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CLINICAL INVESTIGATION

Hemodynamic parameter estimation
from ocular fluorescein angiograms

Abstract e Background: A
method is proposed for parameter-
izing choroidal blood flow from
fluorescein angiograms. @ Meth-
ods: After digitizing and aligning
the angiographic sequence, the in-
tensity build-up curves of fluores-
cence are analysed per pixel (ap-
prox. 10 pm in fundo). Two models
are compared. A one-compartment
model predicts an exponential
build-up curve, from which the fol-
lowing parameters are estimated:
maximum fluorescence, dye ap-
pearance time and local perfusion
rate (reciprocal of the time con-
stant of the exponential). To ac-
count for the contribution of the

systemic circulation to the shape of
the build-up curve, a two-compart-
ment model is used which predicts
a bi-exponential curve. @ Results:
Introduction of the second (sys-
temic) compartment resulted in a
significant improvement of fit in 37
of 48 patients studied. The rate
constants of the systemic compart-
ment found were mainly in the
range of 0.30-1.00s™. @ Conclu-
sion: For the individual patient,
the local perfusion rates may vary
strongly, with lower perfusion rates
possibly being of prognostic value
for ocular diseases such as glauco-
ma or diabetic retinopathy.

Introduction

The choroidal circulation makes an important contri-
bution to the nourishment of the outer retina and of the
optic nerve head. Its role in the pathogenesis of retinal
disorders, or in potentially ischemic ocular conditions
like glaucoma, has long been postulated [1, 4, 5, 7, 11]
but is still an object of controversy. One of the reasons
is the lack of a clinically acceptable technique for
parameterizing choroidal blood flow.

Since the advent of fluorescein angiography it has
been possible to visualize certain aspects of the retinal
and choroidal circulations. The routine interpretation
of angiograms is still subjective and purely qualitative,
but a substantial number of studies have aimed at some
form of quantification of retinal blood flow in vivo [2].
This is not the case, however, for the choroidal circula-

tion. Only very recently have some attempts been made
to derive hemodynamic parameters from fluorescence
intensity curves obtained from angiographic sequences
{14, 17, 19]. These attempts, highly computation inten-
sive, have been made possible by the popularization of
image-processing facilities.

In a previous publication [17], we sketched an ap-
proach to the analysis of angiographic fluorescence-in-
tensity curves, based on a simple model of the choroidal
filling. This first approach was a variant of the dye dilu-
tion curve analysis, assuming the entrance of the dye in
the ocular vessels to be a step function, and the
choroidal vasculature to behave like a single compart-
ment. The purpose of the present paper is to refine the
approach, by taking into account the conditions of ocu-
lar delivery of the dye, and to estimate the choroidal
perfusion rate from routine clinical angiograms.
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Materials and methods

Experimental

The data to be analysed were extracted from routine clinical an-
giograms recorded on black-and-white negative films. The proce-
dure for obtaining such angiograms is the following: After phar-
maceutical dilation of the pupil and cannulation of a peripheral
vein (usually the antecubital), the patient is seated in front of a
fundus camera which incorporates a coaxial flash tube, a timer
and an adequate set of filters. The fluorescent dye (in this case 3 ml
of 25% sodium fluorescein) is then injected in the vein canula as
fast as possible, and at the same time the timer of the camera is
started. The time necessary for the dye to reach the eye through
the systemic venous circulation, right heart, pulmonary circula-
tion, left heart, and systemic arterial tree (“arm-retina time”) is
8-12's. Six seconds after the injection, ie. before the dye has
reached the eye, photographs start being taken at the maximum
rate of flash delivery (recharge), which is of the order of 0.75-1.0 s,
depending on the camera. Photographs are taken at that rate until
the end of the film. As some of the first frames of the film are used
for recording patient data, white light and red-free light photo-
graphs of the fundus, approximately twenty frames are recorded
per angiogram. The camera incorporates non-overlapping filters,
positioned in front of the flash tube and of the film, ensuring that
during angiography only the light emitted by the dye is recorded
on the film. Thus, the first frames in the sequence (before arrival of
the dye) are unexposed and the last frames, after the dye has
penetrated all vessels, are nearly identical. Each frame is time-
stamped by the camera. In routine clinical practice, paper prints
made from the negatives are assessed by eye. For the present
study, the central part of each negative (corresponding to an area
approximately 25° x 25° in the fundus) was digitized as an 8-bit,
256 x 256 pixel image, using a black-and-white real-time frame
grabber (Synaps-MAPP, Les Ulis, France) in a PC-AT type com-
puter. A limited number of successive frames (between 10 and 21)
were digitized from each angiogram, starting a few seconds before
arrival of the dye and, whenever possible, extending a few seconds
after the emitted intensity had reached its maximum value. Inten-
sity build-up curves were extracted for each pixel over the whole
sequence of digitized frames. The frames of each sequence were
aligned manually relative to a reference frame from the middle of
the sequence. In a few cases the alignment was improved with the
help of an image-processing algorithm which matched local re-
gions of interest in successive images [12]. From these matches the
optimal geometric transformation is found.

The research followed the tenets of the declaration of Helsinki.
Informed consent was obtained from all patients prior to the
study.

Theoretical

The simple model used in the preliminary studies [17, 18] describes
the concentration of fluorescein ¢ (f) at a given site of the fundus
by a first-order differential equation. The differential equation of
the one-compartment model [8] is

< (0= —kel (0 +i) 8
dr

where k, is a rate constant (reciprocal of time constant) describing
the rate of filling with fluorescein and i (¢) is the speed of delivery
of dye by the arteries to the fundus site per unit volume. The
subscript 1 indicates compartment 1, whereas the superscript I
indicates the one-compartment model. With zero initial condi-
tions and i (¢) a step input, the solution of Eq. 1 is given by

cit)=cpo(l—e™ ") 2

where ¢, , is the steady-state concentration resulting from the
step input.

The next simplest model describes the concentration of fluo-
rescein in a given site of the fundus with two coupled first-order
differential equations. Thereby compartment 2 represents the sys-
temic circulation from the injection site to the arteries which sup-
plies the ocular compartment 1. The differential equations of the
two-compartment model are

d .
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k, is a rate constant describing the rate of filling with fluorescein
of compartment 2, k;,c2’(¢) is the speed of delivery of dye by the
arteries to the fundus site per unit volume and i(f) represents
injection of dye in a peripheral vein. With zero initial conditions
and i(t) a step input, we have the solution
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¢, and ¢, are the steady-state concentrations resulting from
the step input, ¢, =c, ki /k;,. In case k,=k, we find
el ()=cy(1—e " —k te ")

In routine angiography the fluorescence intensity is measured
as a function of fundus position at n sequential time instants,
typically n=20. We assume this intensity to be proportional to
¢, (t), the fluorescein concentration in a fundus site. We also as-
sume this intensity to be proportional to the density of the film
f (1), which is the quantity actually measured. These assumptions
are valid within given ranges of dye concentration and film expo-
sure respectively (G.N. Lambrou, A.A.J. Jonker, A. van Baren,
"T.J.T.P. van den Berg, unpublished work).

Another assumption in the design of the models is that the
fluorescence emitted from fundus sites with no dominant retinal
features (macula, retinal vessels) originates essentially from the
choriocapillaris level. Alternative sources of fluorescence might be
(a) dye in the more superficial (retinal) microcirculation, and (b} in
the deeper (large choroidal vessel) layers. This point is discussed
further on.

Because the number of time points is small, we cannot estimate
the systemic dynamics parameter &, from each fundus site sepa-
rately. We therefore decided to link k, across the fundus. In prac-
tice a grid of m fundus sites, typically m=64, was used.

The one-compartment model function for the film density f(z),
which is assumed to be proportional to dye concentration in a
fundus site, contains three parameters which need to be estimated.
Parameter d represents the steady-state level of the film density, ¢,
represents the delay time from the moment of injection. Because a
rate constant is by definition positive we fitted its logarithm. Thus
we arrived at the model function

fi)=d(1—e™")

The parameterization of Eq. 5 requires the extra systemic rate
parameter k, (which we again forced to be positive by fitting its
logarithm), which gives the two-compartment model function to
be fitted:

t=t,—t,>0 j=1,n (6)
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Fig. 1 Overview of fit results
of density curves (of n=17
points) from patient L.G.M.
using the one-compartment
model. Fitted curves are
shown at the 8 x 8 fundus
points. In the three rightmost
columns, respectively, d, k,
and ¢, belonging to a row of
fundus sites are drawn. The
plus signs indicate the esti-
mates, with the vertical bar
indicating the approximate

standard error in the parame-

ters +o, etc.
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Fig. 2 Overview of fit results
of the same 8 x 8 density
curves from patient L.G.M.
using the two-compartment
model. Layout as in Fig. 1

S

492

[UREEEEANES N ETY

.
- - Rk
INEVERETEE TGN YU AN INENERTETYY

W

.0'8‘.. L L .
] ] ] ] E ] ]
PV Y Y Y
_ ] 1041 1 ] IR .
N N N
\1 j \ NN
I A ] ] ] - ] ]
igl_:lgl;: :IL.!:4L'1|: :1 1: n: J
§ ; : § E i 3 3
I : D : D 2 O O D O OO I
IR B TR ! 1 1 ! ‘ 1
3 ] E ] ? ] :
A N AN N
i 1 13 3 3
s ST GR IN1 b SR TN s R T 3o ] + 7 |
E ] :
] 3

Ll LAl Ay

Liah

INTNSSERENI

IRUNE RN SRR e NI N

|

T

=
[ATEENRESYVY ENEEREET IYYe VS ARRSURTYY NI

INERUVY SNERBEREE) AAJaaaba 0 (e pag

N g g A g

1Y, é \
TR I k| 3 ] L 1
] ] E ] E ]
] ] 1 ] ] ] R
AR T U : W /% DL 0 D 2% 0 0% D 5 B O
] ] ] ] ] ] ] ]
] E ] ] ] 3 A ]
DRI U T T N O B O I
d
0.0 0.8
[N VO TN S DU NS SN SRR [N ROV SR WUUNE SN SRS SN S NN TR SN TN ENVU S S TR Y S SN T N R !
— + + + + + + + v
§ 4:_ ‘_*" +‘* :* "’1 1»1 :-‘ b:
% +* : M g e e b *
(e : . " M Ay M T +F
ks
2
PN WS SN [SURNNNE RN UUUN TR [N SRR VU TN SR S S TN N TR S TR

Lidaa

| S T PR TN TR DU TR VR TN JUNE T 1 TR
— —-— — — — —— —— —
N e -+ - — - —— —— ——
—— -+ -+ —— — —— — ——
B el — —_ e s - e -
il pe - - ot - s —— -+
< — —— - —— — -+ — —
—— -+ —— —— —— —
[o4] —_ — - - —— - o= e,



127

The parameter estimation procedures were implemented in For-
tran 77 using mathematical and statistical routines from Interna-
tional Mathematical and Statistical Libraries, (Houston Tex). To
speed up the nonlinear least squares (NLLS) fitting of the two-
compartment model we eliminated the linear parameters with the
help of the variable projection method [9, 13, 20, 23]. Typical
computation times on a SUN SLC for an 8 x 8 grid of fundus sites
were 20 and 200 s for, respectively, one- and two-compartment
fitting.

Results

We will present results from one patient (L.G.M.) in de-
tail and summarize the results from a population study
of 48 patients. These patients suffered either from glau-
coma (primary open angle or normal pressure) or from
diabetic retinopathy. The relation between the estimat-
ed parameters and the clinical status of these patients is
beyond the scope of this paper and is still under investi-
gation. In our preliminary study [17], each of the
256 x 256 density curves was analysed independently
using Eq. 6, after linearization of the parameters [6]. 1f,
however, the extra parameter (k,) is to be introduced in
the model, all the time curves have to be fitted simulta-
neously. Clearly, a simultaneous fit of all 256 x 256
x 2+ 1 parameters is not feasible. Therefore k, is esti-
mated from a regularly spaced 8 x 8 selection, and k, is
fixed when fitting Eq. 7 for all 256 x 256 density curves.

Thus we can estimate 256 x 256 parameters d,k.z,
from a one-compartment model (Eq. 6) and from a two-
compartment model (Eq. 7).

In Figs. 1 and 2 we see the results of fits of data
obtained from patient L.G.M. at a grid of 8 x 8 distinct
fundus sites (regularly distributed over the whole fundus
area, as indicated by the squares in Figs. 3 and 4) with,
respectively, the one- and two-compartment model. The
improved alignment procedure was applied to these
data. The global root-mean-square error ¢ (from the
NLLS fit) decreases from 0.0320 to 0.0282 when the sec-
ond compartment is added. When we define the relative
improvement y as y =(o;— oy;)/0; this amounts to 12%.
Comparing Fig. 1 and Fig. 2, the improvement gained
with the two-compartment model is visible in the onset
of the density curve in many fundus sites. In the three
rightmost columns, parameter estimates (respectively, 4,
k, and t,) belonging to a row of fundus sites are drawn.
The plus signs indicate the NLLS estimates, with the
vertical bar indicating the error in the parameters, +c,4
etc. Note that the differences between the t, and k,
parameters of the one- and two-compartment model de-
pend upon the extra parameter k,. The uncertainty in
the estimated parameters is small for the maximum den-
sity , but large for the rate and appearance time parame-
ters (tens of percents relative error), as can be seen from
the vertical bars in the first and the last two columns of
Fig. 1 and Fig. 2. Introduction of the second compart-

ment rate parameter of course increases these uncertain-
ties.

We compared the two models for analysis of the an-
giograms of the patients described at the beginning of
this section. Of 48 angiograms studied we found a rela-
tive improvement of the goodness of fit y=>5% in 26
cases when the second compartment is introduced. The
maximum improvement found was 17%. In 11 cases
1% <v7<5%, and in 11 cases 0% <v<1%.

The rate constant of the global compartment (sys-
temic circulation), k,, could be reliably determined in 37
cases. It ranged from 0.12-1.66 s, but in 31 cases it was
in the interval of 0.30-1.00 s,

Figures 3 and 4 depict grey-scale maps of the
parameters estimated for patient L.G.M. using respec-
tively, the one and two compartment models. The grey
scale is designed with the convention that darker indi-
cates “worse” circulation (i.e. lower maximal density,
lower rate of perfusion and later appearance time)
whereas lighter indicates “better” circulation. The
squares indicate the grid of 8 x 8 fundus sites used with
Fig. 1 and Fig. 2. For instance, the site row 7, column 7
corresponds to an artery, with a large value of d. The
maximum density maps (Figs. 3a, 4a) are not very differ-
ent from a late angiographic frame. In the rate maps
(Figs. 3b, 4b) a lower perfusion rate is visible in the
temporal half of the choriocapillaris. Comparing the
two maps, some differences can be seen. Figure 4b repre-
sents a larger dynamic range of k, and provides a better
contrast than Fig. 3b. With patient L.G.M. the local rate
k, varied between 0.29 and 0.92 s, whereas the global
rate k, was estimated to be about 0.64 s . Finally, the ,
maps (Figs. 3c, 4c) show a highly delayed appearance in
the territory temporal to the optic nerve head. Compar-
ing the two maps, this delay appears to be closer to the
t, of the veins in Fig. 4c than in Fig. 3c.

Discussion

The interpretation of fundus fluorescence build-up
curves requires some assumptions about the origin of
the fluorescent light, given the fact that complex three-
dimensional angioarchitecture is projected on two-di-
mensional angiographic frames.

In a normal fundus, one can roughly distinguish
three circulatory layers. The (most superficial) retinal
circulation is the most striking feature of the angiogram
because of the high contrast and crisp detail of its ves-
sels. It is evident that fluorescence recorded over such
vascular features originates predominantly from in-
travascular dye. The retinal microcirculation, however,
makes a limited contribution to fundus fluorescence be-
cause of its small volume and because the blood-retina
barrier precludes dye-leakage. This is supported by two
types of angiographic evidence: In areas of delayed,
masked or inexistent choroidal filling (e.g. with targeted
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"] d_1comp (2D) 224°224

Fig. 3a—¢ Grey-scale maps (224 x 224 pixels) of estimated param-
eters from patient L.G. M. using the one-compartment model. The
squares indicate the positions of the grid used in Figs. 1 and 2. a
Maximum density d; b local perfusion rate k,; ¢ Delay time £,
Extrema (respectively, black and white): a 0.278 and 0.905, b 0.118
and 0.572s7 1, ¢ 16.36 and 12.54 s

=] k_lcomp (f2D) 224*224

dye delivery), smaller retinal vessels can be resolved but
neither the actual capillary network nor any homoge-
neous capillary fluorescence is visible. In contrast, when
there is a breakdown of the blood-retina barrier, the
leakage of dye in the retinal tissue results in a strong
fluorescent spot obscuring the deeper (choroidal) layers,

So, in the absence of such distinctive retinal features,
the fluorescent light originates from the choroidal level.
Absorption by hemoglobin and fluorescein (intravascu-
lar or extravasated) restricts the penetration depth of
the exciter light to ca. 30 pm (G.N. Lambrou, A.A.J.
Jonker, A. van Baren, TJ.'T.P. van den Berg, unpub-
lished work), limiting strongly the contribution of the
large choroidal vessels to fundus fluorescence. Only in
the presence of an exceptionally thin or atrophic chorio-
capillaris do these vessels become visible in the early
angiographic frames.

The two-compartment model allows separation of
hemodynamic properties of systemic and choroidal cir-
culation, thus giving a better basis for usage of this anal-
ysis. On the other hand, the quality of fit of the one-com-
partment model is already quite good (Figs. 1, 3), so this
model is apt for not too demanding applications. A
clear improvement in goodness of fit with a two-com-
partment model is present in 26 of 48 cases, while a
moderate improvement is found in 11 of 48. It is natural
that addition of the extra parameter, the rate constant of
the second compartment, never causes deterioration of
the NLLS fit. The success of the two-compartment
model depends upon the quality of the data (signal-to-
noise ratio) and upon both the number of data points
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Fig. 4a—¢ Grey-scale maps of estimated parameters from patient
L.G.M. using the two-compartment model. Layout as in Fig. 3.
Extrema: a 0.278 and 0.905 (as in Fig. 3a), b 0.156 and 0.934 s~ 1,
¢ 1543 and 11.61 s. Note that the difference between these extrema
is the same as in Fig. 3¢

k_2comp (f2D) 224+224
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taken during the rising phase of the density curve and
the availability of data points before and after the rising
phase.

With respect to the quality of the data, we have made
special efforts to align the photographs correctly, manu-
ally or automatically [12], in order to improve the fit of
the density build-up curves, since shifts of a few pixels
across vessel edges cause large outliers. It is remarkable
that about one image per second is sufficient for fitting
such a complicated model with rate constants of about
0.7 s7". It is to be expected that higher temporal resolu-
tion will enable more accurate estimation of the
parameters. With higher temporal resolution the cyclic
variation that may be caused by the cardiac cycle [14]
(G.N. Lambrou, P.R. PreuBner, TJ. T.P. van den Berg,
G. Richard, E.L. Greve, unpublished work), might have
to be incorporated into the model. This could be a
source of error.

The grey-scale maps of parameters (Figs. 3, 4) present
a concise summary of the angiographic sequence, which
can be interpreted quantitatively. In particular, the in-
formation presented in the perfusion rate maps (Figs.
3b, 4b) is very hard to extract by eye from an angio-
graphic sequence, even with experienced examiners.
When angiograms are interpreted subjectively, promi-
nent features such as retinal microaneurysms or
choroidal watershed zones are immediately recognized
and characterized by the examiner, but an assessment of
choroidal perfusion requires very careful scrutiny of the
whole sequence and an important amount of mental
abstraction, if one wants to separate factors leading to
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the observed fluorescence patterns. Transient choroidal
hypofluorescence, for instance, may be due to late dye
appearance, to slow filling, or to both. By separating the
two phenomena, the method presented here reduces the
number of images to be assessed to three (the three
parameter maps instead of the whole angiographic se-
quence), facilitates the qualitative interpretation of the
choroidal circulation, and permits parameterization of
the choriocapillaris perfusion.

Based on the assumption that the prelaminar region
of the optic nerve head shares a common arterial supply
with the peripapillary choroid [10], analysis of the perfu-
sion rates of the latter may prove a useful tool for the
prognostic assessment of glaucoma patients and ocular
hypertensives. This expectation is enforced by the re-
sults of a previous investigation [16], as well as by litera-

ture data[15, 21, 22], indicating that the choroidal blood
flow is reduced in normal-pressure glaucoma. This
method could also prove useful in diabetic retinopathy,
where neovascular proliferation depends on the degree
of ischemia of the inner retina, more or less efficiently
compensated by diffusion of oxygen and metabolites
from the choriocapillaris [3]. Moreover, this method
could be used to quantify the leakage of fluorescein (in
terms of appearance time and rate of leakage) for follow-
up and evaluation of treatment efficacy.
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