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No great discovery was ever made without a bold guess. 

Sir Isaac Newton (1642-1727) 
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ANCOVA Analysis of covariance 

ANOVA Analysis of variance 

ARVO Association for Research in Vision and Ophthalmology 

AVP Arterio-venous passage time 

BFS Blue field simulation 

CDI Color Doppler Imaging 

DM Diabetes mellitus 

DRP Diabetic retinopathy 

FAI Fluorescein angiography 

HRA Heidelberg retinal angiograph 

IR Impulse Response technique 

LDV Laser Doppler velocimetry 

LDF Laser Doppler flowmetry 

MTT Mean transit time  

MTTIR Mean transit time calculated with Impulse-Response tech-

nique 

MTTSLOPE Mean transit time calculated after semilogaritmic extrapola-

tion of the dye curve  

POBF Pulsatile ocular blood flow 

PDRP Proliferative diabetic retinopathy 

PRP Panretinal photocoagulation 

RBF Retinal blood flow 

SD Standard deviation 

SLO Scanning laser ophthalmoscope 
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Introduction 

Vascular supply of the retina 
The retina is a highly metabolically active tissue with large demands on the 
supply of nutrients. Two independent and specialized vascular systems, the 
retinal and the choroidal, supply the complex tissue of retina. Both are fun-
damental for its function. There are several important differences between 
these two vascular beds sharing the responsibility for the survival of the ret-
ina. 

Retinal blood flow (RBF) is relatively low compared to choroidal blood 
flow (Figure 1, Alm & Bill 1973a). The measurement of retinal tissue oxy-
genation can give us direct information of the metabolic status of retina. In 
pigs Törnquist & Alm (1979) reported a retinal venous oxygen saturation of 
56% determined with direct cannulation of a retinal vein.  

 

 
Figure 1. Blood flow through tissues of monkey eye (data from Alm et al, 1973) 
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Hickam et al. (1959) estimated the retinal venous oxygen saturation in hu-
mans from fundus photographs and reported a mean value of 57%. Thus 
oxygen extraction from retinal blood is rather high. 

The arterio-venous oxygen difference in the choroid is much lower, only 
3% (Alm & Bill 1970; Törnquist & Alm 1979), but blood flow rates are 
extremely high (Alm & Bill 1972) and the choroid has an important role in 
the nutrition of the avascular part of the retina, outer layers of the retinal 
tissue and the region of the macula. Thus the choroidal vascular bed supplies 
the retina with 60% of its oxygen and 80% of its glucose needs (Törnquist & 
Alm 1979). The macula is the most important part of the retina. It is avascu-
lar and depends mainly on the choroid for supply of nutrients. 

Blood flow (BF) through a vascular bed is determined by the perfusion 
pressure, defines as the arterial pressure (Pa) less the venous pressure (Pv), 
and vascular resistance (R); BF=(Pa-Pv)/R. In many tissues moderate 
changes in perfusion pressure are compensated by a concomitant change in 
vascular resistance and blood flow remains largely unchanged, blood flow is 
autoregulated. In the eye RBF is autoregulated (Alm & Bill 1972,1973a, 
1973b) and there is no effect of sympathetic nerves on RBF (Alm 1977). 
Choroidal blood vessels, on the other hand lack autoregulation (Alm & Bill 
1972, 1973b) and are under influence from the sympathetic nerves (Alm 
1977).  

The vascular pattern and dynamics of the retinal system are easier to ob-
serve and more accurately defined than those of the choroidal system. 
Transparency of the retinal vasculature provides the opportunity to study 
vascular anatomical and functional conditions.  

Assessment of the retinal circulation 
Disorders affecting the retina, in both retinal and systemic diseases, often 
include some vasculopathy with an impact on retinal circulation and conse-
quently altered function of retinal tissue. Thus, assessment of ocular haemo-
dynamics could offer a possibility for better understanding of the retinal 
physiology as well as pathology in a large variety of vascular diseases, 
which affect the eye.  

Studies of retinal haemodynamics could thus help to detect, differentiate 
and diagnose diseases, to monitor changes in disease as well as progression 
and efficiency of the therapy.  

With blood flow determinations we acquire information of metabolic 
condition of the tissue. The “gold standard” for blood flow measurements in 
the eye is the labelled microsphere method, but it is an invasive technique 
that can only be used in experimental animals. 
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A direct, non-invasive assessment of human RBF is still not available. For 
this reason many attempts have been made to quantify other aspects of RBF 
using numerous haemodynamic parameters.  

For use in humans a number of clinical techniques based on imaging 
technologies have been developed, see Table 1. The measurement of retinal 
tissue oxygenation, such as measure of retinal metabolism, with photo-
graphic oximerty (Hardarson et al. 2006), is a promising new technique and 
can be solution in future clinical practice. Still, the accuracy of the meas-
urements has yet not been validated for clinical use in adequate animal 
model (Harris et al. 2008). 

 

Table 1. Techniques for the assessment of haemodynamics of the human eyes 
Technique Measured  

variable 
Measurement    
target 

References 

Fluorescein  
angiography (FAI) 

Mean circulation time  
or  
Mean transit timeIR 

Plasma velocity in 
main retinal vessels 

Hyckam & Frayser 1965 
 
Sperber & Alm 1997 

Fluorescein  
angiography (FAI) 

Arterio-venous  
passage time 

Plasma velocity in 
main retinal vessels 

Wolf et al. 1989 

Fluorescein  
angiography (FAI) 

Erythrocyte and  
leukocyte velocity 

Macular retinal  
capillaries 

Wolf et al. 1991 

Laser Doppler  
velocimetry (LDV) 

Erythrocyte velocity Main retinal veins Riva et al. 1985 

Laser Doppler  
flowmetry (LDF) 

Erythrocyte velocity Optic nerve head  
capillaries 

Michaelson & Schmauss 
1995 

Pulsatile ocular    
blood flow (POBF) 

Pulsatile ocular blood 
flow 

Fundus pulsation Silver et al. 1989 

Color Doppler  
imaging (CDI) 

Erythrocyte peak  
systolic and end  
diastolic velocity 

Extraocular,  
retrobulbar vessels 

Gutoff et al. 1991 

Blue field  
simulation (BFS) 

Leukocyte velocity  
and density 

Macular retinal  
capillaries 

Riva & Petrig. 1980 

Fluorescein angiography (FAI) is the technique that is used to study the reti-
nal circulation in clinical routine. It cannot measure blood flow but can give 
information about transit of the dye through the vascular bed.  

Mean circulation time or mean transit time (MTT) is a circulation pa-
rameter defined as the ratio of blood volume to blood flow through the vas-
cular bed expressed in seconds. It indicates the average time a fluorescein 
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molecule spends in the vascular bed, and it corresponds to the time necessary 
to renew all blood within the vascular bed (Lassen & Perl, 1979).  

Arterio-venous passage time (AVP) is the time between the first appear-
ance of the dye in the artery and the nearby vein and can be regarded as a 
crude transit time (see below).  

Most of the other clinical techniques measure erythrocyte velocity and re-
quire precise information on vessel diameter in order to be transformed to 
blood flow values. Such attempts have been made in the human eye where 
Riva et al. 1985 and later Feke et al (1989) calculated volumetric RBF by 
determining velocity of erythrocytes in large vessels measured with Laser 
Doppler velocimetry (LDV) and determining retinal vessel diameter from 
photographs. This technique is very cumbersome and has not been used in 
clinical studies where as a rule velocity in one of the retinal veins is meas-
ured.  

One technique based on blood cell velocity determinations is the Blue 
field simulation technique (BFS). It is based on the blue field entoptic phe-
nomenon, which is induced by looking into a blue light at a wavelength of 
about 430 nm. The moving corpuscles then observed are the leukocytes 
moving through the macular capillaries (Riva & Petrig 1980).  

As there is no single technique that can measure RBF it is reasonable to 
combine a number of techniques that provide information on different as-
pects of the retinal circulation. Such an approach has been used in the pre-
sent study using BFS and FAI.  
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Aims of the study 

General aims 
� Validation of newly developed impulse-response technique for 

measurement of MTT in an animal model. 
 
� To determine the clinical usefulness of two different techniques to 

study the retinal circulation in human eyes, BFS and FAI. 

Specific aims 
� To determine the relationship between the retinal mean transit 

times (MTTIR, MTTSLOPE and AVP) calculated from fluorescein 
angiograms and absolute measurement of RBF determined with la-
belled microspheres in monkeys. 

 
� To determine the effect of a physiological provocation test, changes 

in arterial blood gases, on retinal microcirculation (macular leuko-
cyte velocity), measured with BFS and retinal macrocirculation 
(retinal transit times and vessel diameter), determined from FAI. 

 
� To investigate relation between the extent of retinal circulation 

changes and the severity of the diabetes retinopathy (DRP) with the 
retinal transit times and macular leukocyte velocity in patients with 
insulin dependent diabetes mellitus (IDDM). 

 
� To investigate how panretinal photocoagulation (PRP) affects 

macular leukocyte velocity, retinal transit times and vessel diameter 
in patients with proliferative DRP (PDRP).  
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Material 

Animal study 
Six young and healthy cynomolgus monkeys were used in accordance with 
the ARVO Statement for the use of Animals in Ophthalmic and Vision Re-
search.  

Experimental glaucoma had been induced in one eye by argon laser pho-
tocoagulation of the trabecular meshwork. About four years later two to four 
fluorescein angiograms of both eyes were performed and after that ocular 
blood flow was determined with the labelled microsphere technique.  

The relationship between RBF, determined with the labelled microsphere 
technique, and various estimates of retinal transit times obtained from the 
fluorescein angiograms, were analysed. 

Study in healthy subjects 
Twenty-two healthy subjects of both sexes between 21 and 42 years of age 
were studied while breathing: room air (O2-baseline); pure O2; room air 
(CO2-baseline) and CO2 in room air. The arterial CO2 level was brought to 
30% above the baseline level. During each gas exposure, BFS was used to 
estimate velocity of macular leukocytes and FAI was used to determine 
MTT, AVP and vessel diameters. 

Study in patients with diabetes mellitus 
Fifty-three patients, 11 in the group without DRP, 15 with mild DRP, 16 

with severe DRP, and 11 with PDRP were included. Results were compared 
with those obtained in 17 healthy individuals from study II. 

Exclusion criteria were 
� Intraocular surgery within three months 
� Pregnancy or breastfeeding 
� Allergy 
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Effect of laser treatment on proliferative diabetic retinopathy 
In nine patients of 11 with PDRP from study III the examinations were re-
peated after PRP in order to determine the effect of the treatment on the reti-
nal circulation.  
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Methods  

Radioactively labelled microspheres 
The radioactively labelled microsphere technique was a breakthrough for 
research of microcirculation. It allows direct quantitative measurement of 
blood flow through several tissues in one experiment, which has provided us 
with information of normal blood flow through all the tissues of the eye 
(Alm & Bill 1972). The technique is invasive and can only be used in animal 
experiments. A major problem is, of course, that there are few suitable ani-
mal models to study eye diseases. 

 
Figure 2. The labelled microsphere technique 

Figure 2 shows the principle of the technique. After intracardial injection in 
the left ventricle labelled microspheres mixes with blood, follow the blood-
stream to the various tissues and became trapped in the capillary beds. Ra-
dioactivity and weight of blood and tissue samples were used to calculate 
blood flow.  
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In our study, three intracardial injections of labelled 15�m spheres were 
made to determine ocular blood flow at different intraocular pressure. 
Spheres were labelled with 141Cr, 113Sn and 103Ru. During and after the injec-
tion of the microspheres arterial blood was collected from the cannulated tail 
artery. Weight and radioactivity of the tissues and blood samples were de-
termined and blood flow calculated. These results have been published sepa-
rately (Alm et al 1997).  

Blue Field Simulation 
This technique is based on the blue field entoptic phenomenon and described 
by Riva & Petrig (1980). Looking into a bright blue light, with a wavelength 
of 430 nm, the subject observes the moving particles that are induced by 
leukocytes passing trough the macular capillaries. The subjects first compare 
and match the velocity of a field of computer-simulated particles, displayed 
on a video screen, to the velocity of the particles on an adjustable video 
screen, in order to test individual precision. Than they compare and match 
the velocity of the particles on the adjustable video screen to the perceived 
velocity of their own leukocytes. The subjects also adjust the density of the 
particles on the video screen to match the perceived density of their moving 
leukocytes. The dots move in synchronization with the heartbeat. In the pre-
sent studies we only reports leukocyte velocity since we found that many 
subjects found it difficult to compare density of the moving particles on the 
video screen to the density of the perceived density of their own leukocytes.  

Fluorescein Angiography 
In the first two studies FAI was performed with the analog Rodenstock 
scanning laser ophthalmoscope (SLO), which records data on an S-VHS 
video recorder. In the following two studies the Heidelberg retinal an-
giograph (HRA), which digitally records data on a computer system, was 
used. The same experienced examiner performed the angiograms in all stud-
ies. The studies in humans were performed under similar conditions. The 
same person rapidly injected sodium fluorescein followed by a saline solu-
tion intravenously in all human experiments. An observation field of 20 or 
30 degrees was used. A total of 128 frames of each angiogram were sam-
pled, digitized if needed, aligned and analysed. A digital image analysis sys-
tem used in all studies was specially designed by one of us (G.Sperber). 

The transit times of the retinal circulation were determined from fluo-
rescein concentration–time curves of superior and inferior temporal retinal 
arteries and veins (Figure 3). The average of the values for upper and lower 
temporal vessels was used as an estimate of MTTIR and AVP for that par-
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ticular angiogram. Regions of interest (ROI) were chosen near the disk 
(within approximately two disk diameters from the centre of the disk) over-
lying large retinal vessels. When there was relative crowding of vessels, the 
ROIs were not possible to locate near the disk rim. The measurement results 
were influenced by vessels size, location of the ROIs and presence of promi-
nent cilioretinal artery. 

 
Figure 3. Analysis of the concentration-time curves from FAI: red curves = 
arterial dye concentration; blue curves = venous dye concentration. A) Semiloga-
ritmic extrapolation of the downslope for determining MTTSLOPE as the difference 
between the centres of gravity of the arterial and venous dye curves. B) Measure-
ment of AVP10% using the 10% of maximum dye intensity; C) One frame from the 
fluorescein angiogram showing the areas (Regions of Interest, ROI) where the dye 
curves were recorded for the upper and lower temporal arterio – venous vessels; D) 
The complete dye curves are used for measurement of MTTIR; E) Relation between 
arterial concentration (red), impulse response (purple) and venous concentration = 
sum of impulse responses (blue) see Sperber & Alm (1997). 

Mean transit time 
In our material a method for measuring MTT was based on an impulse-
response approach, MTTIR, there the arterial concentration in each frame is 
regarded as a perfect square-wave impulse and resulting venous curve is the 
sum of the responses to a series of arterial square-wave impulses. Method 
was described in detail by Sperber and Alm (1997).  
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Arterio-venous passage time 
AVP is the difference in time between the first appearance of fluorescein in 
the artery close to the disc and its appearance in the nearby vein (Wolf et al. 
1989), and corresponds to the shortest passage time through a vascular seg-
ment. The time when the fluorescein concentration reached 10% of its 
maximum was used to define the first appearance of dye in the vessels in 
order to determine AVP (Tomic et al. 2001; Bjärnhall et al. 2002). 

Vessel diameter measurement 
Diameter measurements of one main temporal artery and corresponding vein 
were made from the angiograms using our own digital analysing system 
(G.Sperber). The observer determined the edges of the vessels from dye-
intensity histograms from pictures with maximal filling of the dye (Figure 
4). The dimensions of arteries end veins were expressed as pixels and 
changes in diameter as per cent changes from the baseline diameter. 

The same observer performed all the readings. The subjective moment is 
the choice of vessels and placement of the ROI. The ROI was placed on the 
same part of the vessels as used for analyzing MTTIR and it was located at 
the same place in the angiograms before and after the gas provocation ex-
periment or PRP. The edges of the vessels were determined from ten (SLO) 
or twelve (HRA) consecutive pictures, to take into account variations during 
the cardiac cycle. Vessel size was thus determined under two seconds and 
the mean value was calculated.  

 
Figure 4.  Determination of the vessel diameter 
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Gas provocation experiment 
In our study in healthy subjects four blue field entoptic simulations and four 
fluorescein angiographies were made in each participant, 84 measurements 
in all for each method. Subjects were studied while breathing pure oxygen 
from 100% O2 tank, and manually mixed room air with CO2 from a 100% 
CO2 tank. Before breathing each experimental gas a baseline measurement 
was made.  During each experiment a transcutaneous gas monitor (Tina; 
Radiometer, Copenhagen, Denmark) recorded blood gases and a gas ana-
lyser (Medical gas Analyser LB-2; Beckman, Fullerton, California, USA) 
recorded end-tidal pCO2 from expired air simultaneously and continuously. 
It was necessary to breath 100% O2 for approximately 15 minutes to stabilise 
transcutaneous pO2 and gas mixture with CO2 for approximately three min-
utes to reach 30% increment above individual baseline level in transcutane-
ous pCO2. Systemic arterial blood pressure and heart rate were measured 
before and after all procedures. 
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Statistics 

For statistical analysis of these studies, mean values and standard deviations 
were calculated. A sample data were compared with independent or paired t-
test. One-way ANOVA (analysis of variance) was used to compare the 
means of more than two independent samples. Correlation analyses between 
samples were performed using linear regression, multiple regression or 
analysis of covariance (ANCOVA) then needed. Statistica version 8.0 for PC 
(Statsoft Inc. Tulsa, OK, USA), R version 2.6.2 for PC (The R Project for 
Statistical Computing, Vienna, Austria) and SPSS version 16 for Mac (SPSS 
Inc, Chicago, Ill, USA) were used for statistical analyses. 
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Results 

Relationship between blood flow and transit times 
A weak correlation was found between RBF and MTTIR, but no useful corre-
lation was found between RBF and either MTTSLOPE or AVP. 

Effect of changes of blood gases on retinal circulation 
Breathing pure O2 caused a reduction in macular leukocyte velocity of about 
13%, but no change in MTTIR or AVP. There was a marked and highly sig-
nificant reduction in the diameter of temporal retinal arteries and veins.  

Breathing CO2 caused an increase in macular leukocyte velocity of 21%, 
but no significant changes in either MTT or AVP or retinal vessel diameters. 

Effect of diabetes mellitus on retinal circulation 
BFS showed a trend, although not significant, towards higher values with pro-
gression of DRP. MTTIR and AVP showed slightly shorter transit times in 
early diabetes and a tendency towards normal or higher values as the DRP 
progresses. A significant correlation within some groups with different levels 
of DRP was found between MTTIR and age and systolic BP. Multiple regres-
sion analyses showed that those differences are product of ageing, not of DRP 
progression. Additional ANCOVA analysis of BFS, MTTIR or AVP as func-
tions of the covariates systolic BP and DRP level showed that the values for 
MTTIR and AVP were significantly higher in eyes with PDRP compared with 
eyes without DRP, after compensation for systolic BP.  

Effect of panretinal photocoagulation on retinal circulation 
MTT was significantly reduced after PRP (p<0,05) but no significant differ-
ence was seen in either the macular leukocyte velocity or AVP. The group 
with PDRP showed increased leukocyte velocity in macular capillaries both 
before and after PRP compared to healthy subjects. The mean vessel diame-
ter was not significantly changed but in most patients both arterial and ve-
nous diameters were reduced after the treatment. 
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Discussion 

Methods  
Labelled microsphere 
The main advantage of the labelled microsphere technique is that it permits 
calculation of the blood flow through all ocular tissues. It has also been pos-
sible to measure blood flow without any previous surgical trauma to the eye 
and such flow values have been reported for anesthezied monkeys (Alm & 
Bill 1972, 1973a). Another advantage is that the technique has a good spatial 
resolution and permits regional blood flow measurements even within a tis-
sue, such as the retina or the choroid (see Figure 5). The major disadvantage 
with this method is obviously its traumatic nature and that only a limited 
number of measurements can be made in the same animal.  

 
Figure 5. Autoradiograph of a flat-mount choroid from the left eye of a healthy 
monkey eye displays maximal number of trapped microspheres (the black spots) in 
the submacular and peripapillary area (from Alm and Bill, 1973a). 
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Blue field simulation 
BFS is a non-invasive technique with good reproducibility. From our own 
experience we calculated power based on normal values from 31 individuals. 
We found that BFS is able to detect even modest changes in leukocyte veloc-
ity in the macular capillaries (Table 2). Thus, a 25% change in velocity can 
be observed with less than 10 subjects and a 25% difference between groups 
can be observed with 15 to 20 individuals in each group (unpublished data). 
One limitation often mentioned is that it is “subjective” and completely de-
pendent on the subject being investigated. Another limitation is that the 
technique may be difficult to perform. Some individuals consider comparing 
the entoptic image with the velocity of moving particles on a video screen 
very difficult. In the present study, however, no one of healthy participants 
but four patients with diabetes were unable to perform this task. The tech-
nique is also based on the assumption that the diameter of macular capillar-
ies is stable. It has been suggested that the contractile nature of the pericytes 
may be involved in changing vascular resistance by contracting capillaries in 
the retina (Anderson 1996), which might change the volume of the macular 
capillary bed. Still, this effect is probably small in vivo. Otherwise one 
would not expect that leukocyte velocity returned to baseline after an in-
crease in IOP, as demonstrated by Riva et al (1981). If capillary volume 
increased markedly unchanged flow would result in a reduction of velocity. 
Also, changes in flow through the macular capillaries may not mirror 
changes in total retinal blood flow in all situations. 

Table 2. Number of individuals needed to detect a difference of 10%, 25%, or 50% 
in leukocyte velocity between two different measurements in the same eye (A) or 
two groups of eye (B) at a 5% significance level with a power of 80%. Formula 
used: for A: n = 7.9*(SD/diff)*(SD/diff); SD = SD for difference; for B: n = 
2*7.9*(SD/diff)*(SD/diff); SD = pooled SD for measurement 
Difference A B 

 Right eye Left eye Right eye Left eye 

10% 36 56 88 109 

25% 6 9 14 17 

50% 1 2 4 4 
 

Unpublished data 
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Fluorescein angiography 
As FAI is the technique used clinically to evaluate the retinal circulation 
quantitative analysis of the angiograms can be made on clinical material 
without any further intervention to the patient. The main analysis used in the 
present study, MTTIR, has a major advantage by being rather insensitive to 
the shape of the dye curves, which permits analysis of most angiograms. In 
fact, in the present study all angiograms could be analysed. And, unlike 
AVP, MTTIR also reflects circulation through the peripheral parts of the ret-
ina. We have also found that MTTIR has a better reproducibility than either 
AVP or MTTSLOPE, the conventional analysis of MTT based on the slope of 
the downward curve before recirculation (see Table 3). The measured unit, 
MTT, is also a well defined physiological parameter. It reflects the renewal 
rate of blood in the tissue.  

Table 3. Number of individuals needed to detect a difference of 10%, 25%, or 50% 
between two different measurements in the same eye (A) or two groups of eye (B) at 
a 5% significance level with a power of 80%.  

 MTTIR MTTSLOPE AVP10% 

Difference A B A B A B 

10% 39 89 282 271 63 250 

25% 6 14 45 43 10 40 

50% 2 4 11 11 3 10 

From: Bjärnhall et al 2002: Analysis of mean retinal transit time from fluorescein angiography in human eyes: normal values and re-

producibility. Acta Ophthalmol Scand 80: 652-655. [Erratum in: Acta Ophthalmol Scand 2003 81: 99.] 

Transit time can then be regarded as a substitute, as blood flow determina-
tion also is, for gaining information on the metabolic situation for the tissue. 
Still, the situation of the retina is not ideal. The transit time through a tissue 
should be based on the dye curves of the artery entering the tissue and the 
vein leaving it. This is as a rule not possible for the retina since the central 
retinal artery and the central retinal vein cannot always be separated on the 
fluorescein angiogram. Also, the angioarchitecture of the retinal vascular bed 
shows great inter-individual variations. Cilioretinal arteries, branches of the 
posterior ciliary arteries, enter the retina at the periphery of the optic disc 
often on the temporal side. The size of those arteries varies, and thus their 
influence on the measured transit times. In some cases, in 20-30%, this ar-
tery can be large, or even the main artery of the retinal quadrant. Because 
cilioretinal artery fills earlier than retinal in FAI transit time is in such cases 
longer than the time of one common retinal arterio-vein pair. 
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Furthermore, as changes in MTT can be induced by either change in vas-
cular volume or in flow, similar changes in both can result in an unchanged 
MTT despite a change in flow, something we observed when healthy sub-
jects breathed increased levels of blood gases. 

Study I 
The study was performed in monkeys and the aim was to examine the rela-
tionship between MTT and RBF. Three measures of retinal transit times, 
MTTIR, MTTSLOPE and AVP, were determined from fluorescein angiograms 
and compared to RBF determined by the microsphere method. A weak and 
almost significant correlation was observed between RBF and MTTIR but not 
between RBF and either MTTSLOPE or AVP. It is obvious that results ob-
tained from analysis of fluorescein angiograms should be interpreted very 
cautiously in terms of blood flow. One would expect that changes in blood 
flow to some extent are reflected by inverse changes in transit time, but it 
should be clear that MTT is not a measure of blood flow. As a well-defined 
physiological parameter it should in itself be of interest in normal and dis-
eased eyes. The advantage of using the MTTIR over conventional technique 
was clear. The technique is objective, the variation is smaller, it is less de-
pendent on the shape of the curve, and it provides a possibility of analysing 
transit time from clinical angiograms. 

Study II 
The vasoconstrictive effect of oxygen is well established (Hickam et al. 
1959; Grunwald et al. 1984; Deutsch et al. 1983; Riva et al. 1983; Fallon et 
al. 1985; Pakola & Grunwald 1993), as well as the vasodilatatory effect of 
carbon dioxide (Alm & Bill 1972; Harino et al. 1995). In our study, BFS 
showed the expected changes in RBF, a reduction of macular leukocyte ve-
locity at high oxygen tension and an increase at increased carbon dioxide 
levels. These results strongly indicate that oxygen reduces RBF while carbon 
dioxide increases it. MTT was not significantly affected by either oxygen or 
a modest increase in carbon dioxide tension suggesting that a change in 
blood flow is followed by a similar change in the volume of the vascular 
bed. Such a change in vascular volume was seen for oxygen with a markedly 
significant effect on vessel diameter, but not for carbon dioxide. The vasodi-
latatory effect of carbon dioxide might have occurred in small resistance 
vessels, which are outside of detection levels of the technique. A stronger 
effect could be expected if hypercapnia was combined with hypoxia, but our 
aim was to evaluate the potential of a simple provocative test. We could 
conclude that increasing arterial oxygen tension is easy and that it could be 
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used as a provocation test for the retinal vascular bed in clinical research. 
Increasing arterial carbon dioxide tension on the other hand is difficult. MTT 
was not affected by either technique. The results showed that the BFS tech-
nique can be used for a provocation test with either hyperoxia or hypercap-
nia, but for hyperoxia measuring vessel diameter is in fact simple and effec-
tive. 

Study III 
Previous work in eyes of patients with diabetes has demonstrated de-

creased as well as increased RBF. Factors such as duration of diabetes, blood 
glucose control or level of the retinopathy might be important (Blair et 
al.1982; Fallon et al. 1986;Grunwald et al. 1986; Rimmer et al.1989; Arend 
et al. 1991; Sinclair et al. 1991; Grunwald et al 1992; Patel et al. 1992; Feke 
et al. 1994). In order to find out more about the retinal circulation in eyes of 
patients with diabetes we combined different techniques in eyes with differ-
ent levels of DRP.  

We found no significant differences for leukocyte velocity between pa-
tients with different levels of DRP. A slightly higher leukocyte velocity and 
shorter AVP was noted for eyes of all 53 studied patients with diabetes com-
pared to normal eyes. We found that MTTIR and AVP were significantly 
higher in eyes with PDRP compared to eyes without DRP, while eyes with-
out PDRP had transit times, as well as leukocyte velocity values, within the 
normal range.  

Recent studies (Gilmore et al. 2007, 2008; Lorenzi et al. 2008) confirmed 
the main observation of the present study, that there is no or only minor ef-
fects on the retinal circulation in patients with diabetes without prolifera-
tions.  

In conclusion we found that the retinal circulation, as evaluated by retinal 
transit times, is essentially normal in eyes with no or at most moderate dia-
betic retinopathy but increased in eyes with PDRP. The changes in eyes 
without PDRP were small and support the conclusion that with modern 
treatment of diabetes mellitus the influence of the disease on the retinal cir-
culation are limited until PDRP develop. 

Study IV 
In previous study we found that velocity of retinal blood was essentially 
normal in eyes with no or at most moderate diabetic retinopathy but MTT 
and AVP, increased in eyes with PDRP. Leukocyte velocity was within 
normal range as well in PDRP.  
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Even the result of laser photocoagulation is permanently destroyed retinal 
tissue that is now days the only and a highly efficient treatment in preventing 
visual loss due to PDRP. 

Reduced vessel diameter and retinal blood flow after PRP were deter-
mined with various indirect techniques. Feke et al. (1982) determined de-
creased vascular diameters and flow pulsatility by LDV before and 1-2 
months after PRP in 13 diabetic patients. Reduced arterial and venous di-
ameters, after PRP, were also reported by Wilson et al (1988) Using BFS 
Fallon et al (1986) found normal values in PDRP (0.56 mm/s) but found that 
PRP reduced leukocyte velocity by about 25% (to 0.42 mm/s). Grunwald et 
al (1986) measured RBF in a vein with LDV and found normal values in 
eyes of patients with diabetes except that PRP significantly reduced blood 
flow in PDRP. Oswald et al (1985) using two-point fluorophotometry also 
found reduced blood flow (>50%) after PRP in type I and type II diabetics.  

In our study PRP has an effect on retinal circulation in a group of patients 
with PDRP. MTT was significantly “improved” but there was no effect of 
PRP on AVP or leukocyte velocity. What can probably be explained by fact 
that AVP and leukocyte velocity mainly are determined by central retinal 
blood flow, which obviously was left untreated. 

MTT is the ratio volume/flow. There was a tendency towards reduction of 
the vessel diameter. It was not significant for the whole group but evident 
when percentage change in vessel diameter after PRP was calculated for 
each vessel. Thus part of the reduction in MTT is likely to be due to a 
change in vascular volume. We conclude that the main effect of PRP on the 
retinal vascular bed is a reduction of vascular volume because no significant 
effect of PRP on BFS or AVP was seen. 
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Conclusion 

Each of the circulation parameter used quantifies some aspect of retinal 
blood flow. It is not possible to interpret the meaning of any single circula-
tion parameter on total retinal blood flow. We examined how transit times, 
leukocyte velocity and vessel diameter together reflect the retinal circulation. 
We found a weak correlation between MTTIR and RBF determined with the 
labelled microsphere technique in monkeys.  

We found that combining transit time, leukocyte velocity and vessel di-
ameter measurements were useful for studies on the retinal circulation in 
human eyes.  

Changes in blood gases had no effect on MTT, but both leukocyte veloc-
ity and vessel diameter were affected. We conclude that unchanged transit 
time through the retinal vascular bed was not caused by the lack of influence 
of the gas provocation, but a result of concomitant changes in volume and 
flow. 

In clinical studies on eyes with diabetes mellitus MTTIR was more sensiti-
tive then conventional analysis of angiograms or determination of macular 
leukocyte velocity for detecting changes in the retinal circulation. It was 
relatively unaffected until PDRP developed. In eyes with PDRP both MTTIR 
and AVP were increased. After PRP treatment MTTIR normalised and vessel 
diameters decreased in the most of the treated eyes. We conclude that in-
creased blood volume is a likely explanation for changes in MTTIR in eyes 
with PDRP. 
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Sammanfattning på svenska 

Blodflödet i näthinnan anses vara påverkat vid flera vanliga synhotade ögon-
sjukdomar inklusive näthinneförändringar vid diabetes, diabetesretinopati 
(DRP). Det finns en lång rad studier men ingen enighet om hur och när sjuk-
domen inverkar på näthinnans genomblödning. 

Det finns ingen kliniskt användbar teknik för att mäta näthinnans genom-
blödning. Huvuddelen av den information vi har om normala värden, och 
fysiologisk reglering, av näthinnans genomblödning har erhållits genom 
studier på försöksdjur, i första hand med hjälp av radioaktivt märkta mikro-
sfärer.   

I kliniska studier har olika indirekta metoder använts som mäter hastighet 
av blodceller eller plasma, det senare genom att injicera ett färgämne, i första 
hand natrium fluorescein, och registrera dess passage genom näthinnans 
kärlbädd med en ögonbottenkamera. 

I våra studier har vi använt två olika tekniker, blue field simulation teknik 
(BFS) and fluorescein angiografi (FAI). Vi undersökte hur de tillsammans 
speglar den retinala cirkulationen. 

BFS mäter leukocyternas hastighet i de minsta kärlen, kapillärerna, i nät-
hinnans mest centrala del, makula. Hastigheten av leukocyter kan ses som ett 
mått på kapillärernas genomblödning. Tekniken bygger på förutsättningarna 
att dessa kapillärer har en konstant diameter och att flödet genom de makulä-
ra kapillärerna är representativt för resten av näthinnan. 

Från bilder samlade under angiografin, 6 bilder per sekund, har vi mätt 
transittider, mean transit time (MTT) and arterio-venous passage time (AVP) 
från tid-intensitets kurvor och kärldiameter i näthinnans stora kärl. MTT är 
en väl definierad fysiologisk parameter, kärlbäddens volym delad med blod-
flödet genom kärlbädden. Den uttrycks i sekunder och motsvarar den ge-
nomsnittstid som fluorescein molekyler tillbringar i näthinnans kärlbädd 
eller den tid som behövs för att blod i kärlbädden förnyas. AVP är skillnaden 
i tiden mellan den första inträde av fluorescein i en artär och en närliggande 
ven. Kärldiameter mäter vi med hjälp av ljus-intensitet histogrammet från 
FAI. 

Impuls response (IR) tekniken för beräkning av MTT är skapat och ut-
vecklad på vår institution för att kringgå problematiken med konventionella 
metoder, MTTSLOPE and AVP. Vid konventionell analys av kurvorna ger den 
tidiga recirkulationen ofta problem som gör att analysen ofta inte kan 
genomföras på mindre väl definierade tid-intensitets kurvor, något som ofta 
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ses i kliniska angiogram. AVP är en grov parameter som visar den kortaste 
vägen genom kärlbädden. IR är en objektiv teknik, oberoende av kurvans 
utseende och gör det möjligt att analysera även angiogram där andra tekniker 
inte kunnat användas. 

I första studien jämförde vi vår nya teknik, MTTIR och två konventionel-
la analystekniker, MTTSLOPE och AVP, med RBF mätt med radioaktivt märk-
ta mikrosfärer på apor. Vi fann en svag korrelation mellan MTTIR och RBF 
som dock inte var statistiskt signifikant. MTT beräknad med IR tekniken var 
emellertid bättre korrelerad med RBF än AVP och MTTSLOPE.  

I den andra studien undersökte vi den retinala kärlbäddens reaktion på 
väldefinierade fysiologiska stimuli: syrgas och koldioxid andning hos 22 
friska personer. Syrgasandning gav en statistiskt signifikant reduktion av 
leukocyternas hastighet medan MTT inte ändrades. Syrgasandning gav också 
upphov till en signifikant reduktion av kärldiametern för både artärer och 
vener. Koldioxidandning gav den förväntade effekten på maculärt blodflöde, 
en ökning av leukocyternas hastighet men MTT påverkades inte signifikant. 
Till skillnad från syrgas, gav koldioxid ingen effekt på näthinnekärlens dia-
meter. En vidgning av mindre kärl kan emellertid inte uteslutas.  Resultaten 
kan förklaras av en samtidig och lika stor ändring av blodflöde och kärlbäd-
dens volym.  

I den tredje studien undersökte vi patienter med diabetes med och utan 
retinopati av olika grad: lindrig, måttlig eller proliferativ. Vid diabetes kan 
näthinnans cirkulation påverkas som en följd av den retinopati som utvecklas 
och vi ville se hur sjukdomsförloppet påverkar näthinnans cirkulation. Vi 
fann en ändring av MTT och AVP, men inte BFS, först när proliferationer 
började utvecklas. 

I den fjärde studien undersökte vi effekten av panretinal fotokoagulation 
(PRP) i patienter med proliferativ retinopati. Vi fann en signifikant “förbätt-
ring” av MTT, men ingen säker effekt på BFS eller AVP. Det senare kan 
bero på att BFS and AVP mer speglar genomblödning i den centrala näthin-
nan som inte fotokoaguleras. Vi fann också en klar tendens till smalare kärl, 
inte signifikant för hela gruppen men tydlig för många individer när vi testa-
de var och en före och efter PRP. Resultaten talar för att det sker en reduk-
tion av kärlbäddens volym vilket åtminstone delvis kan förklara reduktionen 
av MTT, även om en flödesminskning kan bidra. 

Slutsats. Den i dessa studier använda metoder för att analysera transitti-
derna för blodflödet genom näthinnans kärlbädd har visat sig vara bättre än 
tidigare använda konventionella analystekniker, både vad avser relation till 
genomblödningens storlek, möjlighet att analysera kliniska angiogram, och 
förmåga att bestämma små ändringar i näthinnans cirkulation. Då tekniken 
inte skiljer på blodflöde och kärlbäddsvolym har det visat sig vara värdefullt 
för tolkningen av resultaten att kombinera denna med BFS och bestämning 
av näthinnans kärldiametrar. I de kliniska studierna på diabetes har MTT 
visat sig vara den teknik som haft störst förutsättning att spegla förändringar 



 34 

i näthinnans cirkulation. Den är relativt opåverkad ända till dess att prolifera-
tioner utvecklas. Förändringen i MTT går tillbaka efter PRP, samtidigt som 
kärldiametern avtar hos de flesta talande för att bildning av nya kärl i kom-
bination av en vidgning av näthinnekärlen är en stor del av förklaringen till 
ändringen i MTT vid proliferativ retinopati. 
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