
Additional documentation of ophthalmic health was performed with
the imaging session (fundus photography, OCT, and OCTA; see
METHODS, Model Variables and Parameters, Central retinal artery and
vein radii and Fractal dimension). Apart from the glaucoma patients,
all other participants had healthy eyes, while there were no subjects
with diagnosed diabetes or cardiovascular disease (except for AHT).
All tests were performed in the ophthalmology clinic, under similar
conditions (room temperature 22.5-23.5°C), and with undilated pupils,
since some mydriatic drops (alpha-adrenergic agonists) could affect
certain BF metrics (81). Other studies have used muscarinic antagonists
for pupil dilation, without any notable effect on BF (82).

The ethics board of the Otto von Guericke University Magdeburg
approved the study protocol (No. 32/19). All participants received an
information letter and provided written informed consent. The study
followed the tenets of the Declaration of Helsinki.

Model Variables and Parameters

Central retinal artery and vein radii. We obtained 45° fundus
photographs centered at the ONH in high resolution from all sub-
jects with a nonmydriatic digital camera (nonmyd WX-3D, Kowa
Company, Ltd., Japan). We used the revised Parr-Hubbard formulas
proposed by Knudtson et al. and a freely available, semiautomatic
software [Automated Retinal Image Analyzer (ARIA), Peter
Bankhead] to derive the central retinal artery and vein equivalents
(CRAE and CRVE) (8, 71). Details of this procedure have been
described elsewhere (71). In short, a standardized number of six
largest arteriolar and six largest venular branches were identified
within a ring with borders at 0.5- and 1.0-optic-disk diameters from
the ONH margin (Fig. 1A); subsequently, an iterative mathematical
procedure, using the area expansion ratio of the daughter branches
to the mother branch, returned the expected radii of the CRA and
CRV (TagsTv)-

Branch length exponent («) and branch length coefficient (3 ). The
microvascular bed can be decomposed into two distinct fractal patterns:
one with regards to the exponential decay in branch radius r and one
with regards to the decay in the corresponding branch length /, as the
order i of the branches increases. Assuming symmetric, dichotomous
branching (see METHODS, Model Building), we may write:

r=roe” "
{nopes (1

1,' = l()e_

where i is an integer representing the branch order and t and  are rate
parameters. It follows that:

h=pr? 2

where B:Z—(; and o= 2.

N T
For the branch length exponent o, we use the constant suggested by
Takahashi et al. for the retinal vasculature, o= 1.15, which is based on
data from cerebral vessels (128). Regarding the branch length coeffi-
cient B, Eq. 2 suggests that it is dependent on the stem radius; hence, its
baseline value can be altered in conditions such as AHT or glaucoma
(65, 69, 132). Takahashi et al. use the value ="7.4, but this was calcu-
lated from an average of young, healthy individuals (128). Assuming
vasodilation/vasoconstriction are length-preserving, collective, and uni-
form transformations of the vessels, we calculate the corrected branch
length coefficients 3, and B, from each individual CRA and CRV,
based on their deviation from the average radii r,, and r,,, determined

from the 18 healthy normotensives in our study:
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Fig. 1. A: cropped 45° fundus image centered
at the optic disk. According to the Knudtson-
Parr-Hubbard algorithm, the 6 largest arteries
and 6 largest veins within the region of inter-
est are marked with blue labels. B: overlayed
20° optical coherence tomography angiogra-
phy (OCTA) image of the superficial vascular
plexus of the same eye centered at the macula.
C: OCTA image from B binarized within a 3-
mm-diameter circle centered at the macula.
Flowing blood vessels, recognized as thresh-
olded pixels, appear in black. D: number of
superpixels needed to cover the flowing blood
vessels plotted against the size of the super-

C D io8 2D box:count pixels in a log-log graph. Fractal (“boxcount-
\ ing”) dimension is equal to the slope of the
trend line.
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Fractal dimension. Fractal dimension (D) is a measure of microvas-
cular complexity. Subjects underwent spectral domain OCT and OCTA
imaging (SPECTRALIS Flex Module, Heidelberg Engineering, Inc.,
Heidelberg, Germany). We calculated D from 20° OCTA images cen-
tered at the macula (Fig. 1B), by means of customized image process-
ing software. Details and repeatability of this method have been
described elsewhere (98). In short, we extracted the vasculature corre-
sponding to the superficial vascular plexus (SVP) from a 3-mm-diame-
ter circle centered at the fovea (Fig. 1C), by means of a local Otsu
binarization algorithm. Subsequently, we defined D as the Minkowski-
Bouligand (boxcounting) dimension:

. log[N(e)]
D= og )

)

4)

where N and ¢ describe the number and size of the superpixels needed
to cover the vascular area, respectively.

In practice, D can be approximated by the slope of the corresponding
log-log plot (Fig. 1D).

For the secondary aim of the study, peripapillary retinal nerve fiber
layer (pRNFL) thickness and ganglion cell complex (GCC) volume

r, box size

(full 6 x 6 mm ETDRS grid) were also recorded from regular ONH
and macular OCT scans.

Blood viscosity (p). In the retinal microcirculation (where for the
Womersley number Wo < 0.05 holds, hence viscous forces are much
more important than inertial forces), viscosity follows the Fahraus-
Lindqvist effect (30). This effect concerns a decrease in viscosity with
a decrease in vessel diameter. Haynes proposed the following formula
to account for decreasing radii:

2

(r+8)° ©)

1(r) = o

where p(r) is the viscosity in a branch with radius r, pL, is the asymp-
totic viscosity in large vessels, and § is a red-cell-size order of magni-
tude constant (48).

Kamiya and Takahashi used the data of Fahreeus and Lindqvist to
calculate 6 =4.29 um. p, can be estimated by the formula of Chien
etal.:

1o, = 0.0016209¢207%5"5 Pa - 5 (6)
where Hct is the hematocrit expressed as a percentage (20, 63).

An in vitro study suggested that a multiplication by a factor of 1.08
in Eq. 6 should be used when calculating venous viscosity, due to dif-
ferences in shear rates compared with arterioles of the same radius

(91). In this study, we did not obtain blood samples; instead, we used
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the average Hct values reported in the Gubbio Population Study, strati-
fied for age, gender, and BP status (treated vs. untreated AHT) (21).

Capillary parameters. For the three capillary parameters (7, lc, Hc),
we used the values of Takahashi et al. (128). The radius 7, and length /.
of the capillaries are assumed constant (r.=2.5 um, /. =500 pum); that
is, they do not autoregulate or undergo significant structural remodel-
ing. An inverse Fahreeus-Lindqvist effect with an increase in viscosity
is expected in branches with a diameter of less than 6 pum, since they
are smaller than the diameter of a single red blood cell (117). We
assume . =0.0046 Pa-s.

Ocular perfusion pressure. Ocular perfusion pressure (OPP) is the
difference between the pressures in the arterial P, and venous P, ends.
Mean P, is usually approximated by 2/3 MAP, where MAP is the mean
arterial pressure, calculated as MAP = 1/3 SBP + 2/3 DBP, where SBP
and DBP are the systolic and diastolic BP, respectively (78). In this
study, we use Takahashi’s slightly different definition for mean P,,
being 7/10 MAP — 19.5 mmHg, because it results in a more accurate
representation of the pressure in the CRA (3, 128). P, is taken as equal
to the intraocular pressure (IOP). Therefore:

OPP =P, — P, = <%MAP - 19.5) — JOPmmHg. (7)

The BP was measured twice, in sitting position, immediately before
the LSFG imaging, with an automated monitor (BM 85, Beurer medi-
cal, Beurer GmbH, Ulm, Germany). IOP was measured with a rebound
tonometer (Icare TAO1i, Icare Finland Oy, Vantaa, Finland), after the
subject had placed his or her chin on the chinrest of the LSFG
apparatus.

Model Building

We adopt the dichotomous symmetrical branching structure pro-
posed by Takahashi et al. (128). In our model, the CRA and CRV
are the stem generation of the arteriolar and venular generations of
radius r,, and r,,, respectively. In addition, each generation of radius
r; is a compartment of 2' parallel, congruent resistors with total re-
sistance R, (arterioles), R,, (venules), or R, (capillaries) as shown in
Fig. 2. In agreement with Takahashi et al., 15 generations (including
the stem) of arterioles and 15 generations of venules were needed
for the radii to drop to capillary level; in addition, the terminal arte-
riole is assumed to give rise to 4 capillaries, which then reunite into
I terminal venule (128). This parallel structure allows R, R,,, and
R to be calculated similarly to electrical circuits. We can now com-
pute the first outcome variable, RVR, by summing in series all the
arteriolar, venular, and capillary resistive generations. This calcula-
tion is provided in APPENDIX A.

We can simultaneously express resistance with Ohm’s law, analo-
gously to an electrical circuit:
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OPP
RBF
where RBF is the mean retinal blood flow.

From this equation, the second outcome variable, RBF, can be
directly calculated.

All image processing and calculations were performed in MATLAB
R2018a (The MathWorks, Natick, MA). Scripts are freely available
and will be personalized for each OCT device upon request to the corre-
sponding author.

RVR =

(8

LSFG Imaging

We performed LSFG imaging (RetFlow, Nidek Co., Ltd., Gamagori,
Aichi, Japan) in the standard orthogonal (22° by 11°) area centered at
the ONH (Fig. 3A). Measurements were performed in a dark room,
following a break of ~15 min, to stabilize systemic and ocular blood
flow variables. As already mentioned, no topical mydriasis was
applied. We obtained one reliable scan from each patient; upon detec-
tion of blinking or motion artifacts, the scan was repeated. An elliptic
region of interest (ROI) was manually set to coincide with the ONH
borders, and the area within the ROI corresponding to large vessels
was automatically identified by the apparatus based on histogram
thresholding. The device acquires 30 frames per second over a 4-s
measurement period, and for each pixel, the average MBR of all
frames over one heartbeat is calculated. The 10 following waveform
metrics were extracted within the ROI: mean velocity in large vessels
(MV), flow acceleration index (FAI), skew, fluctuation, heart rate
(HR), resistivity index (RI), blowout time, acceleration time index,
rising rate, and falling rate. The derivation protocol and the interpreta-
tion of these metrics have been described elsewhere (82, 87). In brief,
they quantify mean BF velocity (in relative units) and additional char-
acteristics obtained from waveform analysis, which depend on pulsa-
tile BF and vessel caliber.

The separate arterial and venous velocity components can be esti-
mated from the in vivo measurements, by making use of the LSFG ve-
locity information, as well as the cross section of the vessels:

RBF;, = nuTDrgu = nuTorfO (9)
where iv is short for in vivo; #,,, u,, are the mean velocities in the
CRA and CRYV, respectively; and r,,, 1,, have been previously defined,
from which it follows that:

JE— ,’2

= =0 (10)
Uy, rt%[)
Importantly, LSFG was used as an independent experimental valida-
tion of the theoretical predictions. As such, it is not part of the theoreti-
cal model itself.

Pa

Fig. 2. Geometry of the retinal microcircula-

tory network, as proposed by Takahashi et i=2
al. (128). Dichotomous, symmetric branch-
ing is assumed throughout. Central retinal
artery (CRA) and central retinal vein (CRV)
are set as generation 0 vessels (i=0, j=0).
Generation 14 corresponds to the terminal
arterioles/venules, each 1 being connected
with 4 true capillaries. Flow is driven by the
difference between pressures at the arterio-
lar (P,) and venular level (P,).

CRA (i=0)

i=14 =14

| |
| |

i=14 =14
| |
| |

i=14 =14

capillaries
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«end cf OCT/OCTA session, short break

*BP measurement

«IOP measurement + LSFG imaging at baseline IOP (panel A)

« stabilization at target external pressure (40-50 mmHg)

«IOP measurement + LSFG imaging at elevated IOP (panel B)

«end of LSFG session

«start of IOP stimulation ]

MBR

H1257

Fig. 3. Laser speckle flowgraphy (LSFG) snapshots of the same
eye as in Fig. 1, centered at the optic disk. Graphs on the right
display the mean blur rate (MBR) during 1 heartbeat, averaged
from all pixels within the region of interest. Pixels with higher
MBR are colored in red and correspond to higher blood velocity.
Pixels with lower MBR are colored in blue. A: LSFG snapshot

N obtained at baseline venous pressure (P,), with intraocular pres-
sure (IOP) at 11 mmHg. B: LSFG snapshot of the same eye
obtained at high P, after controlled increase of IOP to 21
mmHg. OCTA, optical coherence tomography angiography; BP,
blood pressure.

MBR

n %

Frame

1OP Stimulation

We used a subset of the study population (n = 12, of which 5 subjects
had AHT and 1 had both glaucoma and AHT) to repeat the LSFG
measurements following IOP increase by means of I0P;,, (IMEDOS
Systems GmbH, Jena, Germany). Defined external pressure (40-50
mmHg) was applied directly to the sclera at the lateral canthus proxim-
ity, while the subjects still had their chin placed on the LSFG apparatus
and were gazing forward; IOP was measured again with rebound to-
nometry. LSFG imaging was repeated with the same laser intensity and
at the same location, as registered by the device itself (Fig. 3B), within
2 min of established IOP elevation (which itself was reached within 2
min after the onset of stimulation). The metrics described in LSFG
Imaging were extracted for comparison.

Data Analysis-Statistics

Correlation of model predictions with in vivo blood flow metrics.
Multivariable linear regression was performed to examine the relation-
ship between each theoretical model output (either RVR or RBF; de-
pendent variable) and the 10 LSFG waveform metrics (before I0P
stimulation; independent variables). By contrast to RBF, where OPP is
already incorporated in the theoretical calculation (Eg. 8), the regres-
sion model for RVR additionally contained MAP and IOP as independ-
ent variables. Initially, two saturated models (1 for RVR and 1 for
RBF) were built, and subsequently, backward elimination was imple-
mented in each model. Specifically, the least significant variable was
removed, and the models with and without this variable were compared
using the Akaike Information Criterion (AIC). If the model without the

concerning variable had a lower AIC, the same process was repeated
for the next least significant variable. The procedure was terminated
when the minimal AIC was reached (reduced model). For both reduced
models, the coefficient of determination (Rz), regression coefficients,
and P values were reported.

We also rebuilt the theoretical model replacing the formula by
Haynes et al. (see METHODS, Model Variables and Parameters, Blood
viscosity (W), and Capillary parameters) with two alternative viscosity
calculations proposed by Pries et al. (Supplemental Material S1: see
https://doi.org/10.6084/m9.figshare.12674033.v1) (107, 108, 115). The
in vivo viscosity calculation accounts for the presence of the endothe-
lial glycocalyx, while the in vitro viscosity calculation does not (115).
We subsequently performed the same fitting analysis, to assess robust-
ness against assumptions related to viscosity.

Contribution of the various factors to the theoretical model.
Subsequently, a sensitivity analysis was performed for the model varia-
bles contributing to the theoretical model, in two different ways. First,
to assess how strongly each contributing variable (vessel radius, viscos-
ity, etc.) affects the outcome values, two new linear models (1 for RVR
and 1 for RBF) were built, now using the model input variables as pre-
dictors. We directly looked at the magnitude and statistical significance
of the standardized regression coefficients in the saturated models to
assess the importance of each predictor. Since the more linear the rela-
tionships the more accurate results this method yields, we first trans-
formed the independent variables by using Eg¢s. A6 and 8 (for example,
if variable x contributes as x~/ to RVR, it is entered as x~/ in the regres-
sion analysis) (113). For the second sensitivity analysis, to assess how
important (or redundant) each variable is to the model fit, we
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recalculated the theoretical predictions with consecutive, independent
imputations of the input variables to constant values, one at a time. The
constant values assigned were either average values coming from our
study sample or theoretical expectations. The new RVR and RBF were
fitted again over the LSFG metrics, and the resulting R* was succes-
sively compared with the ones corresponding to the original models.

Autoregulation. Our in vivo investigation of the RBF model was
based on a regression analysis of RBF versus the LSFG variables. In
this analysis, OPP, which is part of RBF (Egs. A6 and §), was based on
an assumed contribution of MAP (a factor of 0.70) and on IOP (Egq. 7).
A presumably more accurate estimate of MAP contribution can be
obtained from the investigation of the RVR model, which was based on
a regression analysis of RVR versus the LSFG variables, MAP, and
IOP. The resulting regression coefficient of MAP was used to optimize
the perfusion pressure calculation. Specifically, according to Egs. 7 and
8, a 1-mmHg increase in MAP, holding RBF constant at its central
value of x pl-min~' (assuming perfect AR), should produce a 0.7x "
mmHg: min-ul ™" increase in RVR. If now the RVR regression model
predicts a y mmHg-min-pl~" increase in RVR per mmHg increase in
MAP (with y the regression coefficient of MAP), this would correspond
to a MAP factor of xy in the OPP calculation (instead of 0.70 as used in
Eq. 7 or 0.67 as in the classical OPP definition). The resulting opti-
mized OPP was called retinal perfusion pressure (RPP). The constant
(—19.5 mmHg in Eq. 7) was subsequently updated to ensure that
RPP =OPP (as in the OPP definition implemented in our study), so that
the magnitude of RPP still accurately reflects the magnitude of the pres-
sure in the CRA. To verify optimality, we refitted the RBF values (now
calculated from RVR and RPP rather than from RVR and OPP) over
the LSFG metrics and compared the resulting R> with the original.

We then used RPP and our subjects’ (excluding glaucoma subjects)
vessel characteristics to theoretically calculate the AR limits. For each
subject, the lowest and highest AR limits (LARL and HARL) were cal-
culated. This was done for normotensive (LARLN/HARLYy) and hyper-
tensive (LARLy/HARLY) subjects separately. Starting with a subject’s
own RBF calculated from his or her own r,, and RPP, LARLy
(HARLy) was defined as the RPP needed to keep RBF constant at
simultaneously maximal (minimal) r,, and minimal (maximal) f,, as
observed in the normotensive sample, ceteris paribus. Similarly, we
defined LARLy (HARLY) for the hypertensive subjects. More details
on this calculation can be found in Supplemental Material S2A (see
https://doi.org/10.6084/m9.figshare.12738590.v1). Glaucoma subjects
were excluded from this analysis because, in these subjects, perfect AR
is less safe as an assumption (12, 114).

We also examined the ability for AR on the basis of the LSFG in
vivo measurements prior and during stimulation. First, Wilcoxon
signed-rank tests with the Bonferroni correction were used for individ-
ual comparisons of all relevant LSFG metrics (i.e., metrics that stayed
in at least one of the reduced RVR or RBF models), before and during
IOP elevation. Next, we studied the effect of IOP elevation on RVR
and RBF. In the absence of vessel diameter measurements during IOP
elevation, RVRg;,, was approximated using the reduced RVR model
(see METHODS, Data Analysis-Statistics, Correlation of model predic-
tions with in vivo blood flow metrics). RBF;,, was then calculated
from Egq. 8. First, we used Wilcoxon signed-rank tests to compare
RVRg;i,, with baseline RVR and RBFg;,,, with baseline RBF. Ideally,
that is, within AR limits, RVR would change in response to stimulation,
yielding an unchanged RBF. However, if the IOP elevation will bring a
subject below LARL, RVR will change less than expected and RBF
will show some decrease. To further explore this, we defined AR
reserve (AR ) to this stimulation (maximal percentage of RPP change
that can be induced by the stimulation), being:

RPP — LARL

ARpes =
RPP

100% (11a)
for those subjects where the stimulation went below LARL. For those
who stayed within the autoregulation range, the relevant change in RPP

(AR hange) 18 given by:
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RPP — RPPyin,

ARchﬂnge = RPP

100%. (11b)

We used Spearman’s rank correlation coefficient (p) to examine to
what extent the percentage change in RVR is influenced by the AR
reserve/change of each subject (again, excluding glaucoma subjects)
during this stimulation. Ideally, percent change in RVR plotted against
percentage AR reserve/change should yield datapoints scattering
around the minus identity line.

Similarly, we defined the AR deviation (ARge,) to this stimulation
(percentage of “below LARL” change induced by the stimulation),
according to the following equation:

LARL — RPPg;,
ARgey = —1ARL %.

For those subjects where the stimulation went below LARL, AR
deviation will be positive, whereas it will be zero or negative in those
where the IOP stimulation respects LARL. The same correlation analy-
sis as in the previous paragraph was performed, this time for percent
change in RBF versus AR deviation.

Blood flow and retinal layer thicknesses. Lastly, as a secondary
analysis, we examined the relationship of RBF with the thickness of the
pRNFL and the volume of the GCC of the same eyes by means of age-
adjusted linear regression models. For comparison, the regression
model with the original RBF calculation as predictor and the regression
model with the optimized (RPP-based) RBF calculation as predictor
are both reported.

Normally distributed variables are described by mean (SD), while
skewed variables are described by median (interquartile range [IQR]).
All analyses were performed in R (version 3.4.2; R Foundation for
Statistical Computing, Vienna, Austria). P < 0.05 was considered stat-
istically significant. For nested models, AIC-based inclusion in the
model implies P < 0.16 (52).

(11c)

RESULTS

General Characteristics

Table 1 summarizes the characteristics of the population on
which the model predictions were tested in vivo.

Relationship with In Vivo Data

Table 2 displays the reduced multivariable models showing
the relationship of the theoretical predictions with the in vivo
LSFG measurements. LSFG metrics are obtained by operations
in MBR relative units (see METHODS, LSFG Imaging). Holding
other variables constant, a one MBR-unit decrease in MV
results in an increase of 0.015 mmHg-min-ul~' in RVR. In the
same model, an increase in FAI and MAP and a decrease in
skew and fluctuation result in an increase in resistance.
Interestingly, IOP is not present in the reduced RVR model.
Similarly, holding other variables constant, a one MBR-unit
increase in MV results in an increase of 0.7 pl-min~' in RBF. In
the same model, a decrease in FAI and HR and an increase in
skew result in an increase in BF.

According to the Rz, 77% and 56% of the variation in the theo-
retical values for RVR and RBF, respectively, could be explained
solely by the LSFG waveform metrics. Supplemental Table
S1 (Supplemental Material S1: see https://doi.org/10.6084/m9.
figshare.12674033.v1) is similar to Table 2, after implementation
of alternative viscosity calculations (see METHODS, Data Analysis/
Statistics, Correlation of model predictions with in vivo blood
Sflow metrics). Similar proportion of variation for RVR and RBF
could be explained by LSFG metrics; RVR and RBF values
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Table 1. Characteristics of the population used for in vivo
investigation

General characteristics

Age, yr [median (IQR)] 54 (47 to 56)
Sex, %Female 69.4
BMI, kg:-m ™2 [mean (SD)] 27.5 (5.6)
AHT

Prevalence, % 41.7

Use of antihypertensive medication, % 73.3
Glaucoma

Prevalence, % 139

Use of antiglaucoma medication, % 100.0

Visual field MD, dB [median (IQR)]
PRNFL, um [median (IQR)]

—4.4 (—8.8to —1.6)
103 (92 to 109)

GCC, mm® [mean (SD)] 2.79 (0.29)
Theoretical model input variables

CRAE, um [mean (SD)] 167 (20)

CRVE, um [mean (SD)] 239 (21)

Ba [median (IQR)] 7.81 (7.18 to 8.48)

B, [mean (SD)] 7.77 (0.75)

D [median (IQR)]
Moo Arterial, Pa s [median (IQR)]
Heo Venous, Pa s [median (IQR)]

1.596 (1.572 to 1.605)
0.0038 (0.0037 to 0.0042)
0.0041 (0.0040 to 0.0045)

SBP, mmHg [mean (SD)] 134 (21)
DBP, mmHg [mean (SD)] 83 (12)
IOP, mmHg [mean (SD)] 16.3 (3.8)

Theoretical model outcome variables
RVR, mmHg-min-ul’l [median (IQR)]
RBF, pl-min ' [mean (SD)]

0.71 (0.65 to 0.91)
45 (12)

Values are as indicated; n = 36. BMI, body mass index; AHT, arterial
hypertension; pRNFL, peripapillary retinal nerve fiber layer; GCC, ganglion
cell complex; MD, mean deviation; IQR, interquartile range; CRAE, central
retinal artery equivalent; CRVE, central retinal vein equivalent; [, arteriolar
branch length coefficient; By, venular branch length coefficient; D, fractal
dimension; W, viscosity in large vessels; SBP, systolic blood pressure; DBP,
diastolic blood pressure; IOP, intraocular pressure; RVR, retinal vascular re-
sistance; RBF, retinal blood flow.

remained at the same order of magnitude (Table 1), as did the
beta values (Table 2); all beta values kept the same sign.

Figure 4 shows the corresponding scatterplots (rotated resid-
ual plots) for RVR (Fig. 4A) and RBF (Fig. 4B). Visual inspec-
tion suggests that subjects with AHT tend to cluster toward
higher RVRs than subjects without AHT, as expected; this was
confirmed as significant in a Mann-Whitney U test (P = 0.005).
RBF was similar for both groups (P = 0.11); that said, when
MAP is high, RBF tends to be overestimated by the theoretical
model, since most hypertensives (11 of 15) are found below the
diagonal line. Indeed, a Wilcoxon signed ranks test revealed
that, in hypertensives, the regression-predicted value was on av-
erage 5.8 pl-min~ ' lower than the theoretical model output (P =
0.039).

H1259
Sensitivity Analysis

The results of the regression-based sensitivity analysis are
given in Table 3. The CRA radius is the most important variable
in the RVR calculation (byuma=0.79, P = 2.0-107%°), while
MAP is the most important variable in the RBF calculation
(bgana=1.06, P = 8.6:10~'%). The magnitude of RBF is not
really affected by venular diameter and fractal dimension. For
both sensitivity models, we merged each vessel caliber predictor
with the corresponding branch length coefficient into one single
predictor (e.g., Bara ) and additionally, we did not differentiate
viscosity in arteries and veins, to avoid collinearity issues (see
Egs. 3 and 6).

Table 3 demonstrates the extent to which imputations affect
the model fit. The new RVR and RBF models that demonstrated
the smallest fit were the ones with all fundus variables imputed
with —22% and —24% of variance explained, respectively, com-
pared with baseline. Imputation of solely the branch length coeffi-
cient resulted in a small increase in the RVR fit (+3%) but a more
substantial drop in the RBF fit (—10%). The variable whose im-
putation induced the smallest change from baseline was fractal
dimension (—2% and —3% for RVR and RBF, respectively).

Figure 5 displays the tornado plots corresponding to the RVR
and RBF models. RVR and RBF are displayed as a function of
the full dynamic range (minimum to maximum, as observed in
our study sample) of each individual component. As shown in
the RBF plot, the MAPs of our sample would be able to produce
a wide RBF dynamic range (25.0 pl-min~' to 80.1 pl-min~'
around the central value of 47.5 pl-min~"), ceteris paribus. For
visualization purposes, variables in the figure are permitted to
vary independently; however, as expected, the arterial diameter
is, in fact, dependent on MAP (Pearson’s r=—0.46, P = 0.004);
together with the collinear arterial branch length coefficient,
they have an important, compensatory effect on RBF values
(see METHODS, Data Analysis/Statistics, Autoregulation).

Retinal Perfusion Pressure

Since OPP is only an approximation of the pressure differ-
ence between the arterial and venous components of the retinal
circulation, we additionally looked for the RPP that optimizes
the RBF model fit. This is given by the following formula:

___ (3
RPP = (%MAP + 10.1) — IOPmmHg. (12)

With this calculation, the new (optimal) R? for RBF was 65%
(to be compared with the previous 56%). Interestingly, 65% is

Table 2. Reduced multivariable fitting models for RVR and RBF with LSFG metrics

RVR, mmHg-min-pl ™! RBF, pl-min~"
B P value R? (P) B P value R?> (P)
0.77 (6.9:-10°%) 0.56 (3.1-107%)

MV —0.015 1.0-10°¢ 0.7 2.1-107*

FAI 0.116 221070 —6.5 2.0-107*

Skew —0.039 1.0-107° 2.5 2.1-107°

Fluctuation —0.026 0.045 NA

HR NA —03 0.026

MAP 0.009 2.0-107° NA

LSFG, laser speckle flowgraphy; MV, mean velocity in large vessels; FAI, flow acceleration index; MAP, mean arterial pressure; HR, heart rate; NA, not ap-

plicable; RBF, retinal blood flow; RVR, retinal vascular resistance.

AJP-Heart Circ Physiol « doi:10.1152/ajpheart.00404.2020 - www.ajpheart.org
Downloaded from journals.physiology.org/journal/gjpheart at University of Groningen (129.125.058.162) on June 28, 2021.


http://www.ajpheart.org

H1260

A Scatterplot for RVR model

1.6

R?=0.77
“l P=6.9:10"

RVR {(mmHg min pJ'1), regression prediction

O Normotensives
1.0 A.Q A Hypertensives
A . ™ Glaucoma+Normotension
A o A Glaucoma+Hypertension
A A A
08 Amg 4
o
a
o o
0.6 o 4" A
o
o
0.4
0.4 0.6 0.8 1.0 1.2 14 1.6
RVR (mmHg min ul"), theoretical model output
B Scatterplot for RBF model
80
2.
R“=0.56
70 _ 5
< P=3.1-10
8
5
2
o
o
2 60 & B
c
2 s}
2 A
g . o A O Normotensives
IS A
g} 50 ¥ A Hypertensives
— og A A W Glaucoma+Normotension
!E o Dlh A A Glaucoma+Hypertension
.g 40 Opw B
g L]
4 A
30 8
(AN
20

20 ET R 50 50 70 %0

RBF (1l min™"), theoretical model output
Fig. 4. Scatterplots (n = 36) for multivariable regression models fitting laser
speckle flowgraphy metrics to the theoretical output: retinal vascular resistance
(A; RVR) and retinal blood flow (B; RBF). Regression-predicted values (equiva-
lently: theoretical model values minus corresponding residuals) are plotted
against the theoretical model values. Diagonal line represents perfect fit (no
residuals).

actually the global maximum R?, given a MAP factor of 0.39,
and is achieved at a range of MAP constants containing the pre-
dicted +10.1 (+7.7 to +11.1). Lastly, with this RPP calculation,
there was no longer an overestimation of the theoretically pre-
dicted RBF in hypertensive patients, as seen above (see RESULTS,
Relationship with In Vivo Data; Wilcoxon signed rank test, P =
0.55).

Autoregulation and IOP Stimulation

Figure 6 displays the theoretically predicted AR plateaus
(i.e., the RPP span between LARL and HARL) for each individ-
ual nonglaucomatous subject (n = 31), as well as the full AR
curves for the average cases with (red) and without (blue) AHT,
in healthy eyes. All subjects are autoregulating; hence, as shown
in the graph, their baseline status can be found inside their indi-
vidual plateau. Beyond the AR limits, RBF is proportional to
RPP. LARLY for the average case was estimated from Fig. 6 at
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25 mmHg (SD: 4 mmHg). This, according to Eq. 12, corre-
sponds to a MAP of 77 mmHg (i.e., a BP reading of 105/65
mmHg) at mean IOP (15 mmHg in the non-AHT group) or to
an IOP of 20 mmHg at mean MAP (89 mmHg). In fact, a BP 1
SD below average together with an IOP 1 SD above average
brings a subject already at or below LARLy. LARLy for the av-
erage case was estimated at 27 mmHg (SD: 6 mmHg).
Similarly, this corresponds to a MAP of 88 mmHg (i.e., a BP
reading of 115/75 mmHg) at mean IOP (17 mmHg in the AHT
group) or to an IOP of 26 mmHg at mean MAP (111 mmHg).
HARLy and HARLy were estimated as 39 mmHg (SD: 7
mmHg) and 54 mmHg (SD: 13 mmHg), respectively. This
rightward shift of the AR limits in AHT was only significant for
HARL according to the Mann Whitney U test (LARL: P =0.12;
HARL: P =0.001).

After stimulation, IOP increased (hence RPP decreased,
assuming MAP remained relatively unchanged) in all 12 sub-
jects by a median of 9 mmHg (IQR: 4.5 to 14.8 mmHg; P =
0.002). Among relevant LSFG metrics (i.e., metrics included in
Table 2), MV decreased (P = 0.002), whereas skew and fluctua-
tion increased (P = 0.006 and P = 0.002, respectively). These
differences were significant even at the Bonferroni-adjusted
threshold of P = 0.01. It is important to mention here that, in
univariable analysis at baseline (n = 36), skew was the one pa-
rameter most strongly associated with arterial diameter at an
interindividual level, and this was in a positive direction
(Pearson’s r=0.59, P = 1.6-10~%); age did not play a role in this
association, as shown in the bivariable model (P = 0.63). FAI
and HR did not change (P = 0.26 and P = 0.45, respectively) af-
ter IOP stimulation. Figure 7 depicts changes in skew, MV, and
IOP before and after IOP stimulation in individual subjects.
Regarding the effect of stimulation on RVR, RVRg,,, was not
significantly different compared with baseline, regardless of
whether baseline RVR was calculated from the theoretical vari-
ables (P = 0.94) or the regression coefficients in Table 2 (P =
0.75). However, within overall nonsignificance, RVR percent
change was more negative with larger AR reserve/change
(p=—0.66, P = 0.026). On the other hand, RBF;,, was lower
by a median of 17.9 pl-min~" compared with baseline (P =
0.019). In addition, RBF percentage change was more negative
with larger AR deviation (p=—0.91, P = 1.1-10™%). These
observations have been visualized in Supplemental Fig. S2B
(see https://doi.org/10.6084/m9.figshare.12738590.v1).

Resistivity Index

As a secondary observation, RI (which did not appear in the
reduced final models) also showed an increase after IOP eleva-
tion (P = 0.002). In addition, its baseline value exhibited a corre-
lation with the pulse pressure index (n = 36, Spearman’s
p=0.49, P =0.002), which is defined according to the following
equation:

SBP — DBP DBP
PPl =—— =1

SBP SBP "’ (13)

Blowout score is an additional metric offered by the LSFG

but was not considered at all in this study, since it can be

directly calculated from the RI. Indeed, our in vivo data also

confirmed that the two metrics are collinear (n = 36, Spearman’s

p=0.90, P = 1.8-10~'%). Notably, RI and fluctuation were also
highly correlated (n = 36, Spearman’s p=0.87, P = 3.8-10~'?).
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Table 3. Sensitivity analysis for the theoretical model predictions

RVR RBF Imputed variable(s)
Stand. p P value R? Stand. P value R? R?>(RVR) R?(RBF)
Regression-based sensitivity analysis 099 P=7.110"% 0.88 P=68-10""
Bara * 079 2.010°%
o 026  2.1-10719
ratBa ! 076 281078
B! 0.00 0.97
e 0.07 2910°*
e 0.03  0.70
oo 0.11 571077
Hoo ! 0.17 0.037
MAP 1.06 8.6-107 "
0P —0.42 1.6-107°
Imputation-based sensitivity analysis
Baseline (from Table 2) 0.77 0.56
ra=176 pm, r, =248 pm, B, =p,=7.4 0.55 0.22
Ba=P.=74 0.80 0.46
D=1.7 0.75 0.53
Hoo(art) =0.0043 Pa s, p(ven) =0.0046 Pa s 0.69 0.49
MAP =95 mmHg NA 0.38
IOP=15 mmHg NA 0.41

ra, central retinal artery radius; r, central retinal vein radius; f,, arterial branch length coefficient; B, venous branch length coefficient; D, fractal dimension;
Moo, blood viscosity in large vessels; MAP, mean arterial pressure; IOP, intraocular pressure; NA, not applicable.

Model Predictions and Structural Measurements

Table 4 displays the age-adjusted linear regression models for
the relationship between blood supply (RBF) and inner retinal
structural measures (pRNFL thickness, GCC volume). In the
optimized RBF model, 1 pul-min~" increase in RBF is associated
with a 0.69-um increase in pRNFL and a 0.012-mm? increase in
GCC. Associations remained significant, albeit weaker, after
exclusion of the glaucoma subjects.

DISCUSSION

In this study, we proposed and tested a physiological model,
coupled with a clinical protocol, that predicts the behavior of
retinal vascular networks on an individual level by means of
two clinical markers, RVR and RBF. Investigation in human
subjects showed that a considerable proportion of the variation
in the theoretical predictions could be explained by in vivo BF
metrics, as given by LSFG. MV, FAI, and skew were the LSFG

Fig. 5. Tornado plots for the simulated retinal

0.5 0.6 0.7 0.8 0.9
RVR (mmHg min /1l'1)

1.0 1.1 vascular resistance (RVR) and retinal blood
flow (RBF) models. Vertical line gives the out-
come value at the central value of all predic-

tors. Horizontal bars display the outcome

values at the full range of each predictor, all
other predictors being at their central value.
Blue and orange colors correspond to the high
1  and low values of each predictor, respectively.
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arterial normotension
arterial hypertension
B lower AR limits

50 80
RPP (mmHg)

40 60 70

Fig. 6. Predicted autoregulation (AR) curves for arterial normotension (n = 18)
and arterial hypertension (n = 13), each centered at mean retinal blood flow
(RBF). Dashed lines (extended) meet at the origin. Retinal perfusion pressure
(RPP) is calculated according to Eq. 12. Star-shape markers denote baseline
RBEF, as estimated from vascular caliber, viscosity, fractal dimension, and RPP.
Dotted lines represent individual AR plateau approximations, extending from
the lower to the higher AR limit (LARL, HARL). LARL and HARL for each
subject are theoretically predicted, according to a standardized procedure (see
METHODS, Data Analysis-Statistics, Autoregulation). If the subject is close to
maximum arteriolar dilation, the baseline marker will be found close to LARL.
If the subject is close to maximum arteriolar constriction, the baseline marker
will be found close to HARL.

metrics exhibiting the strongest associations with both out-
comes. According to the sensitivity analysis, all variables
included a priori in the theoretical model were confirmed to
range from very important to at least mild determinants of RVR
and RBF. Using the model and the in vivo data, we proposed
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AR curves and predicted LARL for subjects with and without
AHT. We then verified that changes in RVR and RBF induced
by IOP elevation are, indeed, dependent on the AR reserve/
change and AR deviation, respectively. Lastly, we demonstrated
that the amount of nerve tissue present in the inner layers of the
human retina is strongly correlated with blood supply.

Model Investigation Results: Literature Comparison and
Physiological Interpretation

Retinal blood flow and retinal vascular resistance. The pro-
posed model predicted a mean RBF of 45 (12) pl-min™" in our
sample (Table 1), which agrees with values reported in the vast
majority of studies using Doppler OCT and laser-Doppler veloc-
imetry (24, 37, 41, 76, 119, 139, 141). Older studies using laser
Doppler velocimetry reported higher RBF values, possibly
because previous hardware versions of this technique overesti-
mated blood velocity (31, 39). Contrary to the previous meth-
ods, the LSFG apparatus does not yield an absolute BF
estimate; hence, all waveform metrics were a priori given an
equal opportunity to be included in the reduced multivariable
models (see DISCUSSION, Laser speckle flowgraphy metrics).

According to Eq. 8, high RVR mathematically implies either
high OPP or low RBF. Our results clearly demonstrate this
(Table 2), since increased RVR (which reflects narrower arterio-
les) was associated with an increased MAP, as well as decreased
MYV, when the other is held constant. To calculate RVR, previous
studies relied on first estimating RBF with one of the aforemen-
tioned, usually challenging, dynamic techniques and then apply-
ing Eq. 8 (64, 90, 94). In our study, we demonstrated that it is
possible to quantify resistance by static imaging and simple clini-
cal examinations, without any information on BF as a prerequi-
site. After RVR is constructed from its individual components,
RBF can be obtained with a simple calculation from Eg. 8. In this
regard, RI, which is calculated according to the following
formula:

151 i ° °
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Table 4. Age-adjusted linear models for structural SD-OCT metrics as a function of RBF

pRNFL, pm GCC, mm®
g P value R*(P) B P value R*(P)
Models with original RBF calculation 0.46 (3.7-107%) 0.35 (0.001)
RBF, pl-min~! 0.53 0.002 0.009 0.011
Age, yr —0.76 5.6:107° —0.013 0.001
Models with optimized RBF calculation 0.51 (7.0-107°) 0.40 (4.0-107%
RBF, pl-min " 0.69 4.0-107 0.012 0.003
Age, yr —0.65 1.810°* —0.011 0.003
pRNFL, peripapillary retinal nerve fiber layer; GCC, ganglion cell complex; RBF, retinal blood flow; SD-OCT, spectral domain optical coherence
tomography.
R = Ymax — Umin _ , Hmin (14) reflected arteriolar caliber, since it was the predictor that was
Umax Umax most strongly, positively associated with CRAE in univariable

where 1., and u,,;, are the peak systolic velocity (PSV) and
end diastolic velocity (EDV), respectively, has been previously
shown to not be an adequate standalone representation of vascu-
lar resistance. Instead, it reflects combined effects of resistance
and compliance, a phenomenon that has also been observed in
the circulation of other organs (9, 51, 95, 103). Our data second
that: first, fluctuation, which is a more detailed computational
quasiequivalent highly correlating with RI, possibly masked the
effect of RI in the reduced multivariable RVR model and still
was only of borderline significance (Table 2). Moreover, the
strong correlation between RI and PPI that we replicated sug-
gests that RI also depends on central impulse, in addition to
downstream flow characteristics (1).

Laser speckle flowgraphy metrics. Overall, LSFG metrics
explained considerable proportion of variance in the RVR and
RBF calculations, exhibiting some very strong correlations in
multivariable analysis (Table 2). This suggests that the theoreti-
cal approximations implemented in this study were able to cap-
ture individual variations in blood flow physiology, as measured
in vivo. In this subsection, we discuss the physiological meaning
of each (significant) LSFG component and its relationship with
the theoretical predictions.

MYV represents blood velocity in large retinal vessels, which,
according to Eq. 9, is a primary component of RBF and is seg-
mented separately from the signal of surrounding tissues (16,
50). It also incorporates information from both the arteriolar and
venular component; hence, it is informative in conditions where
velocity is affected due to changes in vascular caliber (e.g., in
glaucoma). For these reasons, it has been used as a surrogate for
BF in a number of LSFG studies (60, 61, 81, 87). In particular,
Iwase et al. showed that OPP reduction by means of IOP stimu-
lation induced a drop in MV, a finding that was also confirmed
in our study. In addition, another study revealed that MV was
significantly lower in normal tension glaucoma (NTG), com-
pared with healthy controls (87). These findings suggest that
MV is sensitive to both physiological and pathological BF
changes. We note here that, in our study, there was no correla-
tion between MV and ONH size (Pearson’s r=—0.08, P = 0.62)
and that ONH size did not confound any of the associations
uncovered in the reduced multivariable LSFG models. Hence,
there was no artifactual component related to the area of mea-
surement in the MV-driven associations.

According to Eq. 9, a predictor related to vessel diameter was
also reasonably expected to show up in the models, after adjust-
ing for MV (Table 2). Skew was the LSFG metric that best

analysis (and also bivariable age-adjusted analysis), as well as
negatively with RVR and positively with RBF in the reduced
multivariable models. In addition, skew significantly increased
after IOP elevation, with a concomitant decrease in MV, most
likely indicating AR-driven vasodilation with conservation of
flow (Fig. 7). Results from other LSFG studies corroborate this
finding. Shiga et al. showed a decrease in skew in NTG, com-
pared with controls, while Gardiner et al. found the same effect
when comparing POAG patients to controls, only when the eyes
had detectable functional deficit (40, 116). Additionally, Bhatti
et al. reported a mild increase in skew 40 min after challenging
IOP with the water drinking test in healthy individuals (11).
They did not report IOP values before and after the challenge,
but this test is expected to increase IOP by 3—4 mmHg (126).
However, the opposite effect was observed by Kiyota et al.,
with skew decreasing after a 20-mmHg controlled IOP eleva-
tion, with a procedure similar to ophthalmodynamometry (70).
This discrepancy with our data could possibly be explained as
follows: first, such a big IOP increase is unlikely to have been
confined within the AR limits in most of their subjects (Fig. 6),
as such, decreased skew in this case might indicate decreased
RBF more than it indicates increased RVR. In addition, the
compressive force exerted by high IOP to passively reacting
venules and capillaries (and at very high IOP, even arterioles, as
was suggested in a recent study) might partly cancel out the AR
effect of arterial vasodilation (92, 109). Lastly, Kiyota et al.
obtained measurements from the ONH tissue area, not including
the large retinal vessels; this area is characterized by more com-
plex vascular supply and, therefore, might exhibit different AR
properties (70, 106). Despite the multiple indications present in
our data, we believe that additional studies are needed to clarify
the relationship between skew and arteriolar caliber.

In addition to MV and skew, increased FAI was found to be
an independent predictor of higher RVR and lower RBF (Table
2). There are a number of explanations for this commonly
reported phenomenon (22, 112, 125). First, the shear stimulus
for flow-mediated dilation (FMD) is known to also depend on
flow acceleration, triggering a transient initial burst of nitric ox-
ide (NO) production at the endothelium, before the slower NO
release attributed to flow velocity (122, 123). Specifically,
increased acceleration is expected to attenuate FMD. Second,
flow acceleration in the microcirculation exhibits a more com-
plex behavior than in the macrocirculation. Indeed, in large ves-
sels, where the effects of inertance on flow acceleration
dominate the effects of resistance on flow velocity, Newton’s
second law of motion is generally sufficient for an estimate of

AJP-Heart Circ Physiol « doi:10.1152/ajpheart.00404.2020 - www.ajpheart.org
Downloaded from journals.physiology.org/journal/gjpheart at University of Groningen (129.125.058.162) on June 28, 2021.


http://www.ajpheart.org

H1264

acceleration (115). We illustrate this in APPENDIX B. However,
Doppler ultrasound studies in other organs revealed that, down-
stream in the circulation, increased distal resistance is associated
with higher early systolic acceleration, possibly due to interfer-
ence of reflections with the dampened wave (47, 125). To our
knowledge, this is the first study to demonstrate that this phe-
nomenon holds true in the ocular circulation, since FAI was pos-
itively associated with RVR in the reduced model (Table 2).
Lastly, flow acceleration can introduce an error in velocity
measurements, especially in stenotic segments or areas of turbu-
lent flow (73, 97). Hence, adjusting for an acceleration term in
the RVR and RBF models is expected to increase precision.
This artificial normalization could also be especially beneficial
for reducing variability in LSFG measurements, where univari-
able interindividual comparisons are difficult to interpret, due to
the effect of pigmentation (89). Notably, again shown in the
APPENDIX B, the presence of FAI in the model also provides an
explanation for the in vivo documented differential effect of dis-
tal resistance on PSV and EDV values, which sometimes can
even lead to diastolic flow reversal (47).

Univariable analysis in the study of Gardiner et al. showed
increased FAI in early POAG, compared with controls, but only
in eyes with no detectable functional deficit; FAI values dropped
back to baseline when functional deficit was present (40).
Another study revealed decreased FAI in NTG, compared with
controls (87). At first, this seems paradoxical, as it points toward
lower RVR and higher RBF, while the opposite is expected
(148). However, in our multivariable regression models (Table
2), interpretation of these effects required other LSFG metrics to
be held constant. Indeed, using the regression coefficients in
Table 2 and the average values for LSFG metrics provided in
their study, we reverse-engineered approximations for average
RVR and RBF values in their population: 0.77 mmHg-min-pl ™~
and 50.5 pl-min " for NTG patients, versus 0.59 mmHg-min-pl '
and 54.3 pl-min~' for controls. These values reflect the physio-
logical expectations and are somewhat comparable to the average
values we report, despite the fact that they used a different LSFG
apparatus, yielding considerably different MBR values. We invite
researchers to use this approach to reanalyze their LSFG data.

A faster HR was also weakly associated with reduced RBF
(Table 2). Womersley’s model for oscillatory BF predicts that,
in large vessels, HR would affect maximal, but not average, BF
during the cardiac cycle (144). In the microcirculation, where
Womersley number Wo is small and BF tends to approximate
steady-state behavior, HR is theoretically not expected to pro-
foundly influence BF. That said, it is apparent from the LSFG
waveforms (Fig. 3) that retinal BF still has a transient compo-
nent. In addition, peripheral resistance has been shown to not be
an accurate representation of impedance at nonzero frequencies,
because of wave reflections and the fact that viscous drag
increases with increasing oscillation frequency (7, 46). These
observations could explain our findings.

Quantitative Vascular Analysis: Literature Comparison and
Physiological Interpretation

In the sensitivity analysis, the CRAE (r,) was the most impor-
tant variable in determining RVR and the second most important
(after MAP) in determining RBF (Table 3 and Fig. 5). This is not
unexpected, since it is mostly the arterioles that are responsible
for short-term (AR) or long-term (structural remodeling) control
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of circumferential wall stress, in response to acute or chronic
changes in perfusion pressure (77, 111). In this study, we esti-
mated vascular caliber from fundus images. Semiautomatic
retinal vascular caliber measurements have not been fully stand-
ardized and are known to be influenced by the measurement soft-
ware and the choice of formula (53, 147). We used the most
widely accepted Parr-Hubbard formulas, revised by Knudtson et
al.; the CRAE and CRVE mean values and ranges observed in
our study sample agree with the outcomes of the Beaver Dam
Study, when the same formulas are applied (71). They also agree
with the values reported by Dorner et al., who used a reverse
approach to quantify diameters from flow values (27). We
excluded eyes with high refractive error, to keep variability intro-
duced by magnification to a minimum. Upon imputation of cen-
tral retinal vessel caliber values in the theoretical model, a
significant proportion of variance in the in vivo data could no lon-
ger be explained (Table 3). This highlights that the use of individ-
ualized values is paramount, despite the fact that the indirect
caliber estimation of the otherwise inaccessible central retinal
vessels could introduce some degree of uncertainty to the model
predictions.

It is worth noticing here that the formulas by Knudtson et al.
are derived by extracting the branching coefficient B (also
known as area expansion ratio) from human retinal vessel bifur-
cations, a quantity that is calculated as follows:

2y 2
B=" ; L (15)

P

where rg is the small daughter branch, 1 is the large daughter
branch, and 7p is the parent trunk. Let us also define an asymme-
try index / as:

rs

I= (16)

a
Using Eq. A3, as well as the fact that the number of termi-
nal vessels corresponding to a mother vessel upstream is
always equal to the sum of the terminal vessels correspond-
ing to each of the two daughters, Kamiya and Takahashi
obtained (63):

rt = Pt P (17)
From Egs. 15, 16, and 17, we get (after some algebra):
Ir+1
B—— (18)

(104 4 1)

Pooled data from the studies of Knudtson et al. and Patton et
al. suggest that B is ~1.27 [confidence interval (CI): 1.21 to
1.33] for arterioles and 1.15 (CI: 1.10 to 1.21) for venules (71,
100). Moreover, Aschinger et al. provided mean (SD) values for
the bifurcation exponent (here D + o) using a power fitting
approach based on data from Doppler OCT (5). A value of 3.01
(0.22) was proposed for arterioles, while 2.62 (0.26) was pro-
posed for venules. When no differentiation is made between ar-
terial and venous bifurcation exponents, Murray’s law predicts a
value of 3.00, based on a minimum work principle, while
Takahashi et al. suggest an exponent of 2.85 based the theoreti-
cal values D=1.70 and o= 1.15 (86, 128).
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Our study assumes symmetrical dichotomous branching
(I=1), as well as equal D + o (median: 2.75) for arterioles and
venules (since, at the moment, microvessels are not differentiated
by OCTA). For the sake of comparison, we calculated B using
these values, yielding 1.21 (exactly halfway between the arteriole
and venule values, pooled from the studies of Knudtson et al. and
Patton et al.) (71, 100). In addition, Popel showed that, although
heterogeneous models are more precise in accounting for flow
rate within individual branches of the same tree, a symmetric se-
ries-parallel network is not inferior when it comes to mean total
flow predictions (104). These observations together suggest that,
since in our study the required outcomes were (or were derived
from) total blood flow and total resistance, the branching struc-
ture implemented can be considered as equivalent to more com-
plex networks. Notably, according to Patton et al., asymmetry
index I is roughly 0.76 for arterioles and 0.75 for venules, when
calculated from the first few generations (100). This is indeed
high, but still indicates at least some degree of asymmetry, when
based on upstream vessels. However, in APPENDIX C, in support of
the aforementioned, we provide a mathematical argument as to
why asymmetry in the upstream branches is not expected to pro-
foundly affect our main end points. In the same argument, we use
a simple optimization principle to justify why, as we move to-
ward the terminal vessels, branching is reportedly less asymmet-
ric than upstream (84). In any case, previous research indicates
that, at this terminal level, total flow rate has mostly been deter-
mined by the upstream arterioles (84).

Autoregulation: Literature Comparison and Physiological
Interpretation

Retinal perfusion pressure. After RVR is obtained, RBF cal-
culation significantly relies on an accurate OPP estimate. In the
classical OPP definition, Pa ~ 2/3 MAP is assumed (see
METHODS, Model Variables and Parameters, Ocular perfusion
pressure), according to ophthalmodynamometric guidelines;
Stodtmeister et al. recommend an additional age correction to
account for arterial stiffening, thus avoiding OPP underestima-
tion in the elderly (120, 135). However, it is known that the arte-
rial pressure measured by ophthalmodynamometry actually
reflects the pressure somewhere upstream, in the much larger
ophthalmic artery, rather than in the CRA (140). Wertf estimated
the pressure in the CRA to be roughly 14-17 mmHg lower, due
to the large pressure gradient produced by its small lumen; in
this study we initially used the offset suggested by Takahashi
(19.5 mmHg) (128). Comparing Eq. 12 to 2/3 MAP-IOP, our
results suggest that this offset is more likely MAP dependent
(rather than constant, as assumed in the aforementioned studies),
which is also intuitive, since subjects with AHT should exhibit
higher pressure drops from the ophthalmic artery to the CRA.
The same phenomenon has also been predicted for cerebral ves-
sels of similar diameters (13). Also pointing toward the superior-
ity of the optimized calculation, results in Table 4 suggest that its
implementation also improves the accuracy in pRNFL and GCC
predictions. At this point, we should highlight that IOP was not a
significant predictor in the reduced RVR model (Table 2), sug-
gesting it might not be a satisfactory surrogate for P,. This is
supported by the observation that the RBF model fit (which
includes IOP in the calculation) was worse than the RVR model
fit, even after optimizing the OPP formula for P,. Indeed, several
studies report discrepancy between IOP and CRV pressure (the
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latter is always higher) in patients with glaucoma (or other ocular
diseases), vascular dysregulation, and metabolic syndrome but
also in healthy subjects with no spontaneous venous pulsation, as
well as animal models (6, 32, 68, 88, 121).

Estimation of AR limits. When generating AR curves, we dis-
tinguished between subjects with and without AHT. Indeed,
there is evidence (mostly coming from the cerebral circulation)
that structural remodeling due to AHT shifts the curve to the
right, because of the higher transmural pressures needed to
achieve a given value of circumferential wall stress (10, 49,
102). This shift was observed in our data, albeit only reaching
significance for HARL. AR plateaus are assumed flat in our
study (Fig. 6); hence, AR limits are strictly defined: they are the
marginal pressures slightly below or over which a minute
decrease or increase in RBF is expected to take place (or equiva-
lently the pressures corresponding to maximal vasodilation or
vasoconstriction). For the sake of comparison, we also calcu-
lated LARLy and LARLy using the suboptimal, classical OPP
definition at 37 mmHg and 43 mmHg, respectively. Most exper-
imental studies in the literature use binned data and define the
AR limits to be the pressures below or over which either a statis-
tically significant or predetermined percent change from base-
line BF is observed (109, 110, 131, 143). As such, these studies
likely result in a looser LARL and HARL estimation; thus com-
parisons between these numbers and the predictions of this
study are to be interpreted with caution. For example, in the
Doppler-OCT study by Puchner et al. (n = 15), their Fig. 5 indi-
cates that the drop in BF after IOP elevation only becomes stat-
istically significant at OPP ~23 mmHg, when, at that point, BF
has been reduced by almost 40% (109). However, their data show
that AR might not be in effect already at OPP ~38 mmHg (in
agreement with our prediction of 37 mmHg), upon appearance of
the steep linear slope expected from Eg. 8 (Fig. 6). Similarly, in
the LSFG study of Witkowska et al. [this time regarding HARL
in normotensive subjects (n = 27)], Fig. 6 suggests that AR starts
to fail when OPP ~60 mmHg [which almost coincides with our
HARLY prediction, calculated according to the classical OPP def-
inition (58 mmHg)], this time reaching significance almost imme-
diately (OPP ~62 mmHg) (143).

As expected (see RESULTS, Autoregulation and IOP Stimula-
tion), percent change in RVR correlated negatively with AR
reserve/change (Egs. I1a and 11b); similarly, percent change in
RBF correlated negatively with AR deviation. These observations
verify that the retinal vessels are an autoregulating system and
also provide evidence in favor of the specific AR limit approxima-
tion implemented in this study. Indeed, we showed that the pre-
dicted LARL dichotomizes the perfusion pressure range: below
LARL, perfusion pressure drives BF; conversely, above LARL
(while below HARL), perfusion pressure drives resistance.
However, RVRg;,, was not significantly different from RVR: this
could be due to a simultaneous increase in resistance during IOP
elevation, due to the compressive effect of IOP in retinal venules
taking over (see next paragraph), or it could indicate that, in the
majority of subjects, AR is close to O (i.e., the subject is already
close to its LARL). From a teleological point of view, this could
imply that most eyes are better prepared to counteract rises in RPP
(for example related to physical activity, stress, diet, etc.), rather
than RPP drops, being closer to LARL than to HARL (Fig. 6).
This is also intuitive given the skewed distribution of BP: larger
deviations from the mean are to be expected due to increases in
BP. The fact that subjects are usually closer to LARL than to
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HARL and are better prepared for transient hypertension than hy-
potension has been observed in the cerebral circulation (4, 15, 23).

Comparison with Previous Physiological Models

For the sake of comparison with other models, we also calcu-
lated the average (SD) velocities in the CRA and CRV, accord-
ing to Eq. 9: 3.3 (0.5) cm/s and 1.6 (0.3) cm/s, respectively, in
line with values reported in the literature (101). The observation
that venous velocity is roughly one half of the arterial velocity is
a consequence of Eq. /0 and was also confirmed by Malek et al.
by means of a fundus-based mathematical model (83).

Following IOP elevation, we reported a decrease in MV,
mostly due to conservation of flow after AR-induced vasodila-
tion. Guidoboni et al. showed that this decrease can be also par-
tially attributed to the effect of IOP on the retinal venules
(especially when it is considerably above the normal range) and
much less to the compressive stress due to the lamina cribrosa
(43). This implies that triggering OPP by inducing changes in
IOP is not equivalent to inducing changes in MAP; therefore,
they might result in slightly different AR responses, a hypothesis
that has been confirmed in experimental studies (131, 137). In the
mathematical model of Guidoboni et al., Table 2 reports total re-
sistance of 0.71 mmHg-min-ul ' from the CRA to the CRV at
the control state, which corresponds to a 28.9-mmHg pressure
drop, as reported in Table 3 of the same study (44). These values
are in excellent agreement with our median RVR theoretical pre-
diction (0.71 [IQR: 0.65 to 0.91] mmHg-minul*l) and the mean
RPP (33.1 [SD: 5.1] mmHg), respectively. However, their model
relies on a given, mean RBF control value (41 pl min_l), whereas
we are additionally able to predict this value on an individual ba-
sis, accounting for variations in mean perfusion pressure, vessel
caliber, hematocrit, and complexity of the microvascular network.
The same study predicted LARLSs equivalent to RPP =24 mmHg
and RPP =23 mmHg for normotensives and hypertensives with
intact AR, respectively (to be compared with 25 mmHg and 27
mmHg, respectively, in our study). The 4-mmHg discrepancy in
LARLy between their results and ours is somewhat expected,
since they used the same baseline CRA radius for the normoten-
sive and the hypertensive condition. This means their approach
describes newly established AHT, before structural remodeling,
with the curve exhibiting no rightward shift. Interestingly, their
model also predicts an increase in RI following IOP elevation,
which we were able to replicate in vivo.

Lastly, Ganesan et al. used the formulas by Pries et al. to dem-
onstrate that taking into account downstream changes in viscosity
is paramount to calculating precise pressure drops on the intra-
individual level (38, 107, 108, 115). Our model was shown to be
robust to the choice of formula (Table 2 and Supplemental
Material S1: see https://doi.org/10.6084/m9.figshare.12674033.
v1), as long as the same formula is used for all subjects. In our
study, we implemented the viscosity corrections by Haynes et al.,
since the model of Takahashi et al. was built and validated around
them (see METHODS, Model Variables and Parameters, Blood vis-
cosity). Absolute RVR and RBF values resulting from this calcu-
lation were more in agreement with previous literature (24, 37,
41, 76, 119, 139, 141). Using these values, we subsequently
showed that prediction accuracy increases when interindividual
asymptotic viscosity i, is considered (Table 3) (128). This is
further supported by a recent study, showing that blood viscosity
was the mediator of sex-related differences in LSFG metrics (61).
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Physiological Implications and Clinical Relevance

To the best of our knowledge, this is the first study examining
the association of LSFG metrics with theoretical predictions
that are based on a multitude of vascular characteristics; hence,
it allows for additional insight regarding properties and interpre-
tation of LSFG outcomes. This is also the first study proposing
such a multimodal approach for absolute, individualized predic-
tions of vascular resistance and BF through simple clinical tests:
fundus imaging, OCTA scans, BP and IOP measurements (or
ophthalmodynamometry), and a blood sample.

With respect to physiology, this study implies that by assessing
the phenotype of the perfused vasculature (extent of dilation/con-
traction, structural complexity, viscous forces, and perfusion pres-
sure) at a specific timepoint, we are able to draw significant
quantitative conclusions on its autoregulatory reserve, i.e., its
ability to withstand transient BP drops or increases. Importantly,
we used these findings to provide evidence that LARL in healthy
subjects is closer to resting state than thought before; thus, big
drops in perfusion pressure are not necessary for hypoperfusion
to become relevant. It is noteworthy that such drops in perfusion
pressure are not only linked to disease (e.g., glaucoma) but can
also occur as episodes of orthostatic hypotension or nocturnal
blood pressure dipping (see below). As already discussed, this
implies that the retinal vasculature is better prepared to counteract
transient rises rather than decreases in perfusion pressure.

Regarding clinical relevance, a recent study on diabetic reti-
nopathy showed that a combination of fundus and OCTA meas-
urements can already improve assessment of the disease (130).
Another study used a fundus-based model to generate a fixed
length feature vector as an index that can be used to successfully
discriminate between healthy and glaucoma (96). However,
since they used constant, nonindividualized inlet values and
relied on the vessel structure to guide the outcome, the end point
parameters are not easily interpretable. Our study showed that
RBF predicted pRNFL thickness and GCC volume, and this
effect was independent of age (Table 4). Therefore, aside from
its potential merit in understanding pathophysiological mecha-
nisms, the model possibly also offers useful clinical markers in
diagnosing ocular pathologies.

In this regard, a low blood pressure (especially during the
night), sometimes even when resulting from aggressive treat-
ment of preexisting AHT (J-shape phenomenon), has been sug-
gested as a risk factor for glaucoma development or progression
in several studies (14, 79, 80, 85, 133, 150, 151). It is hypothe-
sized that this association is mediated by hypoperfusion of the
retinal ganglion cells, leading to their death; that said, since the
retina exhibits AR properties, the subjects really at risk are prob-
ably the ones at the extremities of low BP or the ones with vascu-
lar dysregulation, that is, impaired AR (33, 49b). Notably, in all
of the aforementioned studies regarding low BP and glaucoma,
risk starts to increase around perfusion pressures comparable to
LARL (37 mmHg with the classical definition). Our study sug-
gests that subjects with low BP (or even with a BP ~1 SD lower
than average, combined with an IOP ~1 SD higher than average)
might already be below their LARL, suggesting these observa-
tions are of considerable clinical relevance. Importantly, a recent
longitudinal study showed that the clinical entity of NTG (i.e.,
glaucomatous damage with IOP measured within the normal
range) displayed faster progression in patients whose DBP dips
low during the night (75). As previously mentioned, the fact that
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LARL lies within the spectrum of values relevant to clinical
management has already been suggested for the cerebral circula-
tion (4, 23, 26, 29).

AHT has also been suggested itself as a risk factor for glau-
coma, but a meta-analysis showed there exists significant heter-
ogeneity across studies, sometimes even reporting protective
associations (150). Increased glaucoma risk in patients with
AHT could be, first of all, directly mediated by elevated IOP
(54). In addition, both aggressive antihypertensive treatment (as
previously mentioned) and poorly controlled, chronic AHT
(resulting in endothelial damage, compromised AR, and dispro-
portionately increased RVR) could also make certain subjects
more susceptible to BF reduction, thus explaining this associa-
tion (49b, 49c, 72). In this regard, our study estimated the lower
perfusion pressure levels (43 mmHg with the classical OPP defi-
nition) that should be respected, to avoid overtreating AHT,
especially in glaucoma patients or suspects. Regarding the pro-
tective associations between AHT and glaucoma that are some-
times reported, some studies provide evidence in favor of
certain categories of antihypertensive medication with a poten-
tial neuroprotective effect (58, 59, 99, 145). Additionally, we
hypothesize that well-controlled or newly established AHT
could offer an initial protection to perfusion deficits, as has been
observed in rodents (49a). Results from our study second that,
since the AHT group had reduced susceptibility to IOP eleva-
tion, as far as perfusion is concerned (IOP=26 mmHg was
needed to bring the average subject with AHT to LARL, to be
compared with IOP =20 mmHg for the subjects without AHT).

Study Limitations

This study has several limitations. With regards to the model
build, first, we did not obtain individualized information for Hct.
Instead, we relied on reference values, adjusted for age, sex, and
blood pressure status [see METHODS, Model Variables and
Parameters, Blood viscosity (1)]. Nevertheless, the sensitivity
analysis (Table 3) revealed that Hct was still an important deter-
minant of RVR and RBF, suggesting that analyzing blood sam-
ples in future studies might be a worthwhile consideration, with
the potential to increase the accuracy of the model predictions.

Second, fractal dimension was considered as a global index, as
measured from the SVP, inside a 3-mm-diameter circular ROI,
centered at the fovea (see METHODS, Model Variables and
Parameters, Fractal dimension and Fig. 1B). Therefore, it might
ignore local variations attributed to anatomy or to disease-related
focal microvascular dropout, outside the ROI (17, 93, 146). A
more accurate representation of the vasculature would contribute
to the understanding of crucial phenomena, such as localized
flow deficits or tissue oxygen extraction and diffusion (36).
However, adapting more heterogeneous or three-dimensional the-
oretical models to account for individualized estimations in the
human eye would require further improvements in visualization
and quantification of the interconnectivity between different cap-
illary plexus. Again, the sensitivity analysis (Table 3) suggests
that, even with this suboptimal calculation, fractal dimension
slightly improves the model predictions.

Lastly, as already discussed, we only used approximations of
the pressures in the CRA and CRV, based on the MAP and the
IOP, respectively (see METHODS, Model Variables and Parameters,
Ocular perfusion pressure); ophthalmodynamometric measure-
ments could further refine the model predictions.
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As far as the in vivo investigation limitations are concerned,
we used a small sample size (n = 36) containing mostly healthy
eyes. The small sample size does not provide optimal power for
detecting low or medium effect sizes when fitting multivariable
backward regression models (42). However, we made sure the
saturated models contained only preselected variables, based on
physiological expectations and previous literature reports. In
addition, only a small number of variables with very strong
associations ended up in the reduced models, while the effect
size (R?) was large; hence, our findings can be considered robust
to this limitation. Notably, implementing forward regression
with the same LSFG metrics yielded the exact same results.

According to the Windkessel effect, BF at any point through-
out a cardiac cycle is the sum of resistive (“outlet”) and capaci-
tive (“storage”) flow (35). Despite the fact that compliance is
not expected to affect the mean blood flow estimate (i.e., RBF),
as shown in APPENDIX D, our IOP stimulation poses some limita-
tions, one of which is that it can only investigate static AR
(114). Static AR describes the overall effect of the AR activity
and is examined cross-sectionally before and after the stimula-
tion. Notably, in dynamic AR (where the vascular response la-
tency is also evaluated), compliance buffering has been shown
to be more important than resistance changes in explaining
blood velocity fluctuations, at least in cerebral vessels (134,
149). In addition, an experimental study revealed that chronic
IOP elevation in glaucomatous eyes could also affect dynamic
AR; therefore, considering solely static AR would likely under-
estimate the extent of hypoperfusion (138). This could enhance
our findings, since it highlights the fact that the clinically rele-
vant location of LARL can be even more alarming when we
also consider potential defects in dynamic AR.

Conclusions

In summary, we used a novel approach to characterize two
markers of the human retinal circulation (vascular resistance and
blood flow), by combining standard clinical tests, quantitative
static imaging techniques, and physiological modeling. We dem-
onstrated that these predictions correlate strongly with dynamic
blood flow metrics, as offered by laser speckle flowgraphy. We
used these findings to generate autoregulation curves and esti-
mated that the lower autoregulation limit is well inside the range
of clinical significance, both in healthy subjects and in sub-
jects receiving antihypertensive treatment. This suggests that
autoregulatory mechanisms in the retina are more effective in
counteracting increases, rather than decreases in perfusion
pressure. Therefore, some retinas are more liable to hypoper-
fusion than previously thought, even after relatively small in-
traocular pressure rises or blood pressure drops. By using
intraocular pressure stimulation, we showed that this lower
autoregulation limit prediction was in agreement with in vivo
physiological observations.

These findings could enhance our understanding of the vascu-
lar component in ophthalmic diseases and improve treatment
decisions in patients with coexisting ophthalmic and cardiovas-
cular pathology, especially arterial hypertension. In particular,
monitoring retinal blood flow in longitudinal designs could elu-
cidate the “chicken-egg” dilemma in glaucoma, according to
which it is unknown whether reduced BF is the cause or conse-
quence of RGC death. Further studies are needed to assess the
diagnostic value of this approach, its efficacy in personalized
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intervention, such as antihypertensive treatment, and its applic-
ability in other vascular networks.

APPENDIX A

Calculation of RVR (Refer to mernops, Model Building)

We first calculate the resistance of each vessel generation R, in the ar-
terial compartment, as a function of its radius. Similar reasoning
applies to the venous compartment.

Ro(r) = 2o0)

T Ny(r)

where R, (r) is the resistance of a single branch with radius r and Ny (r)
is the expected number of branches of radius r.

Ry(r) can be calculated from Poiseuille’s law and Egs. 2, 3, and 5
(main text). For an arteriole, it will be: _

Rr) = RO 7(( j)s)z (42

(A1)

where 6=4.29 um is the red-cell-size order of magnitude constant
defined in Eq. 5.
Np(r) has been estimated by Kamiya and Takahashi (63). Again,

for an arteriole:
r —D—o
Ny(r) = <—> .
T'aq

From Eq. A3, it is not difficult to show that, for symmetric and di-
chotomous branching, r; is a geometric sequence. Hence:

(43)

ri = Arg (A4)
where A = 277+ (which equals e * as can be seen in Egq. I of the main
text) and, again, / is an integer representing the branch order.

The resistance of the capillaries R, is constant:

8.l
Re =Feeoto (45)
e
where we assume four branches per terminal arteriole/venule.
In the last step, we use Egs. AI-A5 to compute RVR:
14 14
RVR = Ry, +> Ry +R=...
i—0 =0
8B Tao™ 14 255
= |Maw T2 N
Y 7 L .
LG
D+20-2-
oy ¥ N 14 2 pwcd 8l 16
R 3|+ 52 (A6)
vo (2_D—+u/rv() + 5) c
APPENDIX B

Flow Acceleration (Refer to piscussion, Model Investigation Results,
Laser Speckle Flowgraphy Metrics)

Let us consider a pressure difference P(7) varying through the cardiac
cycle as a single harmonic and accelerating blood of mass m inside a
vessel of length / and radius r, with r large enough:
60
HR

P(t) = Mcos(wt) + Py, t€ {O, (A7)

A PHYSIOLOGICAL MODEL FOR RETINAL BLOOD FLOW

where M is the pulse amplitude, o is the angular velocity (2n %), and
Py is the average pressure difference. For the time-varying acceleration
a(1), it follows that:

[Mcos(wt) + Polmr?  Mcos(or) + Py
m B ol

a(r) = (A8)

where @ is the blood density.

Therefore, FAI which is the maximum acceleration during the sys-
tolic phase, in this case would largely depend on individual SBP values
(central impulse) and would be independent from RVR (18):

M + Py
ol

Due to the interdependence of Egs. /3 and /4 presented in the
RESULTS and DISCUSSION, in Eq. A7, M can be considered a partial de-
terminant of u,,,x-min, While Py can be seen as a partial determinant
of . When adjusting for MV in the RVR regression model, the FAI-
induced increase in RVR translates to increased PSV and decreased
EDV.

FAIl = apay,,, = (A9)

APPENDIX C

Branching Optimization (Refer to piscussion, Quantitative Vascular
Analysis)

Consider a given (fixed) parent branch and let its two daughter
branches (of unknown caliber) be two approximately parallel resistors
Rs and Ry .. Using Eq. A2, we introduce the following quantity:

1 1 1
=—+—=K [ré’“(rs +8) + (L + 6)2} =

R daughters R S R L

240/ 1 2 2 1 2
K |:ZIS)+“ (Zé”“ + 5) +z0™ <Z{j*°‘ + 5) } (A10)
where zg = P, 7z = rP™ (with zg + z;. fixed according to Eq. 17),
and K is a constant.
It can be shown thatf : [0, +o00) — R, defined as:
2oa (1 2
f(x) = K_xl)+a(xl)+a + 8) (A]])
is concave for all physiologically possible choices of D and o. Hence,
from Jensen’s inequality:

F(zs) +f(z) <2f (%) (A12)

where the left-hand side is precisely the quantity in Eq. AI0 and the
right-hand side is a fixed number.

The upper bound in Jensen’s inequality is attained if and only if
zg =z (hence rg=ry) or fis linear; this equality case results in mini-
mal total daughter resistance for a given parent branch (optimization
principle). Upstream in the retinal circulation, perfectly symmetrical
branching is not necessary for optimization: indeed, it can be shown
that f is almost linear for large x (f ” approaches zero). Toward the
terminal vessels, f is more concave, hence symmetrical branching
will favor BF optimization. Importantly, without the Fahraus-
Lindqvist effect (i.e., without d in the equation), concavity of f is not
guaranteed over all physiologically possible D and o (f would now
become convex when D + 2a > 4). Therefore, this particular optimi-
zation principle cannot be safely generalized to other fluids and
branching structures.
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APPENDIX D

Vascular Compliance (Refer to piscussion, Study Limitations)

The simplest Windkessel equation (two-element) is displayed below:

P
0() = P ¢ cp(y
- M—coséitli-i- Po _ oCsin(wt), € {0, %}
(A13)

where we have kept the single-harmonic notation of Eq. A7, Q(t) is the
time-varying BF, and C is the vascular compliance (change in blood
volume for a given change in perfusion pressure).

Clearly, since fon cosx = jon sinx = 0, compliance is not expected
to affect the mean blood flow estimate (i.e., RBF), because Eq. AI3
reduces to Eg. 8 (main text) when integrated over the complete Fourier
series within one cardiac cycle.
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