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Abstract

The purpose of this thesis was to determine whether perimetry using a new model
to interpret deterioration or improvement in the visual field can be employed to
assess change in visual function over time in diabetes.

Diabetic retinopathy has long been considered a microvascular disease, but it is
still a matter of debate to what extent diabetes also affects retinal neurons. Visual
acuity is routinely tested to evaluate visual function in diabetes, but can vary for
no obvious reasons and even be normal despite severe vessel abnormalities, and
hence less useful for early detection of visual impairment. Until now, no measure
has proven to be suitable for identifying early changes in retinal function in
diabetes.

Two cohorts were investigated. The first cohort comprised 55 diabetic patients
with various degrees of diabetic retinopathy. Using a cross-sectional design, we
studied how refraction and visual acuity varied in patients under routine care
(Study I), and we assessed limits for significant change in visual fields by use of
standard automated perimetry (SAP) and short-wavelength automated perimetry
(SWAP) based on short-term test—retest variability (Study II). The second cohort
consisted of 81 diabetic subjects with no or mild/moderate diabetic retinopathy.
We applied a longitudinal prospective design to explore the correlation between
functional change and progression of microvascular abnormalities (Study III), and
examined the usefulness of SAP with our limits of significant change for detecting
early retinal dysfunction over 3—5 years (Study IV).

In Study I, we demonstrated that refraction was stable in most eyes, and
assessments of visual acuity were highly reproducible despite substantial
fluctuations in blood glucose levels. In Study II, we defined limits of significant
change for SAP and SWAP for diabetic subjects. In Study III, we used the defined
limits for change to monitor visual function in diabetes by SAP. After 18 months
of follow-up, deterioration was common but improvement was rare, and
deteriorated fields were reproducible despite an unchanged degree of retinopathy.
In Study IV, up to five years of follow-up, confirmed visual field deterioration in
eyes without any retinopathy or with stable mild/moderate retinopathy.

Standard automated perimetry with our new model for detecting change can
successfully determine early retinal dysfunction over time in diabetes, which can
represent early signs and progression of retinal neurodegeneration.
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Introduction

This thesis demonstrates how we applied a new perimetric model for detecting
change in visual function in patients with diabetes. With this model we describe
visual dysfunction over time in eyes without as well as with stable mild/moderate
retinopathy, as shown by data obtained in a longitudinal study comprising up to
five years of follow-up.

Diabetic retinopathy

One of the most feared complications of diabetes is visual impairment caused by
vascular abnormalities, i.e. diabetic retinopathy.' Microaneurysms constitute the
first morphological sign of such retinopathy, and later signs include leakage,
retinal hemorrhages, and eventually formation of new vessels (proliferative
retinopathy; Figure 1), vitreous hemorrhages, fibrous tissue, and retinal
detachment. Diabetic retinopathy affects vision when leakage involves the center
of the fovea, or when the retinopathy has become proliferative. Microvascular
abnormalities can be seen at any location in the retina but can be more common in
the temporal part.”* Diabetic retinopathy is graded in predefined levels associated
with increasing risk of progression to proliferative retinopathy.*’ According to an
international severity scale used in clinical practice, diabetic retinopathy is graded
as follows: not present, mild (microaneurysms only), moderate to severe non-
proliferative (severe intraretinal hemorrhages in four quadrants, venous beading in
at least two quadrants or intraretinal microvascular abnormalities), or
proliferative.” The gold standard for monitoring diabetic retinopathy in clinical
research is the more detailed Early Treatment Diabetic Retinopathy Study
(ETDRS) final severity scale.’

Considering diabetic subjects throughout the world in the 21st century, the overall
prevalence of diabetic retinopathy (defined as the presence of any microvascular
abnormalities) has been estimated to 26.8% in Norway,® 28.5% in the United
States,” 43.1% in China,'’ and 17.6% among individuals with type 2 diabetes in
India."" The major risk factors for progression of retinopathy are long duration of
diabetes and poor control of glycemia and blood pressure.'>"” The prevalence of
vision-threatening diabetic retinopathy ranges from 4.4%° to 6.3%.'" Notably, the
number of diabetic subjects in the world is expected to increase from 382 million
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Figure 1. Fundus photographs showing the devastating course of diabetic retinopathy
over four years in a young woman with type 1 diabetes. (Top) In 2009, this subject was 22
years old and had had diabetes for 13 years; her glycated hemoglobin A1c was 126
mmol/mol and blood pressure 155/105, and she showed no signs of diabetic retinopathy.
(Middle) Three years later (in 2012), retinopathy was moderate, and microaneurysms
(arrow in left image) and hemorrhages (arrow in right image) were present. (Bottom) One
year after that (in 2013), she had developed severe proliferative diabetic retinopathy, and
new vessels were present at the superior temporal vascular arcade and at the papilla
(arrows in the left and right images, respectively).



in 2013 to 592 million in 2035, and diabetic retinopathy is still one of the most
common causes of blindness.'” Visual functional loss in diabetes is routinely
assessed by visual acuity measurements. However, visual acuity does not correlate
well with the degree of retinopathy during earlier stages of this condition, and it
can be normal despite severe diabetic retinopathy. A number of cross-sectional
studies using functional measures other than visual acuity have proposed that
visual dysfunction due to diabetic retinopathy can arise even before retinal
vascular lesions are present. Nevertheless, longitudinal studies have not yet
provided evidence that any particular functional test is useful for detecting early
visual dysfunction in diabetes.

Functional tests potentially useful in diabetes

Perimetry

Perimetry measures light sensitivity at different locations in the visual field, and it
has been proposed that this method can serve as a useful functional test in patients
with diabetes. Modern perimetry performed to assess visual function entails
automated static threshold tests, which are computerized tests applying a visual
stimulus at pre-specified locations throughout the visual field. At each location the
threshold is determined by the dimmest stimulus that is seen. Different types of
perimetry defined by stimulus and background illumination have been used to
evaluate visual function in diabetic subjects.

SAP

Standard automated perimetry (SAP) is the most widely used type of perimetry
worldwide. This method assesses discrimination of a white stimulus on a white
background, called differential light sensitivity. Thresholds reflecting retinal
sensitivity are determined at predefined test locations within the central 30° on a
background illumination of 31.5 apostilbs (asb). The stimulus is a Goldman size
IIT object, representing a stimulus size of 0.43°. Perimeters to assess SAP provides
a number of features to aid interpretation of the results, such as the following:
threshold values corrected for deviations from age; p-values for being outside
normal limits, which are displayed in maps showing the location of the visual field
defect."> "

Visual dysfunction in diabetes assessed by SAP has been correlated with the
presence and/or degree of diabetic retinopathy. Cross-sectional studies have shown
that using SAP to evaluate visual function indicates worse dysfunction in eyes
with more severe than in those with less severe diabetic retinopathy,”** and this
also applies to levels of severity of retinopathy according to the ETDRS final
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severity scale.” It has been proposed that early visual dysfunction in diabetes can
be assessed by SAP, but the results in the literature are inconsistent. Some cross-
sectional studies have found reduced retinal sensitivities in diabetic eyes compared
to healthy controls,” ** *” whereas others have not.** ** One longitudinal study
suggested that SAP could predict the development of diabetic retinopathy,”, but
only baseline functional data were reported by the authors. Results are lacking
with regard to whether functional change over time can be assessed by SAP in
diabetes.

Microperimetry

Microperimetry, also called fundus-related perimetry, has been used to test
differential light sensitivity and uses eye tracking based on fundus imaging. The
stimulus employed most often is a white Goldman size III object on a white
background. The examination time is longer than for SAP™.

Microperimetry in diabetic patients is used mainly in studies of macular edema.’"”
* Furthermore, it has been reported that retinal sensitivity decreases with
increasing degree of retinopathy®, but it is not yet clear whether this method is
useful for detecting early retinal dysfunction. Three cross-sectional studies have
compared retinal sensitivity in diabetic patients without retinal vascular lesions
and non-diabetic controls: one of those investigations found retinal sensitivity to
be similar in the two groups,’” and the other two detected lower retinal sensitivity
in the diabetic subjects.’® *® The study which found similar sensitivities,”’ included
more diabetic subjects without retinopathy, n=70, compared to the other two
studies,” ** n=40 and n=39 respectively. The literature offers no longitudinal
functional data obtained by microperimetry to evaluate its usefulness for detection
of early visual dysfunction in diabetes.

Microperimetry can assess only smaller parts of the visual field, and the stimulus
used has a shorter dynamic range, resulting in a ceiling effect. To some extent, this
issue has been addressed in microperimeters that were introduced more recently.™
“ One instrument provides 0.25 asb in brightness of the dimmest stimulus on a
background illumination of 4 asb. Another microperimeter offers 3.93 asb in
brightness of the dimmest stimulus but with the same background illumination as
used in SAP (i.e., 31.5 asb); this can be compared with the dimmest stimulus in
the above-mentioned SAP assessment, which is 0.08 asb.

SWAP

Short-wavelength automated perimetry (SWAP) uses a blue Goldman size V
(1.72°) stimulus on an intense yellow background with illumination of 100 asb.
Presentations of thresholds and perimetric indices in SWAP are similar to those in
SAP. Also, the range in brightness of SWAP stimulus is the same as for SAP but
the effective dynamic range is somewhat shorter because of the brighter
background illumination. The purpose of using a blue on yellow perimeter is to
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test a specific subpopulation of retinal ganglion cells, which theoretically should
improve sensitivity.

Visual dysfunction assessed by SWAP worsens with increasing degree of
retinopathy according to the ETDRS final severity scale.” It is unclear whether
SWAP sensitivity is lower in diabetic subjects without diabetic retinopathy than in
non-diabetic subjects. Some researchers have reported a slight reduction in
SWAP,” * whereas others have found SWAP sensitivity to be similar compared
to controls.” ™ It has been suggested that functional loss can be detected earlier by
SWAP than by SAP.** * So far, no longitudinal studies have been performed to
establish the usefulness of SWAP in diabetes.

Perimetry based on frequency-doubling technology

Frequency-doubling technology (FDT) uses a stimulus consisting of light and dark
bars that flicker at a high frequency to create the illusion of there being twice as
many bars. The purpose of using FDT is to test a specific subpopulation of retinal
ganglion cells, which theoretically should improve sensitivity.

Reduced sensitivity assessed by FDT has been associated with diabetic
retinopathy,” ** but there is conflicting reports whether FDT can detect visual
dysfunction in diabetic eyes before diabetic vascular lesions occur. In diabetic
subjects threshold sensitivity was reduced and the pattern standard deviation
(PSD), reflecting irregulatiries in the visual field, was increased using the 10°
stimulus,* *° but results obtained with a 5° stimulus are inconsistent.”* *” Thus,
even though the smaller stimulus may enhance localization of visual field defects,
it is not certain that it can enable early detection. Longitudinal studies to evaluate
the usefulness of FDT to assess early functional change in diabetes have not yet
been performed.

ERG

The electroretinogram (ERG) measures the electrical response of the retina to
various visual stimuli, and a variety of parameters can be recorded. Here, visual
function assessed by ERG in diabetes is presented according to the major
subgroups classified by stimuli*’: (1) full-field ERG; (2) pattern ERG; (3) focal
and multifocal ERG.

Abnormal ERG responses associated with severity of diabetic retinopathy have
been assessed using all three major ERG subgroups. There are several reports of
reduced oscillatory potentials being correlated with severity of retinopathy when
using full-field ERG,*>* and abnormal responses have been observed when using
pattern ERG™ ** and multifocal ERG.> Also, all three ERG subgroups have been
used to evaluate impaired responses in diabetic eyes without retinopathy compared
with non-diabetic eyes’*”’. Reduced responses shown by full-field ERG have been

8



reported to predict proliferative retinopathy™ for up to 6-8 years’', and onset of
diabetic retinopathy within one year has been predicted by multifocal ERG.”
Longitudinal studies using ERG are rare. Two investigations examined ERG
responses in type 1 diabetic patients receiving intensified antiglycemic treatment:
one of these studies revealed improved ERG responses over one year in 30
patients,”” whereas the other found no such change over three years in 45
patients.’ Only one longitudinal study has examined early functional change in
diabetic subjects, and it showed decreased ERG response in 21 type 1 diabetic
patients over three years.”” Thus the usefulness of ERG for early detection of
change in visual function has not yet been established.

Color vision tests

Color vision tests assess the ability to discriminate light with different spectral
properties. Deficient color vision has been correlated with severity of
retinopathy,”®> and it has also been observed that color vision is impaired in
diabetic subjects without retinopathy compared to healthy controls.®*® Color
vision has been reported to predict diabetic retinopathy,” but testing color vision
for this purpose may be less useful in younger patients.” Longitudinal data on
change in color vision have only been obtained in patients with type 1 diabetes,
and the results have been inconsistent. Two longitudinal studies noted that
impairment of color vision developed over time in seven and 10 subjects,
respectively,” 7' whereas two other investigations found stable color vision in 10
and 37 subjects, respectively.”” > Longitudinal studies are lacking, and thus far
there is no evidence that any color vision test can be useful for evaluation of
diabetic retinal damage.” In relation to the description of SWAP presented above,
it can be mentioned that a more pronounced loss of sensitivity to short
wavelengths (blue light) has been noted in assessments of color vision in diabetic

63, 69, 74-76
eyes.”” "

Contrast sensitivity tests

Contrast sensitivity is tested by quantifying the amount of contrast that is
necessary for an object to be detected at different spatial frequencies. Contrast
sensitivity has been associated with severity of diabetic retinopathy,”™ and it has
been found to be similar in diabetic patients and healthy controls,”* *” " although
reduced contrast sensitivity has also been observed in individuals with diabetes
and no retinopathy.”” **** One four-year longitudinal study of 37 type 1 diabetic
patients detected a reduction in contrast sensitivity over time in subjects with no
retinopathy”’. Another two-year longitudinal study describe an improvement in
contrast sensitivity over time in a subgroup of 30 type 1 diabetic subjects with
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improved glycemic control with mild/moderate retinopathy but detected no
changes in eyes with no or severe/proliferative retinopathy.

Nyctometry

Nyctometry, also called macular recovery, is used to assess visual acuity over time
at low background illumination after exposure to bright light. In diabetes,
nyctometry has been correlated with severity of retinopathy.*® Whether macular
recovery is reduced in eyes without retinopathy is still a matter of debate, ™ ** *> %
and it remains unclear whether this method can predict development of
retinpathy.® *> ® Macular recovery over time has been reported both to be
reduced®*” and to be improved®’ in diabetic subjects. A new device for evaluating
macular recovery has recently been introduced, but it does not seem to be suitable
for detecting early retinal functional change.”

Diabetic retinopathy is conventionally considered to be a microvascular disease,
but inasmuch as the retina is not a vascular tissue but rather a neuronal tissue with
a vascular supply, it would be interesting to investigate the effects of diabetes on
the retina from a functional point of view. Until now, it has not been possible to
monitor retinal function over time in diabetes.

Our work started with construction of a tailored analysis for interpretation of
perimetric change in diabetic eyes and continued with a longitudinal evaluation of
our model. We also investigated how visual acuity, the most widely used
functional measure to date, can be reliably assessed in diabetic patients.

10



Aims

The general aim of the present research was to develop and test a new model for
assessment of change in visual function in diabetes over time.

The specific aims of the four studies were as follows:

IL

II1.

To investigate how refraction and visual acuity varies in diabetic patients
under routine care.

To assess limits for significant improvement or deterioration of visual
fields in diabetic patients based on short-term test-retest variability in
subjects with different degrees of retinopathy.

To present a study protocol and 18-month interim results from an ongoing
longitudinal study of the correlation between functional and structural
change in diabetic eyes.

To demonstrate the usefulness of SAP with our limits of significant
change for detecting early retinal dysfunction over 3—5 years in patients
with diabetes.

11



Methods

Study design

The present research comprised four studies on two different cohorts of diabetic
subjects, and one eye per patient was assessed in both cohorts. The first and
second studies (designated I and II) used a cross-sectional approach. Fifty-five
diabetic subjects attending the Department of Ophthalmology, Skane University
Hospital, Malmo, Sweden, and had various degrees of retinopathy according to the
ETDRS scale’ were recruited and scheduled for five visits within one month,
assuming that no important change in the diabetic retinopathy affecting visual
function would occur during that period. At the first visit, all the subjects
performed a perimetric training session and underwent fundus photography and
blood sampling for assessment of HbAlc. At each subsequent visit, best-corrected
visual acuity was measured, SAP and SWAP were performed, and sampling was
done to assess blood glucose. Out of the 55 recruited patients; two were excluded
because they did not complete all visits and three due to unreliable perimetry. In
all, 53 patients were included in Study I evaluating refraction and visual acuity,
and 50 participated in Study II concerning assessment of limits for visual field
change.

The third and fourth studies (designated III and IV) used a longitudinal and
prospective approach. Eighty-one diabetic subjects attending the Department of
Ophthalmology, County Council of Vidrmland, Karlstad, Sweden, were
consecutively recruited regardless of degree of retinopathy. All these subjects
performed a training session to avoid perimetric learning and were subsequently
scheduled for a baseline visit. Thereafter, they were scheduled for visits every six
months for three years and then annually until five years from the baseline visit.
Visual acuity, SAP, fundus photography, and HbAlc levels were assessed at each
visit. Follow-up was completed for 18 months by 76 patients (94%; Study III) and
for at least 36 months by 74 (91%; Study IV).

In all four studies, patients with any of the following were excluded: (a) any
disease other than diabetes likely to affect the visual field; (b) non-gradable
photographs; (c) previous laser treatment or any other local treatment for diabetic
retinopathy; (d) inability to perform a reliable visual field, which was defined as
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having > 15% false-positive answers. Patients in need of laser treatment were also
excluded from Studies Il and IV.

Characteristics of the patients included in the cross-sectional and longitudinal
studies are presented in Table 1, ETDRS levels are given in Figure 2, and reasons
for drop-out from the longitudinal studies are shown in Figure 3. The studies were
approved by the Regional Ethical Review Board of Lund University, Sweden, and
were performed in accordance with the tenets of the Declaration of Helsinki. All
participants gave written informed consent.

Table 1. Patient characteristics

Characteristic Studies Iarjd Il Studigs I!I and IV
(cross-sectional)  (longitudinal)

Female, n (%) 23 (42%) 30 (37%)
Male, n (%) 32 (58%) 51 (63%)
Age (years) 54 £ 12 57 + 11

Age at onset of diabetes (years) 36 +17 44 + 15
Diabetes duration (years) 18 + 11 13+12
Glycated hemoglobin, HbA1¢c (mmol/mol) 66 + 16 60+ 12
Insulin treatment only, n (%) 30 (54%) 33 (41%)
Insulin and oral hypoglycemic agent, n (%) 8 (15%) 15 (18%)
Oral hypoglycemic agent only, n (%) 16 (29%) 24 (30%)

No pharmacological treatment, n (%) 1 (2%) 9 (11%)
Antihypertensive medication, n (%) 31 (56%) 42 (52%)
Systolic blood pressure (mmHg) 145 + 24 133 £ 16
Diastolic blood pressure (mmHg) 83+ 11 78 £ 11
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Figure 2. Degree of diabetic retinopathy according to the Early Treatment Diabetic
Retinopathy Study ETDRS final severity scale. The cohort in the cross-sectional studies (I
and |l) represented various levels of diabetic retinopathy ranging from no (level 10) to
proliferative (= level 61). The cohort in the longitudinal studies (lll and IV) represented
diabetic retinopathy ranging from no (level 10) to moderate (levels 35 and 43).
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Figure 3. Numbers of subjects and reasons for drop-out in the longitudinal studies (lll and
V).

Visual acuity

Best-corrected visual acuity was tested using ETDRS charts™ after refraction
measured by an autorefractor (Automatic Refractor 595, Carl Zeiss Meditec Inc.,
Dublin, CA, USA in Studies I and II; KR-8100P Topcon, Tokyo, Japan, in Studies
III and IV) followed by manual adjustment. At follow-up visits, manual refraction
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was performed only if the autorefractor revealed any change in sphere or cylinder
> (.25 D. Visual acuity was expressed in logMAR scores based on the number of
correctly read letters.

Perimetry

Visual fields were tested by SAP and SWAP using a Humphrey Field Analyzer
model 750 (Carl Zeiss Meditec Inc., Dublin, CA, USA) and the SITA Standard
24-2 and SITA SWAP 24-2 test strategies. The 24-2 test pattern includes 54 test
locations, two of which are in the area of the blind spot within the central 24° of
the visual field. The test locations are fixed in a grid covering the central retina,
with a distance of 6° between test points (Figure 4).

Figure 4. Stimulus location of the 24-2 pattern used in standard automated perimetry (SAP)
superimposed on a fundus image.

16



The following conventional perimetric indices were used: (a) mean deviation
(MD), which is the summary index of the visual field and shows the global
deviation from the age-corrected normal field in dB, and an MD value of
approximately 0 dB represents a normal visual field and approximately —30 dB a
perimetrically blind eye; (b) deviation from age-corrected threshold values at each
test point that displays defect depth in dB.”"

Fundus photography and grading of diabetic retinopathy

After dilatation of the pupil, stereo fundus color slides of seven photographed 35°
fields” (TRC 50 IX; Topcon, Tokyo, Japan) were obtained. Diabetic retinopathy
was graded according to the ETDRS final severity scale’, and progression of
diabetic retinopathy was defined as a two-step change in the study eye. The
grading procedure was blinded to patient characteristics and outcome of functional
tests, and in Studies III and IV also to visit number.

Blood measurements

Capillary blood glucose levels were determined using a Hemocue Glucose 201+
Analyzer (Hemocue AB, Angelholm, Sweden) and expressed as mmol/l. Glycated
hemoglobin Alc (HbAlc) was analyzed by high-performance liquid
chromatography (HPLC) using the Variant Il Hemoglobin Alc program (BioRad,
Hercules, California, USA) or a TOSOH G8 analyzer (Medinor, Tokyo, Japan),
normal range 27-42 and 31-46 mmol/mol for individuals <50 and >50 years,
respectively. The HbAlc values were presented as follows: according to the
Mono-S method (%) in Studies I and II; as Mono-S (%) and International
Federation of Clinical Chemistry and Laboratory Medicine (IFCC) units
(mmol/mol)” in Study III; as IFCC units (mmol/mol) and according to the
National Glycohemoglobin Standardization Program (NGSP) (%) in Study IV.
Mono-S values were converted to [FCC units using the converter provided by the
Swedish Society for Clinical Chemistry (www.HbAlc.nu) and from IFCC to
NGSP using the converter available from the NGSP (www.ngsp.org/convert1.asp).
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Analyses

Studies I and 11

Individual variations in spherical equivalent, visual acuity, and blood glucose
fluctuations were expressed as the range between the highest and lowest value. In
addition, variability of visual acuity was expressed as individual standard
deviation. Visual field random test—retest variability for all test points except the
two located in the blind spot area was calculated as the mean of all possible
differences between the four measurements. We also analyzed how test-retest
variability was affected by the global MD value, test point location, deviation from
age-corrected threshold values, and blood glucose fluctuations. By taking into
account the factors that were found to have a significant impact on the variability,
we were able to define empirical significance for evaluating change.

Studies III and IV

In each follow-up visual field, test points exceeding the change limits defined in
Study II were flagged as deteriorated or improved compared to the baseline visual
field. In Study III, the first visual field obtained after the training session formed
the baseline. In Study IV, the baseline consisted of the mean of the first and the
second tests performed after the training session. A probable visual field change
was defined as > 5 deteriorated or improved test points, and a likely change was
designated as >5 deteriorated or improved test points in at least the two latest
consecutive tests. To confirm the results provided by the empirically derived limits
for change, we applied a second approach in Study IV: pointwise linear regression
analysis of the age-corrected threshold values over time. Eyes were considered to
have changed if >5 test points showed significant regression slopes. Kappa
statistics was applied to compare visual field change identified by our change
maps and by linear regression analysis.
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Results

Refraction and visual acuity

In Study I, we found that refraction was stable in most eyes, and assessments of
visual acuity were highly reproducible despite substantial blood glucose
fluctuations.

Mean spherical equivalent and visual acuity were —0.10 D (Min; Max: -4.13; 4.75)
and —0.03 logMAR (0.50; —0.22), respectively. Refraction was completely stable
in 43 of 53 eyes, and the mean range was 0.40 D (0.13; 0.87) in the remaining ten
eyes. Visual acuity was completely stable in two eyes. The mean range of visual
acuity was 0.08 logMAR (0.00; 0.22), equivalent to four letters (0; 11). Variability
of visual acuity expressed as standard deviations was mean 0.04 logMAR. The
median blood glucose fluctuation was 6.3 mmol/l (max. 18.1 mmol/l), and there
was no association between change in refraction or visual acuity and blood
glucose fluctuations.

Limits for visual field change

In study II, we defined limits for SAP and SWAP change for diabetic subjects
based on the random test—retest variability results. SAP showed less variability
than SWAP. Three factors affected the test—retest variability: the global MD value,
the test point location, and the defect depth (i.e., the deviation from the normal
age-corrected threshold value).

The MD values decreased with a higher degree of retinopathy, and the number of
points with significant defect depth increased. Mean Deviation for SAP and
SWAP were median —0.90 dB (-11.97; 1.78) and —2.46 dB (-18.47; 3.00),
respectively. Less test—retest variability in MD was noted for SAP than for SWAP,
with median variability of 0.71 and 1.21 dB, respectively (p < 0.0001). Random
variability in test points with mild or no depression was slightly lower for SAP
than for SWAP.

The test—retest variability was less at paracentrally located test points than at more
peripherally located points (Figure 5). Less pointwise variability was also noted
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for fields with normal or only slightly depressed MD values, but the defect depth
had a greater impact than global MD on the variability at both paracentral and
peripheral locations. The variability was less at normal or close to normal test
points and increased with a more pronounced defect depth (Figure 6). Blood
glucose fluctuations had no effect on threshold variability at paracentral test points
and only negligible effects at peripheral test points.
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Figure 5. Test—retest variability of test points within and outside the central 10°. Test points
within the central 10° showed less variability than those outside that area.
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Figure 6. Test-retest variability increased with greater initial defect depth until the
thresholds were equivalent to a brightness close to the strongest stimulus the perimeter
could present.

Limits for significant change at each test point (i.e., deterioration or improvement)
were defined separately for test points within and outside the central 10° of the
visual field. In both zones, limits were defined for the full range of defect depths,
from positive values indicating threshold values better than the age corrected
normal values to the lowest values with no visible stimuli, divided into 3 dB
intervals. Thus, the limit for change depends on test point location and defect
depth.
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Functional and structural change, 18 months interim-
report

In study III, we used our previously defined limits for change when monitoring
visual function by SAP in a new cohort of diabetic subjects. After 18 months of
follow-up, deteriorations were common whereas improvements were rare, and
deteriorated fields were reproducible despite unchanged degree of retinopathy.

At baseline, mean visual acuity and visual field MD were —0.13 logMAR (0.10; —
0.28) and —0.67 dB (-5.69; 2.33), respectively. At the 18-month visit, retinopathy
had progressed in only two eyes. Considering the cohort, visual acuity had
declined by 0.04 logMAR (two letters), and MD values were similar to baseline.

Change maps were created for each follow-up field (Figure 7). In these maps, the
local differences between follow-up and baseline field were flagged if they were
outside the limits defined in Study II, and the number of deteriorated and
improved test points were counted. No changes were found over time in the
conventional perimetric indices (i.e., in MD values or the number of points with
significant defect depths), although the change maps revealed significant
deterioration in several eyes. The number of deteriorated test points observed at 12
months was sustained at 18 months in most cases. Considering all 52 test points
for all 76 participants at 18 months, representing a total of 3,962 points, we found
that 450 points had deteriorated and only 35 had improved.
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Figure 7. (Top) The baseline and 18-month follow-up visual fields of a patient included in
the longitudinal study. All 52 test points in the 24-2 test point pattern were within normal
limits, both at baseline and at follow-up, as shown in the single field analysis probability
maps. (Middle) Limits for significant change were considerably narrower at test points with
normal sensitivity than at test points with reduced sensitivity. (Bottom) A change probability
map of the follow-up field showing the locations of the deteriorated and improved test
points. A black triangle indicates significant deterioration at the p < 5% level, and an open
triangle represents an improvement at the p < 5% level compared to baseline. Despite a
clean single field analysis probability map of the follow-up field (top), the illustrated change
probability map (bottom) flags 6 points as significantly deteriorated and 2 points as
significantly improved.
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Visual field change over time

In Study 1V, we detected visual field deterioration over 3—5 years in eyes without
progression of retinopathy (Figure 8). Furthermore, both in eyes with diabetic
retinopathy and those without such disease, we found that deterioration was not
associated with age, diabetes duration, HbAlc, or blood pressure levels.

18 months 36 months 48 months

Change
maps

Vv improved <5%
v deteriorated <5% cele e

Single Baseline 18 months 36 months 48 months
field
analysis

::<5% . . . . . .
g% ..
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Baseline 48 months

Fundus
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Figure 8. Visual fields from baseline to 48 months of follow-up and fundus photographs at
baseline (left) and at the last follow-up visit (right) of a 63-year-old subject with type 2
diabetes and no retinopathy throughout the study. The single field analysis probability maps
were mainly unchanged (middle), whereas a likely deterioration appeared in the change
maps (top). Visual acuity was > 6/6 at each follow-up visit.

At the last visit, progression of retinopathy had occurred in only two eyes and
regression in four. Considering the entire cohort, visual acuity had declined by
0.04 TogMAR (p < 0.001), MD values were unchanged, and the number of test
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points with significant defect depths had increased from two to three per visual
field (p = 0.04). Thus the conventional perimetric indices were stable or showed
very little change.

The change maps revealed a possible deterioration in the visual fields of 27 eyes
(36%) and a likely deterioration in the visual fields of 16 eyes (22%), whereas
only three eyes showed a possible improvement and one eye a likely improvement.
In eyes with likely visual field deterioration, the number of deteriorated test points
increased gradually over time. The deteriorated test points displayed no specific
patterns but were instead evenly distributed throughout the visual field. Equal
numbers of deteriorated test points were found in the upper and lower hemifield,
as well as inside and outside the central 10° of the visual field. There were no
associations between the number of deteriorated test points and age, diabetes
duration, HbAlc levels, or blood pressure.

Our method using the limits for significant change based on random test—retest
variability showed good agreement with the pointwise linear regression approach
(x = 0.60), although our method was more sensitive. Using the linear regression
method for defining change >5 significantly deteriorated test points were found in
11 eyes compared to a likely change in 16 eyes using our method.

Progression or regression of retinopathy occurred in too few eyes to enable
analysis of any correlation with change in visual function. At the final
visit, eyes with (n = 50) and without (n = 24) any signs of vascular lesions showed
nearly the same number of deteriorated test points: 3 and 2.5, respectively.
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Discussion

The purpose of this thesis was to investigate whether perimetry could be a useful
method when monitoring diabetic subjects with the specific aim of detecting early
diabetic retinal dysfunction. Testing visual acuity is valuable for describing late
visual dysfunction associated with severe diabetic retinopathy.'> '* °* > However,
visual acuity is not correlated with the degree of diabetic retinopathy during earlier
stages of this disease, and it is still a matter of debate whether other functional
measures, such as perimetry, can reflect retinopathy at those stages. Investigations
have been performed to examine the associations between diabetic retinopathy and
visual field loss measured by standard automated perimetry,””*>* and a number
of other functional measures have also been suggested. > > 3¢ 44 4854, 63-63, 77-80. §3-83
Despite that, longitudinal studies in humans have not yet provided clear evidence
of the applicability of any of the evaluated tests. In the present research, we
applied a new approach to detect early change in visual function in diabetes, using
perimetry with pre-defined limits for significant change and longitudinal follow-
up. Our results suggest that measureable deterioration occurs both in eyes with no
vascular lesions and in those with stable vascular retinopathy. Furthermore, our
findings demonstrate that visual acuity which to date represents the most accepted
and most widely used functional test in diabetic retinopathy can be performed with
high reproducibility in diabetic patients under routine care.

We used ETDRS charts™ and standardized procedures to score visual acuity as
number of letters read correctly,” an approach that is generally recommended as
an end point in clinical studies. Test—retest variability is lower when visual acuity
is scored as individual letters read correctly rather than as the last line read
correctly’”. Visual acuity is also strongly dependent on refraction and refractive
changes have been reported in diabetic patients with poor glycemic control, and
during intensified anti-glycemic treatment.'® "'* Notably, refractive changes have
not previously been described in diabetic patients under routine care, even though
such individuals undergo regular ophthalmological examinations and visual acuity
measurements. Variability of refraction in diabetic patients can also have a number
of other implications, for example, when prescribing glasses or performing
refractive surgery.

In Study I, we observed stable refraction over a period of one month in the eyes of
subjects under routine care, despite substantial blood glucose fluctuations.
Refraction was performed carefully to an accuracy of 0.25 D in sphere and
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cylinder, a level that is below any significant refractive change.'” Also, our highly
reproducible visual acuity measurements indicated accurate refraction in diabetic
subjects. These results agree with two studies showing stable refraction in diabetic
subjects attending outpatient clinics.""*'"" In one of the cited investigations,''’
examinations were performed over a longer time span than in our study (on
average 51 days) in subjects who initially had symptoms of blurred vision. In the
other study,'"' the examinations were repeated during a single day. Our results
provide no evidence that refraction varies with fluctuations in blood glucose in
diabetic subjects, and conflicting results have been reported with regard to
experimentally induced hyperglycemia and refractive changes. Wiemer et al.''?
found that only one of five healthy subjects had any refractive change, which in
that case was a hyperopic shift, whereas other researchers observed a myopic shift
in six diabetic subjects following intravenous administration of 50 ml of 50%
glucose solution.'”

The visual acuity measurements in Study [ were highly reproducible. The standard
deviation of repeated measurements was 0.04 logMAR, which is comparable to
the previous lowest values of 0.04” and 0.05 logMAR””* found in the literature.
Reproducibility has been demonstrated to be similar in healthy subjects and
patients with various retinal diseases.” In a multicentre study of diabetic
patients,' variability increased with deterioration of visual acuity. In our subjects,
the lowest visual acuity was 0.50 logMAR. Accordingly, by using a standardized
test protocol and ETDRS charts, and scoring visual acuity by counting correctly
read letters, reliable and highly reproducible visual acuity measurements can be
achieved in diabetic patients under routine care. Poorer compliance with testing
procedures will lead to greater variability. '

Previous cross-sectional studies have indicated that the visual field defects seen in
diabetes are initially subtle and progress slightly with increasing degree of
retinopathy. Before the occurrence of vascular lesions, diabetic eyes were found to
have MD values that were normal or close to normal in SAP* ** *** and
SWAP.** * Moreover, with increasing degree of retinopathy, MD values were
observed to decrease by 0.44 and 0.40 dB/ETDRS step for SAP and SWAP,
respectively.” Therefore, before beginning an expensive and time-consuming
longitudinal study to identify potentially elusive change in visual function, it was
important to create a sensitive model that could reveal such change in patients with
diabetes. This was achieved by determining random perimetric test-retest
variability and then defining limits for local perimetric change.

We chose to use SAP and SWAP to investigate random perimetric test—retest
variability. SAP is the most common type of perimetry and is the standard method
for follow-up of visual function in eye diseases such as glaucoma, and SWAP has
been reported to be sensitive to early retinal dysfunction®® ** (Study II). Other
types of perimetry, such as microperimetry’*® and frequency-doubling
perimetry,”* *” * have been used to assess visual function in diabetes, but so far
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these methods have only been applied in cross-sectional studies. Although
microperimetry has been reported to provide results that correlate with an
increasing degree of retinopathy according to the ETDRS scale®, it seems less
likely that this technique can be useful for measuring the earliest visual
dysfunction over time in diabetes, because it has a short dynamic range. This is
exemplified by the finding that healthy subjects can usually discern the dimmest
stimulus.'""”

We applied a new approach to detect visual field deterioration/improvement in
diabetic subjects, using limits for change analogous to the glaucoma change
probability maps''® implemented in the Humphrey Field Analyzer (Carl Zeiss
Meditec Inc., Dublin, CA, USA) (Studies III and IV). In the first step in our work,
those limits were to be defined in eyes with a spectrum of retinopathy (i.e., various
levels of the disease; Study II). Therefore, we recruited diabetic subjects with
retinopathy ranging from not present to proliferative. An increasing degree of
retinopathy was correlated with decreasing retinal sensitivity assessed by SAP
and SWAP, which confirmed previously published results.” The decreases in the
global visual field index MD and local defect depths were found to be at least as
pronounced when evaluated by SAP as by SWAP. Random test—retest variability
was less for SAP than for SWAP. Consequently limits for change were slightly
narrower and thereby more sensitive with SAP compared to SWAP. SWAP is
more affected than SAP by developing cataract,'”” which increases the risk of
false-positive deterioration being identified in such eyes. Thus it seems that, to
identify change exceeding random variability, SAP is preferable to SWAP in
longitudinal follow-up studies. We found that the pointwise test—retest variability
was affected by three features of the visual field: test point eccentricity, defect
depth, and general visual field status. We took these factors into account to define
limits for significant local change in diabetes. Visual fields deteriorate with
increasing degree of retinopathy, and variability is less for normal or close to
normal test points, and together these observations indicate that small changes in
function can indeed be detected at early stages. To test our new approach for
analyzing visual field change in diabetic subjects, we compared our results with
those obtained using another method based on pointwise linear regression. ' '*!
There was good agreement between the two techniques, although our change
analysis identified a greater number of deteriorated eyes than the regression
analysis did. Thus our approach is in analogy with change analysis based on
random test—retest variability in glaucoma, which is more efficient than linear
regression at detecting deterioration.'” '**

Using the limits of significant change specified for diabetic patients in Study II,
we conducted Studies III and IV to explore the usefulness of SAP to detect early
retinal dysfunction over time in a representative cohort of diabetic subjects. These
patients were consecutively recruited from the screening program for early
detection of sight-threatening retinopathy at the Department of Ophthalmology in
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Karlstad. After only 18 months of follow-up, deterioration was common and
improvement rare in the patients’ change maps, despite stable diabetic retinopathy
and no changes in either the conventional perimetric indices MD or the number of
points with significant defect depth. We believe our limits for change were
appropriate. If the limits had been too narrow, a number of improved test points
would have been found as well, and the reproducibility of the deteriorations also
suggests reliable limits. We were able to confirm these results in the longer
follow-up investigation covering up to five years (Study IV). Visual field
deterioration still occurred without any progression of diabetic retinopathy.

We do not believe that increasing cataract had any significant influence on our
results. Cataract causes a general depression of the visual field, perhaps somewhat
more pronounced in the center,'** but this was not seen in our patients. Cataract is
also strongly associated with older age,'” but the patients with likely visual field
deterioration in our study were not older than those without such deterioration.
Furthermore, there was a poor correlation between visual field deterioration and
loss of visual acuity. Three patients had cataract surgery during follow-up. Only
one of these individuals had a deteriorated visual field before the surgery, and this
subject’s visual field was still deteriorated after cataract removal.

Drop-out from research studies is a common problem. In our investigations,
adherence to complete all visits was good, with low drop-out of 4%, 4%, 6%, and
9% in Studies I, I, 111, and IV, respectively. The low migration rates in Skéne and
Virmland Counties might be one reason for this fortunate situation.'”® More males
than females were included in our studies, which might be explained by the fact
that more males are diagnosed with diabetes in Sweden in general, as well as in
both of the mentioned counties.'”’

Early detection of visual dysfunction in diabetes has been suggested by a large
number of cross-sectional studies™ 0% 3% 3% 43, 46. 3457, 66. 68, 77, 81 82, 86 byt only a few
longitudinal studies. Functional change in eyes without diabetic retinopathy was
reported by Di Leo et al.”’, who found reduced ERG responses over three years in
21 diabetic subjects, and by North et al.”, who observed reduced contrast
sensitivity over four years in 37 type 1 diabetic subjects. By comparison, we
collected more longitudinal functional data, and our results demonstrated a
consistent deterioration in 22% of the eyes that we analyzed. Two studies have
suggested that visual dysfunction can predict the onset of local™ and global®
diabetic retinopathy after one and eight years using ERG and SAP, respectively.
However, the practicability of predictive values is limited to rare events, in this
case incidence of diabetic retinopathy. We used a different approach, namely,
assessment of functional change over time. In our cohort, there was nearly no
incidence, nor progression, of retinopathy, and therefore it was not possible to
correlate visual dysfunction with progression of retinopathy over the study period.
Fortunately, the rates of progression of diabetic retinopathy are slowing down.'*®
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Longer follow-up studies including more subjects are needed to further clarify the
correlation between visual dysfunction and microvascular abnormalities.

Defining progression and regression of diabetic retinopathy as a two-step change
according to the final ETDRS severity scale may seem to be too crude a method
for measuring subtle progression. Quantitative assessment of various vascular
lesions has been proposed,™'* but, in our patient cohort, the number of
microaneurysms and hemorrhages was small and the extension of exudates very
limited. Furthermore, it would not be entirely appropriate to compare functional
change determined by our novel method with morphological change assessed
using a non-validated morphological scale. For those reasons, we chose to apply
the ETDRS final severity scale, which is a more qualitative type of grading and is
the acknowledged gold standard in this context.’

We found that deterioration was not associated with diabetes duration or HbAlc or
blood pressure levels, and these results agree with some studies in the literature™
#9278 but not with others. This observation suggested that worsening of contrast
sensitivity and macular recovery over time is associated with higher HbAlc
levels.”” *” These risk factors are correlated with visual function at late stages of
retinopathy, but they are not necessarily associated with a change in visual
function at early stages.

As previously mentioned, the retina is not a vascular tissue but rather a neuronal
tissue with a vascular supply. Neurodegeneration, such as apoptosis and glial
activation, has been observed without signs of vascular lesions in post mortem
retinas from humans with diabetes,”* '** and similar neurodegenerative patterns
have been demonstrated in various animal models. '*>"'** Streptozotocin-induced
diabetes in rats represents the most frequently used animal model, and studies have
shown early neuronal dysfunction® "*” '**1*" along with neurodegeneration'*® '
7 in such experimental animals. Aung et al.”’ conducted a longitudinal
investigation of diabetic rats and found reduced visual acuity as well as delayed
ERG responses before any signs of microvascular abnormalities appeared. In
humans, retinal thinning has been proposed to be an indirect sign of
neurodegeneration in individuals with diabetes, was first reported in 1993 by
Chihara et al."*’. Investigators using the modern technique of spectral domain
optical coherence tomography have shown that thinning of specific retinal layers
occurs before the appearance of diabetic retinopathy.”” ** '**"*' In our research,
SAP showed deterioration both in diabetic subjects with and in those without
retinopathy, and since the level of retinopathy was stable over time, we suggest
that the detected visual field deterioration reflects neuronal dysfunction, possibly
caused by primary neurodegeneration.

It is plausible that SAP change analysis using significance limits for change based
on random test—retest variability can enable monitoring of diabetic retinal damage
from a functional perspective and also serve as a complement to morphological
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measurement of potential interactions between neuronal dysfunction and
microvascular abnormalities. Moreover, a functional test may provide a useful
endpoint in clinical trials aimed at early intervention for diabetic retinal damage.
Evaluation of new functional methods is a pressing issue. It can be mentioned that,
two trials that have addressed early retinal damage in diabetes have used non-
validated functional measures of outcome,*” '*? and two additional trials are
planned (NCT01726075, NCT01646047; available at http://clinicaltrials.gov).

Change in visual function represents an early event in humans with diabetes.
Retinal sensitivity assessed by SAP shows deterioration that coincides with the
degree of retinopathy, and our longitudinal and prospective studies have
demonstrated that early visual dysfunction can be detected in mild retinopathy,
even before visual retinal vascular lesions appear. A future challenge is to
characterize the interaction between visual dysfunction and microvascular
impairment. We hope that future work in this area will be inspired both by our
tailored perimetric change analysis for interpretation of early retinal dysfunction in
diabetic eyes, and by the evaluation of this model we performed in our
longitudinal studies.
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Popularvetenskaplig sammanfattning

Denna avhandling visar att synfiltsundersokning &r en metod som kan pévisa
forsédmrad synfunktion vid diabetes, redan innan man kan se nagra fordndringar
med konventionell 6gonbottenfotografering. Med kunskap om synfiltets normala
och slumpmaéssiga variationer har vi konstruerat en modell for att tolka en
fordndring i synfilten och har foljt patienter under upp till fem ars tid. Modellen
kan fa betydelse for att utvdrdera samspelet mellan skador pa néthinnans
nervviavnad och blodkédrl och for att utvdrdera nya behandlingsmetoder for att
bromsa dgonskador vid diabetes. Diabetes dr en vanlig orsak till blindhet idag.

Nathinnan, retina, dr den del av 6gat som omvandlar ljus till nervsignaler som
kopplas vidare till hjarnan och ger oss synintryck. Retinas nervvavnad dr beroende
av syre och ndring for att fungera och forsorjs av talrika blodkdrl som
genomkorsar vivnaden. Personer med diabetes utvecklar ofta skador pd dessa karl
vilket man kan se vid dgonbottenfotografering. Skadorna utvecklas ofta gradvis
under manga ar och sia sméningom kan nervvdvnaden paverkas med en
synforsamring som foljd. Néthinneskador vid diabetes kallas diabetesretinopati.
Om diabetesretinopatin orsakar en svullnad i gula flicken eller om det borjar
utvecklas nya kérl, si kallad proliferativ retinopati, ar ofta en kraftig
synforsamring nédra forestdende. Laserbehandling av nithinnan kan i detta skede
ofta bevara synen. Personer med diabetes erbjuds dirfor att ingd i1 ett
kontrollprogram/screening dir &gonbotten regelbundet fotograferas och man
graderar de eventuella skador som hunnit uppkomma. Ett vanligt sitt att gradera
skadorna pa blodkérlen é&r: ingen, mild, mattlig, allvarlig och proliferativ
diabetesretinopati. Genom god blodsockerkontroll och blodtryckssénkande
behandling kan man fordroja utvecklingen av kirlskadorna. Trots denna kunskap
och en god tillgang pa sjukvard i vastvarlden ar diabetesretinopati fortfarande en
av de vanligaste orsakerna till synnedsattning. Diabetes dr en sjukdom som okar, i
véarlden finns idag totalt 382 miljoner madnniskor med diabetes. Denna siffra
berdknas stiga till 592 miljoner &r 2035. Cirka 30 % av alla personer med diabetes
har ndgon form av skada pd nithinnans blodkdrl och ca 4 % har synhotande
fordndringar.

Nathinnan dr mycket tunn och sjélva nervvdvnaden som fangar upp ljuset &r
néstan helt genomskinlig och knappt synlig vid 6gonbottenundersokning. For att
undersoka hur néthinnan fungerar anvénds olika synfunktionstest, vanligen
synskédrpa. Niar man méter synskdrpa provar man forst ut vilken glasdgonstyrka
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eller sa kallad glaskorrektion som ger bast skdarpa. Vid mycket hogt blodsocker
och vid intensifierad behandling for att sinka blodsockret kan linsen paverkas sa
att 0gats brytningsformaga dndras. For att d& médta synskérpan behdvs en annan
glasogonstyrka dn den som patienten brukar ha. Trots att patienter med diabetes
regelbundet besdker Ogonsjukvard och att synskdrpa 4r det vanligaste
funktionstestet sd har det inte varit kint i vilken utstrdckning férdndringar av dgats
brytningsformaga forekommer hos personer med diabetes i allmédnhet.

I studie I fick patienter med diabetes komma pa upprepade undersokningar av
glaskorrektion och synskdrpa under en ménad. Undersokningarna utfordes vid
Ogonkliniken i Malmo, Skanes universitetssjukhus. Vid varje besok méttes ocksa
blodsocker. Studien visade att de flesta hade stabil glaskorrektion och att
synskdrpan kunde uppmétas med hog precision. Blodsockernivaer eller forandring
av blodsockernivan paverkade varken glasdgonstyrkan eller synskarpan.

Synskédrpan péverkas inte av diabetesretinopatin i tidigare stadier och ett
kénsligare  synfunktionstest &n synskdrpa skulle kunna komplettera
6gonbottenundersokningar, om det kunde beskriva hur diabetes tidigt paverkar
nithinnan. Flera olika synfunktionstest har foreslagits, men &n sa ldnge har inget
test visat sig anvandbart och studier ddr man utvéarderat formagan hos sadana test
att mita en fordndring av synfunktionen dver tid ar séllsynta.

Synfiltsundersokning dr ett av testen som fOreslagits, dven {for tidig
funktionsnedséttning. Denna undersdkning &terspeglar hur nithinnan fungerar i
ménga olika métpunkter till skillnad frdn undersdkning av synskirpa, som bara
testar funktionen i en central testpunkt. I de studier som redovisas i denna
avhandling utfordes en synfiltsundersokning som gar till pa foljande sitt:
Patienten fixerar en central punkt och runt denna presenteras testobjekt i ett
forutbestdmt monster, testobjektet som &ér en upplyst rund flidck projiceras pé en
jamnt upplyst bakgrund, det svagaste testobjektet som kan uppfattas i varje
testpunkt bestdms. Métningen utfors kontrollerat och automatiserat av en dator och
tar bara ndgra fa minuter, Figur 9.

I Studie IT undersoktes hur synfiltet varierade for personer med diabetes som hade
olika allvarlighetsgrad av diabetesretinopati fran ingen till proliferativ
diabetesretinopati. Undersokningarna utfordes vid 6gonkliniken i Malmo, Skanes
universitetssjukhus. Upprepade synfaltsundersokningar gjordes under en manad
och vid varje besok mittes ocksé blodsocker. Synfaltsundersdkning gjordes bade
med vitt testobjekt pa vit bakgrund, s.k. standard automated perimetry (SAP), och
med blatt testobjekt pad gul bakgrund, short wavelength automated perimetry
(SWAP). Den vit-vita metoden, SAP, ar virldens vanligaste. Den bla-gula, SWAP,
har ibland framhallits som kénsligare. Syftet var att sa langt som mojligt kunna
beskriva slumpmaéssiga variationer i synfalten for att visa hur stor en sann
forandring statistiskt behdver vara, det vill siga bestimma gransviarden for nir en
verklig fordndring i synfunktionen uppstatt. Om man hittar faktorer, som paverkar
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Figur 9. En patient redo for synfaltsundersdkning. Hon fixerar blicken rakt fram och nar hon
uppfattar ett objekt, som ar en liten rund ljus flack nagonstans i synfaltet, trycker hon pa
knappen. Testpunkterna dar objekten presenteras ter sig slumpmassiga for patienten, men
utgoér ett forutbestamt antal testpunkter i ett monster. Nar synfaltsapparaten avgjort det
svagaste synliga objektet i varje testpunkt &r undersoékningen klar.

variationerna, kan man ta hansyn till dessa och anpassa sina gransvirden s att de
sd langt som mojligt enbart representerar slumpmaéssiga variationer. Vi fann tre
faktorer som paverkade variationerna i synfiltets testpunkter. 1) Testpunkter hade
storre variationer om synfiltet generellt var simre 2) Testpunkter hade storre
variationer om det vid forsta métningen var ett lokalt simre virde i den
testpunkten. 3) Perifera testpunkter hade storre variationer 4n mer centralt beldgna
testpunkter. Med hénsyn till dessa faktorer bestimde vi gransvérden for forbattring
och forsdmring i synfiltet. Med sddana griansvirdena kan man pé ett kénsligt sitt
upptécka en fordndring 6ver tid. Vi fann ocksé att SAP hade mindre variationer 4n
SWAP vilket talar for att det ar léttare att uppticka en fordndring med SAP.
Blodsockernivéer eller fordndring av blodsockernivén paverkade inte synfalten pa
nagot betydande sitt.
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I studie III och IV wundersoktes hur synféltet fordndrades med hjilp av
gransviardena fran studie II. Undersokningarna utfordes vid &gonkliniken,
Centralsjukhuset Karlstad. Eftersom fordndringar i diabetesretinopatin upptrader
gradvis under flera ars tid var det nddvindigt att utvdrdera synfunktions-
méitningarna Over en ldngre tidsperiod. Patienterna rekryterades i I6pande
turordning frdn screening-programmet for diabetesretinopati. Deltagarna
undersoktes var sjitte manad i tre ar och sedan en gang arligen, tills det gatt
maximalt fem ar fran utgangsbesoket. Vid varje besok utfordes 6gonbottenfoto-
grafering och synfiltsundersokning med SAP. Vid studiestart hade hilften av
patienterna ingen och hédlften hade mild eller mattlig diabetesretinopati. Det
forekom Overlag ingen Okning av skadorna pé nédthinnans blodkdrl under
studietiden. Redan vid 18 manaders uppfoljning, studie IIl, visade synfalten, med
hjdlp av véra gransvirden for fordndring, manga fler forsimrade testpunkter dn
forbattrade. Efter i genomsnitt fyra ars uppfoljning bekréftades detta resultat och
hos 16 av 74 patienter kunde forsamringen bekréftas genom att det aterfanns minst
fem fOrsimrade testpunkter i de tva senaste synfiltsundersokningarna.
Synfaltsforsdmringarna var utspridda i hela synfdltet och &terfanns hos patienter
med och utan kérlskador.

Att en synfunktionsforsimring uppmaéttes hos patienter dven utan skador pa
nédthinnans talar for att funktionsfordndringen kan aterspegla en péaverkan pa
néthinnans nervvédvnad. I néthinnor fran déda djur och ménniskor med diabetes
har andra forskare visat att forlust av nervceller sker redan innan nagra tecken pa
blodkarlsskador ar synliga. Skadade och déligt fungerande nervceller framhalls allt
oftare som det tidigaste tecknet av diabetessjukdomen i nédthinnan. Nya
behandlingsstrategier for att tidigt skydda nervvdvnaden har foreslagits, men mer
forskning behovs. En forutsittning for sddan forskning ér ett kansligt och palitligt
funktionstest. Var modell erbjuder en mojlighet att pa ett kansligt sdtt kunna folja
néthinnans funktion vid diabetes med synfiltsundersokning. Modellen kan bli ett
viktigt verktyg for fortsatt forskning om hur nithinnan paverkas vid diabetes och
for att utvirdera nya behandlingar som syftar till att forebygga skador i ndthinnan
redan i ett tidigt skede.
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Stable refraction and visual
acuity in diabetic patients with
variable glucose levels under
routine care
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ABSTRACT.
Purpose: To investigate how refraction and visual acuity may vary in patients
with diabetes under routine care.

Methods: Fifty-three eyes of 53 patients with various degrees of diabetic reti-
nopathy were examined prospectively on four different occasions within a
month. Refraction, best-corrected visual acuity (expressed as logMAR score)
and blood glucose were measured on each occasion. Intraindividual variability
was calculated as the range between the highest and lowest measurements.
Associations between blood glucose levels and each of the other variables were
tested by linear regression analysis for each patient.

Results: Refraction was completely stable in 43 patients and changed only
slightly in 10, in whom the mean intraindividual variability of the spherical
equivalent was 0.4 dioptres. Visual acuity test results were also highly repro-
ducible. Mean intraindividual variability in visual acuity was 0.08 logMAR.
Mean haemoglobin Alc (HbAlc) was 7.3 = 1.5% but individual blood glu-
cose levels ranged from 2.8 to > 22.2 mmol/l. Intraindividual variability ran-
ged from 0.5 to 18.1 mmol/l, with a median of 6.0 mmol/1 for the entire
group. There were no associations between refraction or visual acuity and
blood glucose levels or inter- or intraindividual glucose variations.

Conclusion: Refraction and visual acuity test results were highly reproducible
and stable in patients with reasonably well controlled diabetes but variable
blood glucose levels under routine care.
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Introduction to be a useful tool for monitoring

visual function in patients with diabe-
Reliable tests on visual function tes (Bengtsson et al. 2005; Agardh
are important when evaluating the et al. 2006) and characterized limits
progression of diabetic retinopathy  for significant change at various
and the benefits of treatment. Previ-  degrees of diabetic  retinopathy

ously, we have suggested visual fields  (Bengtsson et al. 2008). However,

those perimetric methods need further
evaluation in longitudinal studies
before they can be used in clinical
practice.

Presently, visual acuity (VA) is the
most common and widely used test on
visual function in patients with dia-
betic retinopathy under routine care.
VA is highly dependent on refraction,
but the refractive error of the eye is a
multifactorial condition involving not
only the length of the eye but also the
cornea and the lens (Olsen et al.
2007). In diabetic patients, VA varia-
tions have been ascribed to changes
within the lens and subsequent altered
refraction associated with changes in
blood or serum glucose levels. Various
refractive changes have been docu-
mented in patients with poor glycae-
mic control and during intensified
glycaemic treatment, but the results
are conflicting and the type of refrac-
tive errors reported are inconsistent
(Planten 1975; Gwinup & Villarreal
1976; Eva et al. 1982; Fledelius 1987;
Saito et al. 1993; Okamoto et al.
2000; Giustu 2003; Sonmez et al.
2005; Tai et al. 2006). However, little
is known about the extent to which
refraction changes also occur in
patients with diabetes under routine
care in out-patient clinics. Therefore,
the aim of the present study was to
examine if and how refraction and
VA may vary in patients with diabetes
under routine care with different
degrees of diabetic retinopathy attend-
ing an out-patient eye clinic.
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Materials and Methods

Patients and clinical setting

Fifty-three patients with diabetes mell-
itus and various degrees of retinopa-
thy attending the Department of
Ophthalmology, Malmé  University
Hospital, were recruited from October
2004 to December 2005. Patients older
than 70 years or with previous laser
treatment for diabetic retinopathy, or
any other eye disease likely to affect
the visual function, were excluded.

One eye per patient was selected
according to the worst degree of retinop-
athy or randomly if there was no differ-
ence between the eyes. Stereographic
colour slide (Kodachrome 64) fundus
photographs of seven 35° fields were
taken after dilation of the pupil (fundus
camera TRC 50 IX; Topcon, Tokyo,
Japan). Retinopathy grading was per-
formed according to the Early Treat-
ment Diabetic Retinopathy Study
(ETDRS)severity scale (1991). Recogni-
tion of macular oedema was confirmed
by optical coherence tomography (Stra-
tus OCT; Carl Zeiss Meditec, Dublin,
California, USA) using the fast macular
mapping protocol, scan length 6 mm.
Retinal thickness was assessed as the
mean thickness of the most central area
(1 mm) (Heeetal. 1998).

Patients were scheduled to come for
five visits. The first visit included pho-
tography and collection of medical
history; the four subsequent visits
measured refraction, VA and blood
glucose measurements, and were com-
pleted within 1 month presuming that
no progression of diabetic retinopathy
affecting foveal function would occur
during that time period. The examina-
tion procedure was the same on all
occasions and refraction and VA test-
ing were followed immediately by
measuring the blood glucose level.

The Research Ethical Committee of
Lund University approved the test
protocol and the tenets of the Decla-
ration of Helsinki were followed.
Informed consent was obtained from
all participating patients.

Refraction and VA

Refraction was based on a once-repeat-
able value, i.e. two consecutive mea-
surements with the same results in
sphere and cylinder, using Humphrey
Instrument Automatic Refractor 595
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(Carl Zeiss Meditec Inc.). Spherical
equivalent was calculated as cylinder
value divided by two plus spherical
value, expressed as dioptres (D). Best-
corrected VA was obtained by manual
adjustment in sphere and cylinder to
0.25 D accuracy. At subsequent visits,
manual adjustment was performed only
if the sphere or cylinder differed by
more than 0.25 D from the first value.
VA was tested according to the proce-
dures recommended by Ferris & Bailey
(1996) using the ETDRS charts at 4 m
and expressed as the logarithm of the
minimal angle of resolution (logMAR).

Glucose levels and haemoglobin Alc

Glucose was analysed in capillary
blood using Hemocue Glucose 201+
(Hemocue AB, Angelholm, Sweden)
and expressed as mmol/l. Glycated
haemoglobin Alc (HbAlc) was analy-
sed using high-performance liquid
chromatography (HPLC) (Varian II
Haemoglobin Alc program; BioRad,
Hercules, California, USA), normal
range 3.6-5.0% or 4.0-5.3% below
and above 50 years of age, respectively.

Analyses

Glucose levels from the four measure-
ments were analysed for all patients
together as well as for subgroups
according to type of diabetes [type 1
(n = 19), type 2 on insulin treatment
(n = 18) and type 2 without insu-
lin (n = 16)] and retinopathy level
according to the ETDRS severity scale
[stages 10-15 no retinopathy (n = 10),
stages  20-35  mild  retinopathy
(n = 18), stages 43-53 moderate to
severe non-proliferative retinopathy
(n = 16) and stages 61-75 proliferative
retinopathy (n = 9)]. Glucose variabil-

Table 1. Patient characteristics at baseline.

ity was calculated as the range between
the highest and lowest measurement
for each individual. Means of intraindi-
vidual blood glucose variability were
compared between subgroups using
analysis of variance (ANOVA).

Test results are presented as mean
or median depending on the type of
distribution. The variability of refrac-
tion and VA are given as the individ-
ual range between the maximum and
minimum measurements and as stan-
dard deviations. Associations between
blood glucose levels on the one hand
and refraction and VA on the other
were tested by linear regression analy-
ses calculating slopes for each individ-
ual. Distributions of regression slopes
for each parameter were plotted and
tested for a hypothesized mean of zero
using one-sample r-tests. Macular
oedema involving the foveola was
present in six patients only, a number
too small to allow separate analyses.

Results

Patient characteristics and distribution
of retinopathy levels are shown in
Table 1. Refraction and VA varied
considerably between patients
(Table 2), but intrapatient variability
was very small (Fig. 1).

Refraction was completely stable in
43 of the 53 patients. In the entire
group, mean intraindividual variability
based on range was 0.08 D, with a
maximum of 0.87 D. In nine patients
with less stable refraction, the mean
variability was 0.40 D. When using
standard deviation instead of range
as a measurement for intraindividual
variability, the mean was 0.04 D for
the entire group and 0.20 D for the
nine patients with less stable refraction.
The variation in refraction was associ-

Type 1*/Type 2 (n)

Male/female (1)

Age (years, mean + SD)

Age at onset (years, mean + SD)
Diabetes treatment: insulin/no insulin ()
Known duration (years)

HbAlc (%)

Blood glucose (mmol/1)

Retinopathy level” (n): 10-15/20-35/43-53/61-75

19/34
31/22

54 £ 12
36 + 16
37/16

18 + 11
73 + 1.5
10.2 + 4.4
10/18/16/9

SD, standard deviation; HbA lc, haemoglobin Alc.

*Type 1 diabetes: insulin treatment within 1 year of diagnosis.

TRetinopathy levels according to the Early Treatment Diabetic Retinopathy Study severity
scale: 10-15, no retinopathy; 20-35, mild non-proliferative retinopathy; 43-53, moderate to
severe non-proliferative retinopathy; 61-75, proliferative retinopathy.
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Table 2. Refraction and visual acuity in all patients.

Refraction (spherical equivalent in dioptres): mean (minimum, maximum) —0.10 (-4.13, +4.75)

Visual acuity (logMAR): mean (minimum, maximum)

~0.03 (0.50, —0.22)

logMAR, logarithm of the minimal angle of resolution.
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Fig. 1. The intraindividual variability of

blood glucose levels, refraction and visual
acuity. Despite substantial blood glucose vari-
ations, refraction and visual acuity remained
stable. b-glucose, blood glucose; D, spherical
equivalent; VA, visual acuity; ID#, patient
number.

ated with neither higher blood glucose
levels nor retinopathy stage.

Intraindividual variability in VA was
also small. The mean was 0.08 log-
MAR, which is equivalent to four let-
ters, with no variation between the
retinopathy groups. The mean variabil-
ity based on standard deviations was
0.05 logMar. The variation in VA was
associated with neither higher blood
glucose levels nor retinopathy stage.

The median blood glucose level for
the entire group was 9.2 mmol/l, rang-
ing from 2.8 to > 22.2 mmol/l
(22.2 mmol/1 being the highest measur-
able value). The intraindividual vari-
ability is shown in Fig. 1. Two patients
had values higher than 22.2 mmol/I on
four occasions; these values were set to
> 22.2 mmol/l. The median intraindi-
vidual variability of blood glucose was
6.3 mmol/l, ranging from 0.5 (mini-
mum) to 18.1 (maximum) mmol/l. For
the entire group, mean standard
deviation was 2.8 mmol/1.

There were no significant differences
in intraindividual blood glucose vari-
ability among the diabetic subgroups
(p = 0.11). In patients with type 1 dia-
betes, the mean variability was
7.7 mmol/l, in type 2 on insulin
6.5 mmol/l and in patients with type 2
diabetes without insulin treatment the
mean variability was 4.4 mmol/l. Cor-
responding mean standard deviations
were 3.6, 2.9 and 1.9 mmol/l, respec-
tively. The highest blood glucose vari-
ability was seen in eyes with ETDRS
retinopathy stages 43-53 (mean of
8.3 mmol/l), followed by ETDRS
stages 61-75 (mean of 6.5) and stages
20-35 and 10-15 (average fluctuations
of 5.7 and 4.7 mmol/l, respectively).
The differences were of borderline sig-
nificance (p = 0.063).

Blood glucose levels were associated
with neither refraction nor VA. The
individual regression slope coefficients
for refraction were centred around zero
and the mean slope was —0.001 D/
mmol/1 (Fig. 2). The mean variability
in patients with type 1 diabetes was a
0.07 D; in patients with type 2 diabetes
with and without insulin treatment val-
ues were 0.12 D and 0.03 D, respec-
tively. The 10 patients with less stable
refraction did not differ from the
others regarding either blood glucose
levels or variations. Individual regres-
sion slopes for VA were also centred
around zero with a mean slope of
—0.0007 logMAR/mmol/1  (Fig. 3).
There were no associations between
blood glucose variations and any of the
visual parameters.

Discussion

The present study describes diabetic
patients under routine care who were
recruited on the basis of various
degrees of retinopathy ranging from
no retinopathy to proliferative reti-
nopathy. Our patient cohort was a
mixture of patients with type 1 (36%)
and type 2 (64%) diabetes, of whom
53% were on insulin treatment. Mean
HbA lc was relatively good, suggesting
that the patients were metabolically
controlled reasonably well.
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Slope refraction/b-glucose (D/mmol/l)

Fig. 2. The distribution of individual regres-
sion slopes of change in spherical equivalent
(dioptres, D) per mmol/l change in blood
glucose. A negative slope indicates a myopic
change with increasing blood glucose level
and a positive slope indicates a hyperopic
change. Most slopes are flat, i.e. close to zero
and the number of negative slopes is similar
to the number of positive slopes, indicating
no association between blood glucose levels
and refraction. b-glucose, blood glucose.

25
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s & S
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Fig. 3. The distribution of individual regres-
sion slopes of change in visual acuity (VA)
(logarithm of the minimal angle of resolution,
logMAR) per mmol/l change in blood glu-
cose. A negative slope indicates improved VA
with increasing blood glucose level and a
positive slope indicates deterioration. The
slopes are centred around zero, indicating no
association between blood glucose levels and
VA. b-glucose, blood glucose.

Despite substantial blood glucose
variations, refraction hardly changed
during the 1-month period. There was
no association between blood glucose
levels and refraction: the mean slope
was —0.001 D/mmol/l. VA was tested
by the same person (K.-J.H.) meticu-
lously and according to the principles
introduced by Bailey & Lovie (1976).
This letter-by-letter method has lower
test-retest variability than the line-
assignment method in both healthy
individuals (Arditi & Cagenello 1993;
Vanden Bosch & Wall 1997) and those
with macular disease (Vanden Bosch &
Wall 1997). We could demonstrate low
test-retest variability similar to that
reported by Vanden Bosch & Wall
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(1997), i.e. a standard deviation of
0.05 logMAR (95% CI 0.00-0.08).
Others have demonstrated slightly
higher variations of between £ 0.1 and
+ 0.15 logMAR units (Arditi & Cage-
nello 1993; Siderov & Tiu 1999; Rosser
et al. 2003). Our low test-retest vari-
ability shows that with the use of log-
MAR charts, reliable measurements of
VA can be obtained in patients with
diabetes mellitus, those without any
retinopathy and those with mild, mod-
erate or even proliferative retinopathy.

In this case series, we found no evi-
dence for associations between blood
glucose levels or blood glucose varia-
tions and refraction or VA, which is in
accordance with a recent study by Wi-
emer et al. (2009). Using a blood glu-
cose meter can result in some
inaccuracy of both high and low read-
ings; therefore, blood glucose levels and
blood glucose variations could have
been more pronounced than reported
but not underestimated. Because meta-
bolic control was relatively good in our
patients, elevations in blood glucose
were probably transient. Measurements
recorded before dinner have been
shown to contribute to glucose variabil-
ity the most (Moberg et al. 1993). In our
study, testing and blood glucose mea-
surements took place within various
time spans after a meal, and some of the
recordings might have reflected a short
transient hypo- or hyperglycaemic con-
dition. However, our study results
should be applicable in clinical practice
because the study design corresponds to
conditions in routine ophthalmological
care, in which diabetic patients are seen
at any time during the day.

In the present study on variations in
refraction and VA in patients with rea-
sonably well controlled diabetes under
routine care, analyses of a cause rela-
tionship between blood glucose levels
and/or variations and the vision test
parameters was not possible because
the study design included neither con-
trolled intervention of blood glucose
regulation and assessment of conse-
quent changes nor intensified anti-hy-
perglycaemic treatment during the
examination period. Therefore, our
results are not applicable to patients
with diabetes subjected to intensified
treatment. A cause relation between
hypoglycaemia and refraction has been
reported previously. By increasing anti-
hyperglycaemic treatment, Gwinup &
Villareal (1976) studied how a reduc-

tion in serum glucose concentration of
at least 3 mmol/l during 1-4 weeks
influenced refraction, i.e. approxi-
mately the same time frame as in our
study. In their study, refraction chan-
ged by 0.09 D/mmol/l. The improved
blood glucose regulation resulted in
less myopia or increased hyperopia.

In conclusion, our results suggest
that refraction changes are minimal
and VA assessments highly reproduc-
ible, provided a letter-by-letter method
is used for testing, within a wide range
of blood glucose levels in diabetic
patients under routine care with differ-
ent degrees of retinopathy. The use of
ETDRS charts (Ferris & Bailey 1996)
may well be recommended, not only in
studies but also in clinical practice.
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Test—retest variability for
standard automated perimetry
and short-wavelength automated
perimetry in diabetic patients

Boel Bengtsson, Karl-Johan Hellgren and Elisabet Agardh
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ABSTRACT.

Purpose: To assess limits for significant improvement or deterioration of visual
fields in diabetic patients based on short-term test-retest variability in subjects
with different degrees of retinopathy.

Methods: Fifty patients with diabetic retinopathy ranging from level 10 to 75
|according to the Early Treatment Diabetic Retinopathy Study (ETDRS)
severity scale] were tested repeatedly with both standard automated perimetry
(SAP) and short-wavelength automated perimetry (SWAP) with short inter-
vals. The association between visual field loss and degree of retinopathy out-
side fovea was analysed. Test-retest variability of global and local visual field
indices and prediction limits for significant change were calculated.

Results: The amount of visual field loss was significantly associated to the
degree of retinopathy, with a correlation coefficient of —0.51 for SAP
(P = 0.0003) and —0.45 for SWAP (P = 0.002). Global test-retest variabil-
ity was smaller with SAP than with SWAP (P < 0.0001). For both SAP and
SWAP, local test-retest variability was considerably smaller at test points
with normal sensitivity than at test points with reduced sensitivity
(P < 0.0001). Paracentral test points within 10° of eccentricity had less vari-
ability than peripheral points (P < 0.0001), implying that smaller change is
required to reach statistically significant improvement or deterioration at ini-
tially normal and paracentral points than at depressed points and peripherally
located test points.

Conclusion: Our results propose that SAP, as well as SWAP, can be useful
for monitoring visual function outside fovea in diabetic patients with various
degrees of retinopathy. We report a preference for SAP because of less vari-
ability generally. Limits for significant improvement or deterioration have been
assessed but need future validation in a longitudinal study.

Key words: diabetes — function — perimetry — progression — regression — retinopathy — SWAP —
visual field
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Introduction

Diabetic retinopathy is still the most
common cause of severe visual impair-
ment and blindness in the Western
world among people below 65 years
of age (Taylor & Keeffe 2001). The
development of drugs regulating
hyperglycaemic and related metabolic
disturbances is a pressing issue.
Effects of drug therapy are typically
monitored by photographic documen-
tation of morphological diabetic vas-
cular changes of the fundus. In
addition to documentation of mor-
phology, reliable functional tests
would provide important information,
particularly at early stages of diabetic
retinopathy when morphological signs
are scarce and visual acuity is pre-
served.

Visual acuity (VA) is commonly
used for measuring visual function,
but assesses foveal function only.
Quantification of visual function out-
side fovea would add important infor-
mation to retinal morphology in
patients with diabetes. Function in
paracentral and peripheral parts of
the visual field is examined by peri-
metry, widely used in ophthalmologic
practice for other eye diseases, like
glaucoma. Association between visual
field defects — using standard auto-
mated perimetry (SAP) — and diabetic
retinopathy has been studied (Feder-
man & Lloyd 1984; Trick et al. 1990;
Henricsson & Heijl 1994; Verrotti
et al. 2001, Pahor 2003); however, so
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far the results are not conclusive
regarding the usefulness of perimetry
at early stages of retinopathy. A few
studies have reported reduced retinal
sensitivity with short-wavelength auto-
mated perimetry (SWAP) and normal
sensitivity with SAP in diabetic
patients with no retinopathy (Lobefa-
lo et al. 1998; Afrashi et al. 2003).
Non-conventional perimetry as flicker
(Stavrou & Wood 2005) and SWAP
(Hudson et al. 1998) has also been
suggested to be more sensitive than
SAP to changes close to fovea, not
only in macula oedema but also in
damage to the perifoveal capillary net-
work (Remky et al. 2000; Agardh
et al. 2006). Thus, several studies have
described SWAP and SAP loss in
diabetic patients, but there is not yet
sufficient data to ensure valid inter-
pretation of visual field defects in
correlation to changes in diabetic
retinopathy.

We recently described the correla-
tion between peripheral retinopathy,
excluding the fovea, and perimetry
using both SAP and SWAP
(Bengtsson et al. 2005). We showed
that perimetric threshold sensitivities
decreased with increasing severity of
retinopathy as documented by stereo
fundus photographs, graded accord-
ing to the Early Treatment Diabetic
Retinopathy Study (ETDRS) severity
scale (Early Treatment Diabetic Reti-
nopathy Study Research  Group
1991). This correlation was significant
for both SAP and SWAP, suggesting
that perimetry can be useful for mon-
itoring visual function in patients
with diabetes. However, visual fields
may well vary from time to time,
also in healthy eyes (Lewis et al.
1986; Heijl et al. 1987a). Knowledge
about such variability is important
when monitoring visual field status
over extended periods of time to
determine whether it is stable or sig-
nificant change has occurred. Less
perimetric variability would increase
the ability to detect smaller steps of
change compared to larger variability.
Identification and correction of fac-
tors that may influence the perimetric
test results can reduce variability. To
that end, the aim of the current
study was to investigate the short-
term individual test-retest variability
of both SAP and SWAP in patients
with different degrees of retinopathy
and to define empirical limits for the

detection of ‘true’ change of visual
field loss in diabetic subjects.

Materials and Methods

Subjects

Patients with diabetes mellitus and
different degrees of retinopathy exam-
ined at the Department of Ophthal-
mology, Malmé University Hospital
were invited from October 2004 to
December 2005. We aimed to collect
data from patients representing reti-
nopathy stages 10-75 according to the
ETDRS severity scale (Early Treat-
ment Diabetic Retinopathy Study
Research Group 1991). Patients older
than 70 years, or with previous laser
treatment for diabetic retinopathy, or
with any other eye disease likely to
affect the visual field (except mild
cataract), were considered ineligible.
Informed consent was obtained from
all participating patients. The Com-
mittee for Research Ethics at Lund
University approved the test protocol
and the tenets of the Declaration of
Helsinki were followed.

Visits

Patients were scheduled to come for
five visits within a month assuming
that no true visual field changes would
occur during that period. At the first
visit, medical history — including treat-
ment, onset and duration of diabetes,
as well as medication for other dis-
eases — was recorded, visual field was
tested (training session) and retinal
fundus photographs were taken.
Each of the four following visits
included visual fields, refraction, VA
and blood glucose (b-glucose) mea-
surements using Hemocue Glucose
201+ (Hemocue AB, Angelholm,
Sweden).

Degree of retinopathy

One eye per patient was selected
according to the worst degree of reti-
nopathy. If both eyes had the same
ETDRS level, one eye was randomly
selected. Stereographic fundus photo-
graphs (35°) of seven fields were taken
at the first visit (TRC 50 IX; Topcon,
Tokyo, Japan) using colour slide
film (Kodachrome 64). The final
grading of degree of retinopathy was
performed according to the ETDRS
severity scale based on these fundus

photographs and masked for the
visual field test results.

Refraction and visual acuity

Refraction was determined by Hum-
phrey Automatic Refractor 595 (Carl
Zeiss Meditec Inc., Dublin, California,
USA) and confirmed or adjusted by
manual refraction to obtain best VA
with 0.25 D precision in sphere and
cylinder. Automated refraction was
repeated at each visit, and manual
adjustment was performed only if the
automatic refractor values differed
more than 0.25 D from the previous
one. VA was tested at each visit using
the ETDRS charts and was expressed
as logMAR (minimal angle of resolu-
tion) scores (Ferris et al. 1982).

Visual fields

Visual fields were assessed by the 24-2
SITA Standard SAP program (Bengts-
son et al. 1997) and the SITA SWAP
24-2 program (Bengtsson 2003) of the
Humphrey Field Analyzer model 750
(Carl Zeiss Meditec Inc.). The 24-2
test pattern covers the central 24° of
the central visual field including 52
points, corresponding to a consider-
able part of the fundus area covered
by the standard photographs. All
patients were corrected for refractive
error and near. Fifty per cent of the
patients started with SAP followed by
SWAP. The same test order was kept
for each patient and visit. The subjects
rested for 15 min between the visual
field tests to minimize fatigue effects.
Unreliable visual field tests, defined as
a frequency of false-positive answers
> 15%, were excluded and only
patients with a full series of reliable
field tests were included in the analy-
ses. Visual fields assessed at the first
visit were not included in any analyses
to avoid perimetric learning effects
(Heijl et al. 1989a). Thus, all patients
included in the analyses contributed
with four tests each.

Analyses and statistics

Visual field parameters chosen for
analyses were the total deviation value
describing the deviation from the age-
corrected normal threshold value at
each test location (defect depth) in the
visual field, and the global mean devi-
ation (MD) value, a weighted mean of
all total deviation values. The statistical
significance of depressed sensitivities
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as measured by total deviation is
displayed in the probability maps
(Fig. 1). Total deviation values, prob-
ability maps and MD values are parts
of the Statpac interpretation tool
(Heijl et al. 1987b) implemented in the
Humphrey Field Analyzer, for both
SAP and SWAP.

The association between degree of
retinopathy according to the 11 steps
of the ETDRS severity scale and the
amount of visual field loss as deter-
mined by the MD value, as well as

Single field analysis

the number of significantly (P < 5%)
depressed test points, were examined
by Spearman’s rank correlation and
linear regression analyses assuming
equal steps in the ETDRS scale.
Visual field test-retest variability
was calculated for each eye as
the mean of all differences between
MD values, as well as the mean of
all pointwise intra-eye differences
between the total deviation values.
Test-retest variability for SAP and
SWAP was compared using Wilcoxon

Eye: Left
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ID:

DOB:

Central 24 - 2 Threshold test

Stimulus: I1l. White
Background: 31.5 ASB
Strategy: SITA-Standard

Fixation monitor: Gaze/Blindspot
Fixation target: Central

Fixation losses: 2/15

False POS Errors: 10 %

False NEG Errors: 5 %

Date: 04-11-2005
Time: 3.50 PM
Age: 69

Pupil diameter: 3.6 mm
Visual Acuity:
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Fig. 1. Visual field of a patient with type 2 diabetes and retinopathy level 35 according to the
ETDRS severity scale. Encircled are total deviation (TD) values expressing age-corrected
threshold values and their probability symbols, and mean deviation (MD, a weighted mean of
numerical TD values). A total deviation value of zero represents the estimated normal threshold
value; negative values represent depressed threshold sensitivities. The significance of a depres-
sion is expressed in the probability maps located below the numerical deviation maps. This field
shows some test point locations with significantly depressed threshold sensitivities in the upper

hemifield.

signed rank test. B-glucose fluctuation
was calculated as the mean of all pos-
sible intra-patient differences.

With the intention of isolating ran-
dom test-retest variability effects from
a possible influence of b-glucose
fluctuation, global visual field status
(MD), local defect depth (total devia-
tion value) and test point eccentricity
on visual field test-retest variability,
we applied multivariate linear regres-
sion analyses.

In order to estimate limits for sig-
nificant local change, all possible
intra-individual differences in total
deviation values were calculated for
each test location, i.e. first test versus
second test and first test versus third
test, etc., for SAP and SWAP. The
first test after the training session was
regarded as a baseline examination to
which subsequent tests were com-
pared. All calculated differences were
then pooled and divided into groups
with 3 dB intervals according to the
total deviation values of the baseline
test. Test points were also divided into
two zones according to eccentricity,
one paracentral covering the central
10° and one peripheral including all
points outside the 10° circle (Fig. 2).
Distributions of pointwise individual
differences for each 3 dB interval and
eccentricity zone were created, empiri-
cal limits were calculated for each
distribution at the 5th and 95th per-
centile, and smoothened. The 90%
prediction intervals where then com-
pared using paired sign tests.

Results

Fifty-five patients participated in this
study. Fifty-three patients completed
all tests. Out of those 53, 18 had been
on insulin treatment within 1 year of
diagnosis and were considered as hav-
ing type 1 diabetes; the remaining 32
were diagnosed as having type 2 dia-
betes. Mean age was 54 years, ranging
from 23 to 69 years, and mean diabe-
tes duration was 18 years, ranging
from 2 to 52 years. Three patients
were excluded because of unreliable
visual field tests, leaving 50 patients to
be included in the analyses. Forty-nine
of these had all visual fields tested
within 1 month; only one exceeded
the 1 month limit (by 5 days).

All stages of retinopathy between
10 and 75 were represented. The
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Fig. 2. The 24-2 test point pattern (right eye) of the Humphrey Field Analyzer. Eccentricity
had a significant influence on test-retest variability. For that reason, the 52 test point locations
were divided into two zones of eccentricity, one including paracentral points within 10° and

another covering the points outside 10°.

Table 1. Distribution of patients across the Early Treatment Diabetic Retinopathy Study

(ETDRS) retinopathy severity scale.

ETDRS severity scale 10-15
Number of patients 10

20-35 43-53 61-75
17 15 8

distribution across the ETDRS retino-
pathy severity scale is shown in Table 1.

Blood glucose, VA and visual fields

The median b-glucose level was
9.46 mmol/l. Three patients exceeded
the upper limit of the b-glucose meter
(22 mmol/1) at at least one visit; the
lowest value analysed was 2.8 mmol/I.
Median individual b-glucose fluctua-
tion was 3.28 mmol/l, ranging from
0.25 to 9.88 mmol/1.

Median VA was —0.045 logMAR,
ranging from 0.39 to —0.19 logMAR.
These values correspond approxi-
mately to 1.0 (median), and from 0.4
to 1.6 (minimum and maximum),
respectively, using the decimal scale.

The perimetric MD median value
was —0.90 dB for SAP (ranging from
-11.97 to 1.78 dB) and -2.46 dB for
SWAP (ranging from -18.47 to
3.00 dB). A MD value of approxi-
mately —30 (SAP) to —25 dB (SWAP)
represents a blind or almost blind eye,
whereas a MD value around 0 dB
represents an eye with a normal field.
The median number of significantly
depressed points was nine for SAP
and eight for SWAP, ranging from 0
to 52 for both test modalities.

Correlation between visual field and
ETDRS levels

Degree of retinopathy according to
the 11 steps of the ETDRS severity

scale correlated significantly with MD
values (Fig. 3). The Spearman’s corre-
lation coefficient was —0.51 for SAP
(P = 0.0003) and —-0.45 for SWAP
(P = 0.002). The average visual field
threshold sensitivity decreased to
0.46 dB per ETDRS step using SAP
(P = 0.001) and 0.72 dB per ETDRS
step using SWAP (P = 0.011). The
number of significantly depressed
points also correlated significantly to
the ETDRS steps. The Spearman’s
correlation coefficient was 0.54 for

SAP (P = 0.0001) and 0.44 for
SWAP (P = 0.002). For each ETDRS
step the number of significantly

depressed points increased to 2.4 on
average for SAP (P = 0.002) and 2.3
for SWAP (P = 0.02).

Test—retest variability of MD

MD test-retest variability was smaller
with  SAP compared to SWAP
(P < 0.0001). Median variability was
0.71 dB for SAP (ranging from 0.14
to 3.05dB) and 1.34 dB for SWAP
(ranging from 0.28 to 3.05dB). In
multivariate analyses, the field status
affected the test-retest variability, i.e.
more depressed fields had larger test—
retest variability than fields closer to
normality. The effects were small, but
significant. The variability increased,
with 0.06 dB per dB worsening of
MD for both SAP (P = 0.04) and
SWAP (P = 0.003). A  normal
SAP field with a MD value of 0 dB

had an estimated test-retest variability
of 0.59 dB, while a field with a MD
of —20 dB had an estimated vari-
ability of 1.79 dB. Corresponding
estimated variability for SWAP was
1.19dB for a normal field and
2.39dB for a field with MD at
—20 dB. There was no significant asso-
ciation between MD test-retest vari-
ability and ETDRS level, neither for
SAP (P = 0.19) nor for SWAP
(P = 0.81).

B-glucose fluctuation did not affect
the test-retest variability of MD,
either for SAP (P = 0.20) or for
SWAP (P = 0.68).

Test-retest variability of total deviation

The median local test-retest variability
for all points was 2.07 dB with SAP
and 2.67 with SWAP (P = 0.83). The
test-retest variability was slightly
smaller with SAP (1.50 dB) than with
SWAP (2.17 dB) at test points with
initially normal sensitivity or mild
reduction of sensitivity (defined as
total deviation better than or equal to
—5dB). On the other hand, SWAP
test-retest variability was non-signifi-
cantly smaller than SAP at points
with total deviation values worse than
-5 dB, 3.44 dB and 3.62 dB, respec-
tively.

Eccentricity of test point location
significantly affected the test-retest
variability (P < 0.0001) for both SAP
and SWAP. The variability increased
with increasing eccentricity. A primary
analysis performed at each of five
rings of eccentricity revealed similar
magnitude of variability within the
central 10° of the visual field, and
larger and similar magnitude of vari-
ability outside the 10°. Therefore, the
visual field test point pattern was
divided into two zones of eccentricity
(Fig. 2). More and narrower zones of
eccentricity did not further improve
the regression model.

Local defect depth, as defined by
the total deviation value in the base-
line field, was the most important
factor explaining test-retest variability
(Table 2).

MD also had a significant effect on
local test-retest variability, except at
paracentral locations using SWAP
(Table 2). Although significant, the
MD coefficients were considerably
smaller than those for local defect
depth.
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Fig. 3. Perimetric mean deviation (MD) in each of the four groups of patients with different
degrees of retinopathy according to the ETDRS severity scale. The association between severity
of retinopathy and MD is clear: for both SAP (A) and SWAP (B), MD worsens gradually
along the course of increasing retinopathy. The inter-subject variability is considerably large

with SWAP compared to SAP.

B-glucose  fluctuations did not
significantly affect local test-retest
variability at paracentral test loca-
tions, but had a divergent effect at
peripheral locations (Table 2). The
effect was of borderline signifi-
cance (P = 0.06) for SAP, with a
positive coefficient suggesting that an
increase in  b-glucose fluctuation
would increase the local test-retest
variability. For SWAP, the effect
was in the opposite direction: a
decrease in  b-glucose fluctuation
would increase test-retest variability.
However, the coefficients were very
small (0.03 dB per mmol/l for SAP
and -0.05dB per mmol/l for
SWAP).
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Prediction limits for change

Generally, prediction intervals were
considerably narrower at test points
located in normal areas or in areas
with shallow depression than at points
located in areas with severe depres-
sion, and prediction limits were
slightly narrower at paracentral loca-
tions compared to peripheral locations
(Fig. 4). Thus, less change is required
to reach significant deterioration or
improvement at test points with nor-
mal or near-normal sensitivity than at
test points with reduced sensitivity.
Prediction intervals were somewhat,
but not significantly, narrower with
SAP than with SWAP at points with
no or mild depression.

Discussion

Our results suggest that perimetry can
be useful for monitoring visual func-
tion outside fovea in patients with dia-
betes. Conventional SAP, which is
currently used at most eye clinics, per-
formed just as well as the less com-
monly used SWAP. The association
between visual field loss and degree of
retinopathy confirms our earlier
results (Bengtsson et al. 2005). Previ-
ous studies have reported short-wave-
length sensitivity to be affected earlier
than achromatic sensitivity early in
the course of diabetic retinopathy
(Greenstein et al. 1989; Lobefalo et al.
1998; Nomura et al. 2000; Afrashi
et al. 2003). Although our study was
not designed to detect temporal differ-
ences between SAP and SWAP in
individual patients, we found that
SAP identified at least as much local
significant loss as SWAP.

Knowledge about random test-ret-
est variability is essential when sepa-
rating ‘true’ change from noise.
Significant change has to be bigger
than random variability and variabil-
ity caused by unknown factors. Varia-
bility caused by known factors (e.g.
age in the perimetric Statpac program)
can be corrected. In diabetic subjects,
b-glucose could be a possible factor of
variability, but the significance of the
very small effect at peripheral test
point only might be explained by the
large number of test points located in
this area yielding significance of as
weak trend of no practical impor-
tance.

We identified and quantified three
factors affecting test-retest variability
of threshold values in diabetic
patients with different degrees of
retinopathy: the eccentricity of the
test point and the global and local
defect status (as represented by the
MD value and the total deviation
value). By taking these factors into
account we defined limits for signifi-
cant change, analogous to that used
for identifying glaucoma change (Heijl
et al. 1989b). The smaller variability
obtained at points with normal or
close to normal threshold values com-
pared to variability measured at
points with reduced threshold sensitiv-
ities also suggests that small changes
at early stages can be detected. The
non-significantly smaller test-retest
variability and narrower prediction




Table 2. Factors associated with local test-retest variability.

Factors Coefficient P-value R’

SAP — Paracentral zone
Defect depth (dB) -0.34 <0.0001 0.33
MD (dB) 0.13 <0.0001

b-glucose fluctuation (mmol/1) 0.01 0.524

SAP - Peripheral zone
Defect depth (dB) -0.40 <0.0001 0.43
MD (dB) 0.18 <0.0001
b-glucose fluctuation (mmol/1) 0.03 0.0592

SWAP - Paracentral zone
Defect depth (dB) -0.16 <0.0001 0.26
MD (dB) 0.02 0.378
b-glucose fluctuation (mmol/1) —-0.003 0.898

SWAP - Peripheral zone
Defect depth (dB) -0.22 <0.0001 0.19
MD (dB) 0.10 <0.0001
b-glucose fluctuation (mmol/1) -0.05 0.012

R, coefficient of determination.
SAP, standard automated perimetry; SWAP.
bal mean deviation value.
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limits for SWAP compared to SAP at
locations with more severely depressed
sensitivity might be explained by the
decreased dynamic range of the
SWAP stimulus compared to the SAP
stimulus.

We chose to model functional
change by testing the visual fields of
patients with different degrees of
diabetic retinopathy repeatedly with
short intervals assuming no true
change would occur during the test
period. An ideal model for functional
change would be based on longitudi-
nally collected data from diabetic
patients with stable as well as pro-
gressing and regressing retinopathy.
That kind of model would require a
large number of patients to be fol-
lowed for several years, and then to
be evaluated in separate longitudinally
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Fig. 4. Median and 5% and 95% limits of test-retest variability as a function of defect depth [total deviation (TD)]. A and B display limits at
paracentral test points, and C and D at peripheral test points. A and C show SAP results, and B and D SWAP results. Changes must be outside
these limits to be considered significant. Limits were generally slightly narrower at paracentral test points than at peripheral test points. Points
with normal threshold sensitivity, i.e. TD close to zero, required considerably less change to reach significance than points with depressed

sensitivity.
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collected patient material. Instead, we
applied a cross-sectional study design
to assess limits for significant change,
which await validation in an already
ongoing longitudinal study.

In conclusion, our results suggest
that change in diabetic retinopathy
can be monitored using conventional
SAP, as well as SWAP, thus adding
useful information to the convention-
ally used photographic documenta-
tion, particularly at early stages.
Prediction limits for ‘true’ visual field
change caused by progression or
regression of diabetic retinopathy were
based on knowledge about random
visual field variability and identifica-
tion of factors affecting that variabil-
ity in patients with different degrees
of retinopathy.
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Karl-Johan Hellgren,"> Boel Bengtsson' and Elisabet Agardh'

"Department of Clinical Sciences, Ophthalmology, Skine University Hospital, Lund
University, Malmo, Sweden
’Department of Ophthalmology, County Hospital of Virmland, Karlstad, Sweden

ABSTRACT.

Purpose: To presents results after 18 months of follow-up of a longitudinal
study aiming at exploring the correlation between diabetic retinal vascular
lesions and functional change.

Methods: Patients were consecutively recruited from attendees to the screening
program for diabetic retinopathy. Subjects are followed every sixth month for
the first 3 years and thereafter annually up to 5 years. Progression of diabetic
retinopathy is evaluated using the Early Treatment Diabetic Retinopathy
Study (ETDRS) scale and improvement/deterioration in visual fields by prede-
fined significance limits for change.

Results: Of 81 subjects, with no/mild/moderate diabetic retinopathy included,
76 have passed the 18-month visit. At that time, retinal progression by two steps
according to the ETDRS scale had occurred in two subjects. Visual acuity was
—0.14 logMAR and had decreased with two letters (0.04 logMAR) (p < 0.001)
from baseline. The global visual field index mean deviation was almost
unchanged with a negligible improvement of 0.03 dB (p = 0.79). In 21 subjects,
repeated significant deterioration was seen in >10% of all points tested in the
field, while almost no improved points were noted. The two subjects with retinal
progression were not among those 21 with indication of perimetric progression.
Conclusions: This is, to our knowledge, the first longitudinal study evaluating
change of visual fields in a representative diabetic cohort with no or mild/moder-
ate retinopathy. In this interim report, we demonstrate deteriorated perimetric
sensitivity in subjects already at 18 months of follow-up. The results will have
implications for evaluating change in visual function in future clinical trials.

Key words: diabetic retinopathy — longitudinal study design — perimetry — visual function
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2004) and so is diabetic retinopa-
thy. This microvascular complication
with subsequent visual impairment is
indeed feared by people with diabetes

Introduction

The prevalence of diabetes is rapidly
increasing worldwide (Wild et al.

(Luckie et al. 2007). Although more
than 25 years have passed since treat-
ment with laser was established for
proliferative  retinopathy (Diabetic
Retinopathy Study research group
1981) and diabetic macular oedema
(Early Treatment Diabetic Retinopa-
thy Study research group 1985), dia-
betic retinopathy is still the most
common cause of blindness among
working age adults in the United
States (Centers for Disease Control
and Prevention 2011). Good metabolic
and blood pressure control can post-
pone development of sight-threatening
vascular lesions, but photocoagulation
remains the treatment of choice once
those lesions are established (Mohamed
et al. 2007). Recently, new treatment
approaches (PKC-DRS Study Group
2005; Chaturvedi et al. 2008; Sjolie
et al. 2008; Mauer et al. 2009) have
been explored, but those studies have
not given consistent evidence for the
benefit of medical intervention. One
possible explanation could be that
evaluation of medical treatment
strategies hitherto has relied on pro-
gression of diabetic retinopathy as ver-
ified by fundus photography only and
not by sensitive functional tests. To
that end, National Institute of Health
and Food and Drug Administration
arranged a symposium, in which they
recommended to include change in
visual function as one primary out-
come in clinical studies (Csaky et al.
2008).




Visual acuity (VA) is the most com-
monly used functional test but not
particularly useful as a functional out-
come measure in diabetes because it is
not affected at early stages of diabetic
retinopathy. It reflects the function of
the fovea only, and even so, VA is
usually not impaired until oedema
involves the centre of the macula
(Agardh et al. 2006).

Computerized threshold perimetry is
a psychophysical test using multiple
stimuli to measure differential light sen-
sitivity reflecting the retinal function in
a predefined pattern, typically covering
the central 20-30° of the visual field.
The most common type of perimetry is
Standard Automated Perimetry (SAP)
using a white stimulus on an evenly
illuminated white background.

Several previous studies, all but one
with a cross-sectional design, have
reported results of computerized
threshold perimetry in patients with
diabetes. The results have been some-
what conflicting, describing reduced
SAP sensitivity, either at no (Mastro-
pasqua et al. 1995; Verrotti et al. 2001)
or early stages of diabetic retinopathy
(Trick et al. 1990) or not until at more
advanced stages (Henricsson & Heijl
1994). A different type of perimetry,
Short Wavelength Automated Perime-
try (SWAP), using a blue stimulus on
an intense yellow background has also
been reported to be affected before any
detectable diabetic retinopathy (Lobe-
falo et al. 1998; Afrashi et al. 2003), a
finding that our group was unable to
confirm (Bengtsson et al. 2005).

One advantage with longitudinal
studies is that change from baseline,
modelled by random test-retest vari-
ability of threshold values in diabetic
patients, can be applied. This approach
may be more sensitive to subtle
changes than deviations from age-cor-
rected normal threshold values.
Knowledge about random test-retest
variability is essential when estimating
worsening or improvement of perimet-
ric test results. Based on repeated mea-
surements in patients with different
degrees of retinopathy, we calculated
limits for significant change for all test
points included in the central 24° SAP
visual field, except for the two located
in the area for the blind spot (Bengts-
son et al. 2008). This approach is simi-
lar to the one applied for detecting
changes in the SAP visual field in glau-
coma subjects (Heijl et al. 1989a). The

limits for detecting change in subjects
with diabetes were, similar those for
glaucoma, wider at peripheral than at
paracentral test locations and also
wider at locations with depressed sensi-
tivity than at locations with normal
sensitivity. Wider limits require larger
change to reach significance, which
usually means less sensitivity to detect
significant change. To that end, we cre-
ated graphical maps, similar to the
glaucoma change probability maps
suggested by Heijl et al. 1989a; indicat-
ing test point locations with significant
change compared to baseline fields for
patients with diabetes (Bengtsson et al.
2008; Fig. 1). These graphical maps
are compared to change in retinopathy
levels according to the Early Treat-
ment Diabetic Retinopathy (ETDRS)
final severity scale (Early Treatment
Diabetic Retinopathy Study research
group 1991).

The aim of this report is to present
results at 18 months of follow-up in a
longitudinal ongoing study on mor-
phological and functional change in
diabetic retinopathy as assessed by
conventional fundus photography, VA
and SAP.

Methods

Objectives

The longitudinal study design enables
temporal comparison between func-

Baseline

tional change and progression of dia-
betic retinopathy. The primary aim is
to explore whether early functional
change assessed by SAP may occur
and progress in parallel to the devel-
opment of vascular diabetic lesions
verified by fundus photography by
monitoring a cohort of subjects up to

5 years from baseline. The study was

approved by the Regional Ethical

Review Board at Lund University,

Sweden, and all patients gave written

informed consent.

Eligible were subjects with diabetes
between 18 and 75 years of age
attending the screening program for
diabetic retinopathy at the Depart-
ment of Ophthalmology, County Hos-
pital of Vidrmland. The screening is
open for all subjects with diabetes
older than 10 years of age and
includes fundus photography. Patients
were consecutively recruited from Sep-
tember 2006 to May 2009.

Exclusion criteria were the follow-
ing:

(1) nondiabetic eye disease or medical
disease likely to affect the visual
field

(2) nongradable photographs

(3) previous laser treatment or any
other previous local treatment for
diabetic retinopathy

(4) need for laser treatment or any
other local treatment for diabetic

retinopathy
6 12 18
months months months
v Svvy
v v vvvy
v voovvyo vy v
Yy v I yvY vy | v
v v v v v
v . v v

ﬁqhaapr;ge v Worse

Total e :g; |
deviation 8 <1z 1
maps N <05% |
Fundus

photographs

Fig. 1. Visual fields and fundus photographs in one subject with diabetes. Several reproducible
deteriorated test points were present (top). Total deviation maps were normal (middle), and the
level of diabetic retinopathy was unchanged (bottom).
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(5) inability to perform reliable visual
field, that is, false positive answers
>15%.

A prebaseline visit including visual
field testing was performed to avoid
perimetric learning effects (Heijl et al.
1989b). A battery of examinations
including fundus photography, VA
and SAP was performed at baseline.
Blood pressure was taken as the mean
of two tests in a sitting position using
an aneroid sphygmomanometer.
HbA Ic was analysed with high-perfor-
mance liquid chromatography (Vari-
ant II Haemoglobin Alc program,
Bio-Rad, Hercules, CA, USA), nor-
mal range 3.6-5.0% and 3.9-5.3%
below and above 50 years of age,
respectively. Information about age at
onset, duration and treatment of dia-
betes was obtained as well as informa-
tion about systemic vascular or other
disease and treatment for hyperten-
sion or other medical treatment.

The participants are scheduled for
examinations every sixth month until
all participants have completed the
minimum of 3 years of follow-up and
thereafter annually until a maximum
of 5 years of follow-up.

Morphological measures

After dilatation of the pupil, stereo
fundus colour photographs of seven
35° fields are taken using a retinal
camera (TRC 50 IX; Topcon, Tokyo,
Japan) with slide film (Fujichrome
Sensia 100; Fujifilm, Tokyo, Japan).
Diabetic retinopathy is graded in a
masked procedure, according to the
ETDRS final severity scale (Early
Treatment  Diabetic ~ Retinopathy
Study research group 1991). We define
progression of diabetic retinopathy as
a two-step change according to the
ETDRS final severity scale in one
study eye per patient.

Functional measures

Visual acuity is tested using ETDRS
charts according to the recommended
procedures for clinical research (Ferris
& Bailey 1996). Best corrected VA is
measured after refraction with manual
adjustment from auto refractometer
values (KR-8100P, Topcon, Tokyo,
Japan) in sphere and cylinder to 0.25
dioptres (D) accuracy. After the first
measurement, manual adjustment is

performed only when the refractome-
ter value has changed >0.25D in
sphere or cylinder.

Visual fields are tested with the
Humphrey Field Analyzer model 750
(Carl Zeiss Meditec Inc., Dublin,
CA, USA) using the SITA Standard
24-2 including 54 test point locations,
two located in the area for the blind
spot, within the central 24° visual
field. The perimetric measures are the
commercially available Statpac indi-
ces (Heijl etal. 1986): the global
visual field mean deviation (MD),
which shows how much the field
departs from normal where 0 dB rep-
resents a normal value, and number
of test points with age-corrected sen-
sitivity depressed below normal limits
at the p < 0.05 level. Based on our
new limits for significant change of
age-corrected threshold sensitivities
(Bengtsson et al. 2008), we counted
the number of significantly deterio-
rated or improved test points at the
p < 0.05 level.

Analysis

One eye per subject was analysed,
and the study eye was chosen by flip-
ping coin. Statistical analyses were
performed using spss 18.0 (SPSS Inc.,
Chicago, IL, USA) software. Follow-
up data concerning patient character-
istics were compared to baseline
using paired t-test and McNemar’s
test depending on type of data. Eigh-
teen-month follow-up differences in
VA, perimetric MD and number of
test points depressed below normal
limits were analysed using one-sample
t-test. Number of significantly deteri-

Table 1. Patient characteristics at baseline and at

orated test points in SAP was
counted, and subjects having =5 sig-
nificantly deteriorated test points at
repeated examinations at the 12- and
18-month visits were considered likely
to have changed from baseline.
Assuming a Poisson distribution, the
risk for having at least five test
points falsely flagged as deteriorated
or improved at the p < 0.05 level
would be just slightly more than
10% in a single test, and by requir-
ing at least the same number in the
consecutive test, the risk for false
change diminishes considerably.

Results

At the end of the recruitment period,
93 subjects had received study infor-
mation and performed perimetry for
training purposes. One was found to
have proliferative retinopathy, eight
subjects declined to continue, and
three were unable to perform reliable
perimetry. Thus, a total of 81 patients
were included in the study. Subjects
with age at onset of diabetes
<30 years and insulin treatment
within 1 year of diagnosis were con-
sidered as having type 1 diabetes. Of
the 81 recruited subjects, 13 had type
1 and 68 type 2 diabetes. During fol-
low-up, one subject had died, two
were severely ill, and two did not con-
tinue in the study, leaving 76 patients
available for analyses using data col-
lected up to the 18-month visit.

HbAlc levels and systolic blood
pressure were similar to Dbaseline,
whereas the diastolic blood pressure
had improved. Patient characteristics
are presented in Table 1.

18 months of follow-up.

Characteristics Baseline 18-month follow-up p
Female 30 (37%) 29 (38%)

Male, n (%) 51 (63%) 47 (62%)

Age at onset (years) 44 £ 15

Diabetes duration (years) 13 £ 12 15+ 12

Glycated haemoglobin, HbAlc (%) 6.8 £ 1.2 6.8 +£ 1.2 0.92
Insulin treatment only, 7 (%) 33 (41%) 34 (45%) 1.0
Insulin and oral hypoglycaemic agent, n (%) 15 (18%) 13 (17%) 1.0
Oral hypoglycaemic agent only, n (%) 24 (30%) 22 (29%) 1.0
No pharmacological treatment, 7 (%) 9 (11%) 7(9%) 0.5
Antihypertensive medication, n (%) 42 (52%) 44 (58%) 0.12
Systolic blood pressure (mmHg) 133 £ 16 132 £ 16 0.70
Diastolic blood pressure (mmHg) 78 £ 11 76 £ 11 0.01

Values are expresses as mean + SD. Differences in glycated haemoglobin and blood pressure
analysed using paired samples z-test, glycaemic and antihypertensive medication using McNe-

mar’s test.
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Fig. 2. Retinopathy degree according to the
Early Treatment Diabetic Retinopathy Study
(ETDRS) severity scale. Forty-two subjects
were without and 39 subjects had mild/mod-
erate diabetic retinopathy.

Morphological parameters

At baseline, 42 eyes had no retinopa-
thy (ETDRS level 10) and the remain-
ing 39 mild or moderately severe
changes (Fig. 2). At 18 months of fol-
low-up, the degree of retinopathy was
unchanged in 61 eyes progression by
one step had occurred in seven eyes,
but the predefined progression by two
steps had occurred in two eyes only.
Regression by one step occurred in six
eyes.

Functional parameters

The median VA was —0.14 logMAR
at baseline, ranging from -0.28 to
0.10, and after 18 months, the differ-
ence in VA had decreased by 0.04 log-
MAR or by two letters (p < 0.001).
Although statistically significant, this
decline in VA does not describe any
meaningful change.

At baseline, perimetric MD was
median —0.54 dB, ranging from -5.69
to 2.33. The median number of test
points depressed below normal limits
was three, ranging from 0 to 43. At
the 18-month visit, MD had improved
slightly with 0.03 dB (p = 0.79), and
the number of depressed test points
increased slightly by 0.3 (p = 0.74).

Thirty eyes had at least five signifi-
cantly deteriorated test points at the
12-month visit, and 21 eyes showed
repeated  significant  deterioration,
both at the 12- and at the 18-month
visits (Fig. 3). At 18 months, signifi-
cant deterioration in =5 test points
was detected in 50% (38/76) of the
eyes, while almost no improved test
points were seen, median 0 and never
more than three for any eye (Fig. 4).
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Number of deteriorated test points
per subject at 12 months

Fig. 3. Deteriorated test points at 18 months
compared to 12 months of follow-up. The
correlation between deteriorated test points at
the 12-month and the 18-month visits was
good, r = 0.62 with slightly more deterio-
rated points at the 18-month visit, average
difference was 1.1 (p = 0.052). Seventy-six
eyes completed 18-month follow-up, and 52
circles are visible in the scatter plot because
of overlapping.

The correlation between change in
retinopathy and function was poor.
VA improved with three letters in one
of the two eyes showing progression
by two steps according to the ETDRS
scale and decreased by one letter in
the other eye. The visual field in the
same two eyes had only four and
three significantly deteriorated test
points, respectively, after 18 months
of follow-up.

Discussion

This report presents preliminary
results of a prospective longitudinal
study, in which we compare functional
loss, measured as perimetric change
over time, to progression of vascular
lesions, measured as change in the
ETDRS retinopathy level. To our
knowledge, this is the first prospective
longitudinal study to explore func-
tional change over time using perime-
try and compare it with progression
of morphological vascular lesions
according to the ETDRS scale,
today’s gold standard monitoring dia-
betic retinopathy.

The cohort can be regarded as rep-
resentative for the Swedish diabetic
population. The subjects were consec-
utively recruited; the majority of cases
have fairly mild diabetes as indicated
by good metabolic and blood pressure
control, and 16% have type 1 diabe-
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Number of patients
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(B) Number of deteriorated test points

Fig. 4. Improved (A) and deteriorated (B)
perimetric test points at 18 months of follow-
up. Thirty-eight of 76 eyes completing
18-month follow-up had five or more deterio-
rated test points, but only 23 eyes had
improved test points and none had more than
three. Differential light thresholds measured
in the 52 test points of the visual field of all
76 eyes at 18-month follow-up in comparison
with baseline, in total 3962 test points, were
analysed, and 450 of these were found deteri-
orated, whereas only 35 improved. Thus,
deteriorated test points were found almost 13
times more often than improved ones.

tes. At 18 months, the predefined
two-step progression had occurred in
two eyes only and thus longer follow-
up is needed when comparing visual
field measures to morphological
changes. The low migration rate in
the population of the county makes
the county hospital of Vdrmland par-
ticularly suitable for a longitudinal
prospective study as designed.

In this patient cohort, the visual
fields were normal or close to normal,
as indicated by the Statpac indices.
However, our results suggest that dete-
rioration of retinal sensitivity, as indi-
cated by our change limits (Bengtsson
et al. 2008), occurs frequently, while
improvement (Fig. 4) was almost non-
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existent. The deteriorated test points
appeared after a relative short follow-
up period as shown in Fig. 1. That
could possibly be explained by too nar-
row limits for change resulting in many
falsely deteriorated points, but if the
limits had been too narrow, a similar
number of improved points would
have been expected. Further, the num-
ber of deteriorated test points seemed
to be well reproducible from the
12-month visit to the 18-month visit
(Fig. 3), suggesting that the limits for
change are reliable. However, to be
able to evaluate the validity of our
change analysis, longer follow-up is
mandatory. Another explanation for
the deterioration of test points could
be development of cataract. Age-
corrected threshold values are sensitive
to cataract (Bengtsson et al. 1997),
but increasing cataract would also
affect the number of test points with
sensitivities depressed below normal
limits. The proportion of such
depressed points was similar at base-
line and the 18-month visit. It is also
known that cataract affects all parts of
the field equally and thus results in a
general depression at all test point
locations (Lam et al. 1991; Heuer et al.
1988), while our findings may suggest
deterioration in a smaller portion of
test points with somewhat varying
locations from time to time (Fig. I).
Thus, we do not believe that our
finding can be explained by increasing
cataract.

The pathophysiology behind the
deterioration of test points despite sta-
ble none to mild/moderate diabetic
retinopathy can only be speculated
upon. The retinal vasculature consti-
tutes a minor part of the retina,
whereas the main part consists of neu-
ral tissue. Experimental data suggest
that impaired glucose metabolism
affects the neural retina and that neu-
ronal retinal defects are among the
earliest detectable changes in diabetes
(Villarroel et al. 2010). Ganglion cells
are the earliest cells affected and have
the highest rate of apoptosis (Kern &
Barber 2008), resulting in a loss of
ganglion cells and a reduction in the
thickness of the nerve fibre layer in
rodents as well as in humans, that is,
progressive loss of neural structures in
the inner retina. Hence, functional
tests may be more sensitive indicators
of retinal integrity than fundus pho-
tography. Reduction and deterioration

of functional capacity would give
valuable measures of direct early neu-
ronal damage but also indirect later
neuronal damage secondary to leak-
age and impaired vascular perfusion.
Diabetic retinopathy still remains
one of the most frequent causes of
blindness among adults in developed
countries. New treatment strategies to
prevent disease progression at early
stages of diabetic retinopathy would
be of great interest. The evaluation of
new drugs should be based on
reproducible outcome measures and
preferably noninvasive as well as cost-
effective techniques (Fishman et al.
2005). Functional outcome measures
are indeed desired (Csaky et al. 2008),
but so far, it has not been possible to
monitor early diabetic retinal changes
with such measures. Conventional
perimetry may fulfil the demands as
outcome functional measures for pro-
gression of diabetes-induced retinal
changes. This study with its promising
interim results will evaluate the useful-
ness of perimetry for the detection of
early retinal damage because of diabe-
tes. The results will be relevant for
adopting perimetry as one possible
measure of change in visual function,
which should be a primary end-point
in randomized clinical trials. To define
an amount of individual perimetric
change that can be used as a cut point
in clinical trials would be desired, but
we do believe our method needs to be
validated before that can be done.

Funding

Department of  Ophthalmology,
County Hospital of Virmland, Karls-
tad, Sweden, Centre for Clinical
Research, County Hospital of Virm-
land, the Jdrnhardt Foundation, the
Foundation for Visually Impaired in
Former Malmohus lidn, the Swedish
Eye Foundation, the Malmé Hospital
Foundation, the Cronqvist Founda-
tion, the Skane County Council, and
Lund University.

Competing interests

Boel Bengtsson has received research
funding from Carl Zeiss Meditec Inc.
and is a consultant of Carl Zeiss
Meditec Inc. The Department of
Clinical Sciences, Ophthalmology, in
Malmo, Lund University, has
received research funding from Carl

Zeiss Meditec Inc. Karl-Johan Hell-
gren and Elisabet Agardh have no
commercial associations connected to
the submitted article.

References

Afrashi F, Erakgun T, Kose S, Ardic K &
Mentes J (2003): Blue-on-yellow perimetry
versus achromatic perimetry in type 1 dia-
betes patients without retinopathy. Diabe-
tes Res Clin Pract 61: 7-11.

Agardh E, Stjernquist H, Heijl A & Bengts-
son B (2006): Visual acuity and perimetry
as measures of visual function in diabetic
macular  oedema.  Diabetologia  49:
200-206.

Bengtsson B, Lindgren A, Heijl A, Lindgren
G, Asman P & Patella M (1997): Perimet-
ric probability maps to separate change
caused by glaucoma from that caused by
cataract. Acta Ophthalmol Scand 75:
184-188.

Bengtsson B, Heijl A & Agardh E (2005):
Visual fields correlate better than visual
acuity to severity of diabetic retinopathy.
Diabetologia 48: 2494-2500.

Bengtsson B, Hellgren KJ & Agardh E
(2008): Test-retest variability for standard
automated perimetry and short-wavelength
automated perimetry in diabetic patients.
Acta Ophthalmol 86: 170-176.

Centers for Disease Control and Prevention
(2011):  National diabetes fact sheet:
national estimates and general information
on diabetes and prediabetes in the United
States, 2011. Available from http://
www.cde.gov/diabetes/pubs/pdf/
ndfs_2011.pdf. Accessed January 2012.

Chaturvedi N, Porta M, Klein R, Orchard T,
Fuller J, Parving HH, Bilous R & Sjolie
AK (2008): Effect of candesartan on pre-
vention (DIRECT-Prevent 1) and progres-
sion (DIRECT-Protect 1) of retinopathy in
type 1 diabetes: randomised, placebo-con-
trolled trials. Lancet 372: 1394-1402.

Csaky KG, Richman EA & Ferris FL 3rd
(2008): Report from the NEI/FDA Oph-
thalmic Clinical Trial Design and End-
points Symposium. Invest Ophthalmol Vis
Sci 49: 479-489.

Diabetic Retinopathy Study research group
(1981): Photocoagulation treatment of pro-
liferative ~ diabetic retinopathy. Clinical
application of Diabetic Retinopathy Study
(DRS) findings, DRS Report Number 8.
Ophthalmology 88: 583-600.

Early Treatment Diabetic Retinopathy Study
research group (1985): Photocoagulation
for diabetic macular edema. Early Treat-
ment Diabetic Retinopathy Study report
number 1. Arch Ophthalmol 103: 1796-
1806.

Early Treatment Diabetic Retinopathy Study
research group (1991): Fundus photo-
graphic risk factors for progression of
diabetic retinopathy. ETDRS report num-
ber 12. Ophthalmology 98: 823-833.




Ferris FL 3rd & Bailey I (1996): Standardiz-
ing the measurement of visual acuity for
clinical research studies: Guidelines from
the Eye Care Technology Forum. Ophthal-
mology 103: 181-182.

Fishman GA, Jacobson SG, Alexander KR,
Cideciyan AV, Birch DG, Weleber RG &
Hood DC (2005): Outcome measures and
their application in clinical trials for retinal
degenerative diseases: outline, review, and
perspective. Retina 25: 772-777.

Heijl A, Lindgren G & Olsson J (1986): A pack-
age for the statistical analysis of visual fields.
Doc Ophthalmol Proc Ser 49: 153-168.

Heijl A, Lindgren A & Lindgren G (1989a):
Test-retest variability in glaucomatous
visual fields. Am J Ophthalmol 108: 130—
135.

Heijl A, Lindgren G & Olsson J (1989b): The
effect of perimetric experience in normal
subjects. Arch Ophthalmol 107: 81-86.

Henricsson M & Heijl A (1994): Visual fields
at different stages of diabetic retinopathy.
Acta Ophthalmol (Copenh) 72: 560-569.

Heuer DK, Anderson DR, Knighton RW,
Feuer WJ & Gressel MG (1988): The influ-
ence of simulated light scattering on auto-
mated perimetric threshold measurements.
Arch Ophthalmol 106: 1247-1251.

Kern TS & Barber AJ (2008): Retinal gan-
glion cells in diabetes. J Physiol 586: 4401—
4408.

Lam BL, Alward WL & Kolder HE (1991):
Effect of cataract on automated perimetry.
Ophthalmology 98: 1066-1070.

Lobefalo L, Verrotti A, Mastropasqua L,
Della Loggia G, Cherubini V, Morgese G,

Gallenga PE & Chiarelli F (1998): Blue-
on-yellow and achromatic perimetry in
diabetic  children without retinopathy.
Diabetes Care 21: 2003-2006.

Luckie R, Leese G, McAlpine R, MacEwen
CJ, Baines PS, Morris AD & Ellis JD
(2007): Fear of visual loss in patients with
diabetes: results of the prevalence of
diabetic eye disease in Tayside, Scotland
(P-DETS) study. Diabet Med 24: 1086-1092.

Mastropasqua L, Verrotti A, Lobefalo L,
Chiarelli F, Verdesca G & Morgese G
(1995): Visual field defects in diabetic chil-
dren without retinopathy. Relation between
visual function and microalbuminuria.
Acta Ophthalmol Scand 73: 125-128.

Mauer M, Zinman B, Gardiner R et al.
(2009): Renal and retinal effects of enalap-
ril and losartan in type 1 diabetes. N Engl
J Med 361: 40-51.

Mohamed Q, Gillies MC & Wong TY (2007):
Management of diabetic retinopathy: a sys-
tematic review. JAMA 298: 902-916.

PKC-DRS Study Group (2005): The effect of
ruboxistaurin on visual loss in patients
with moderately severe to very severe non-
proliferative diabetic retinopathy: initial
results of the Protein Kinase C beta Inhibi-
tor Diabetic Retinopathy Study (PKC-
DRS) multicenter randomized clinical trial.
Diabetes 54: 2188-2197.

Sjolie AK, Klein R, Porta M, Orchard T,
Fuller J, Parving HH, Bilous R & Chaturv-
edi N (2008): Effect of candesartan on pro-
gression and regression of retinopathy in
type 2 diabetes (DIRECT-Protect 2): a

randomised placebo-controlled trial. Lancet
372: 1385-1393.

Trick GL, Trick LR & Kilo C (1990): Visual
field defects in patients with insulin-depen-
dent and noninsulin-dependent diabetes.
Ophthalmology 97: 475-482.

Verrotti A, Lobefalo L, Altobelli E, Morgese
G. Chiarelli F & Gallenga PE (2001): Static
perimetry and diabetic retinopathy: a long-
term follow-up. Acta Diabetol 38: 99-105.

Villarroel M, Ciudin A, Hernandez C & Simo
R (2010): Neurodegeneration: an early
event of diabetic retinopathy. World J Dia-
betes 1: 57-64.

Wild S, Roglic G, Green A, Sicree R & King
H (2004): Global prevalence of diabetes:
estimates for the year 2000 and projections
for 2030. Diabetes Care 27: 1047-1053.

Received on February 14th, 2012.
Accepted on June 18th, 2012.

Correspondence:

Karl-Johan Hellgren
Department of Clinical Sciences,
Ophthalmology

Skane University Hospital

Lund University

205 02 Malméo

Sweden

Tel: + 46 73 9872896

Fax: + 46 40 336212

Email: karl-johan.hellgren@med.lu.se

Acta OpHTHALMOLOGICA 2013 —

677 —



Paper IV






Diabetes

Karl-Johan Hellgren,>? Elisabet Agardh,* and Boel Bengtsson®

CrossMark

Progression of Early Retinal
Dysfunction in Diabetes Over
Time: Results of a Long-term
Prospective Clinical Study

DOI: 10.2337/db13-1628

We explored signs of retinal dysfunction over time in
diabetic subjects before or early in the course of
retinopathy. Patients with no, mild, or moderate reti-
nopathy were consecutively recruited and underwent
standard automated perimetry, visual acuity measure-
ment, and fundus photography. These examinations and
measurements of HbA;. and blood pressure were re-
peated for up to 5 years from baseline. Visual field
improvement/deterioration in diabetic subjects was
evaluated using significance limits for change. Progres-
sion or regression of retinopathy was defined as a
two-step change on the Early Treatment Diabetic Ret-
inopathy Study final severity scale. Seventy-four sub-
jects completed at least 3 years of follow-up, and
22% showed visual field worsening, defined as re-
peated significant deterioration at >10% of the test
points, whereas only 1% showed field improvement.
Worsening occurred in subjects both with and without
vascular lesions. The degree of retinopathy was stable
throughout the observation period in 68 of 74 eyes, im-
proved in 4, and worsened in 2. Visual field deteriora-
tion was not correlated with a change in retinopathy.
By using perimetry with an analysis tailored for moni-
toring diabetic subjects, we were able to demonstrate
progression of retinal dysfunction over time, which may
represent early signs of retinal neurodegeneration.

Diabetic retinopathy has classically been considered to be
a microvascular complication caused by elevated blood
glucose levels and metabolic pathways triggered by
hyperglycemia. Vascular lesions have been characterized
in detail, and guidelines for treatment based on various

grading scales have been developed to help preserve visual
acuity. However, the retina is not primarily a vascular
tissue, but rather a neuronal tissue with a vascular supply
in which the retinal neurons, glia, and retinal vasculature
are interconnected to form a functional neurovascular
unit with intricate molecular interactions (1). Hyperglyce-
mia likely affects not only the vasculature per se but also
the neuroretina, resulting in dysfunctions other than im-
pairment and loss of visual acuity.

There is increasing evidence of early retinal neuro-
degeneration in diabetes, which may even precede the
vascular changes (2). Neuronal degeneration patterns
have been observed in various animal models of diabetes,
and early retinal dysfunction has been demonstrated
(3,4). Postmortem studies in humans have revealed neu-
ronal degeneration and apoptosis in retinas, mainly in the
ganglion cell layer (5,6). Furthermore, use of the modern
technique of spectral domain optical coherence tomogra-
phy for retinal imaging (7) has shown thinning of the
retinal nerve fiber (8,9) and photoreceptor layers (10) in
diabetic subjects in vivo before any visible vascular lesions
could be detected. In addition, thinning of the ganglion
cell layer and inner plexiform layers has been reported in
patients with mild diabetic retinopathy (11).

The most commonly used methods for detecting
retinal dysfunction in humans are psychophysical (e.g.,
perimetry) or electrophysiological (e.g., electroretinogram
[ERG]). Several of those techniques have been applied to
evaluate retinal dysfunction in diabetic subjects, but so
far, very few long-term longitudinal studies have been
performed to establish the usefulness of those methods.
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The most widely used test of retinal dysfunction is
standard automated perimetry (SAP), which has rendered
results indicating a reduction of retinal sensitivity in
diabetic subjects without retinopathy (12,13) as well as in
those with mild/moderate (14) or moderate/severe reti-
nopathy (15,16). Moreover, reduction of retinal sensitiv-
ity revealed by SAP was found to correlate with stepwise
increases in the severity of retinopathy (17,18). That SAP
can be used to predict the development of diabetic reti-
nopathy has also been suggested (19).

Microperimetry is another perimetric method in which
a small area of the central field is tested using white
stimuli but on a darker background than in SAP. This test
was recently reported to show reduced sensitivity in
subjects who did or did not have various types of
retinopathy (20,21). A drawback of microperimetry is
that the short dynamic range of the stimulus presented
results in truncation of threshold sensitivities (22), and
hence, normal or nearly normal function cannot be accu-
rately measured.

Frequency doubling technology and short wavelength
automated perimetry (SWAP) are two examples of
selective perimetry, the latter designed to expose blue
stimuli on an intense yellow background. The stimuli used
in these methods aim at testing specific subpopulations of
retinal ganglion cells, which increases the sensitivity of
the tests. Reduced SWAP sensitivity has been reported in
diabetic subjects without retinopathy (12,23) as well as in
individuals with mild, moderate, or more severe diabetic
retinopathy (17,18,24). SWAP is not optimal for analysis
of longitudinal data. Compared with SAP, SWAP entails
considerably larger test-retest variability (18), making it
difficult to detect subtle changes, and SWAP is also much
more sensitive to cataract development. Perimetry using
frequency doubling technology stimuli has reported re-
duced retinal sensitivity in diabetic subjects without as
well as with retinopathy (13,16,25), but so far this has
only been noted in a limited number of cross-sectional
studies.

The ERG is an electrophysiological test that can
provide objective and quantitative information on retinal
dysfunction in diabetic subjects (26). There is evidence
that ERG abnormalities can be detected very early in
the course of retinopathy and that special techniques
can be used to demonstrate local responses. To our knowl-
edge, changes in ERG responses over time have only been
investigated in insulin-dependent diabetic patients and
have yielded contradictory results (27,28), but it has
been reported that a delayed ERG response can predict
the onset of diabetic retinopathy (29). Those results could
indicate that diabetes may affect the retinal neurons
ahead of the retinal vascular network.

The purpose of our study was to demonstrate the
usefulness of SAP for detecting early retinal dysfunction
over time in patients with type 1 and type 2 diabetes. In
our interim report published after 18 months of follow-up
of subjects with and without mild/moderate diabetic

Diabetes

retinopathy (30), we described how our previously defined
limits of significant change for SAP in diabetes (18) pro-
vided promising results regarding the monitoring of peri-
metric change. Here, we confirm those findings in an
extended longitudinal study with an average follow-up
time of 4 years.

RESEARCH DESIGN AND METHODS

The subjects and study design have previously been
described in detail (30) and are summarized here. From
September 2006 to May 2009, patients who had type 1
(13 of 81) or type 2 (68 of 81) diabetes and were between
the ages of 18 and 75 years were consecutively recruited
from the screening program for diabetic retinopathy at
the Department of Ophthalmology, Karlstad, County
Council of Varmland. This program uses fundus photog-
raphy to grade vascular lesions and is open to all individ-
uals with diabetes who are older than 10 years of age.
Type 1 diabetes was defined as having a diagnosis of di-
abetes at age <30 years and receiving insulin treatment
within 1 year of diagnosis. One randomly selected eye per
subject was examined and included in the study. Patients
were not included if they had previously received laser
treatment or any other local treatment for diabetic reti-
nopathy, were in need of such treatment, or had other
conditions that were likely to affect the visual field. In-
traocular pressure measurements ranging between 11 and
22 mmHg and normal optic discs on baseline photographs
ruled out the presence of undiagnosed glaucoma. To be
included, patients had to be able to perform reliable visual
fields defined as =15% false-positive responses. The
study was approved by the regional ethical review board
of Lund University, Sweden, and all patients gave written
informed consent.

Patients were scheduled for follow-up visits every
6 months for the first 3 years and thereafter annually
until 5 years from baseline. All visits included an
examination of visual acuity, SAP, fundus photography,
and measurement of HbA;. and blood pressure.

Visual acuity was tested using Early Treatment of
Diabetic Retinopathy Study (ETDRS) charts (31) and was
expressed as the number of correctly read letters. Visual
acuity was measured after refraction with manual adjust-
ment of autorefractor (KR-8100P; Topcon, Tokyo, Japan)
values in sphere and cylinder to 0.25-diopter accuracy. We
considered a difference of five or more letters as a change
in visual acuity based on our earlier results of measure-
ments of short-term variation in visual acuity in diabetic
patients (32).

Visual fields were tested using a Humphrey Field
Analyzer 750 (Carl Zeiss Meditec Inc., Dublin, CA) with
the SITA Standard 24-2 program, including 54 test point
locations within the central 24° visual field. Normal limits
are based on a multicenter collection of perimetric data
from 330 healthy subjects between 19 and 84 years of age
(33). Before the initial visit during the study period,
all subjects performed one visual field test to avoid
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perimetric learning effects during follow-up. The peri-
metric interpretation tool “single field analysis” provides
probability maps that flag test locations with sensitiv-
ities that are significantly depressed compared with age-
corrected normal values (34) (Fig. 1). The global peri-
metric index mean deviation (MD) describes the global
status of the visual field; a value of 0 dB corresponds to
a normal field, and approximately —-30 dB corresponds to
a blind field.

Longitudinal visual field change was assessed by com-
paring each follow-up field with the baseline field repre-
senting an average of the two tests performed at the first
two visits during the study period. Differences in age-
corrected threshold values were calculated for each test
point, except for the two located in the blind spot area, and
thereafter were compared with the limits for significant
improvement and deterioration that we had previously
defined for diabetic subjects (18). This change analysis was
developed in analogy with the glaucoma change probability
maps used to assess glaucomatous progression (35). Test
locations with significant change (deterioration or improve-
ment) at the P < 0.05 level (Fig. 1) were counted. As in our
previous study (30), fields with five or more significantly
improved or deteriorated test locations were considered as
showing a possible change from baseline, and repeated
improvement or deterioration at five or more test locations
in two or more consecutive field tests was regarded as
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indicating likely change. The risk for having at least five
test points falsely flagged as deteriorated or improved at
the P < 0.05 level is about 10% in a single test, and by
requiring at least the same number in the consecutive test,
the risk for false change diminishes considerably to 1%,
assuming the tests are independent.

To confirm the results obtained by our method, we
applied the established pointwise linear regression anal-
ysis (36,37) but used age-corrected threshold values over
time to detect significant changes in visual fields. Eyes
were considered deteriorated if five or more test points
showed significantly negative regression slopes at the P <
0.05 level.

Stereo fundus photography of seven 35° fields was
performed using a TRC 50IX retinal camera (Topcon)
and Fujichrome Sensia 100 slide film (Fujifilm, Tokyo,
Japan). The degree of retinopathy was graded according
to the ETDRS final severity scale (38). The grader (E.A.)
was masked to patient characteristics, visit number, and
outcome of the functional tests. Progression or regression
of retinopathy was defined as a two-step change according
to the ETDRS final severity scale.

HbA;, was analyzed by high-performance liquid chro-
matography initially using a Variant II Hemoglobin Alc
Program (Bio-Rad, Hercules, CA) and from 2 February
2011 using a TOSOH G8 analyzer (Medinor, Tokyo,
Japan): normal ranges are 27-42 and 31-46 mmol/mol

Baseline 12 months 24 months 36 months 48 months 60 months
» v v v vy - v
Change maps N H Cdvww
) v R MR
vV improved<5% v v lv v vulvy
3 ” v v vw s
v deteriorated <5% - v vy

Single field
analysis

1 45%

$<2%
#<1%
W<05%

Fundus
photographs

Figure 1—Visual fields from baseline to 60 months of follow-up demonstrate significantly improved and deteriorated test points (top) in
a 59-year-old subject with type 2 diabetes and mild retinopathy (i.e., microaneurysms only). The fundus photographs were taken at baseline
(left) and at the last follow-up visit (right). The single-field analysis revealed no meaningful deviation from normal age-corrected threshold
values (middle), whereas visual field deterioration was apparent in the change maps (top). Visual acuity was >6/6 throughout the entire

study period.
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(4.6-6.0% and 5.0-6.3% according to the National Glyco-
hemoglobin Standardization Program) for individuals
aged <50 and =50 years, respectively. Blood pressure
was expressed as the mean of two measurements per-
formed using an aneroid sphygmomanometer with the
patient sitting.

Statistics

Depending on the type of data to be analyzed, parametric
(paired t test) or nonparametric (McNemar, Wilcoxon
sign rank test, and Mann-Whitney) tests were used to
compare changes in patient characteristics and perimetric
MD values between baseline and the last follow-up visit.
We also used k statistics to analyze agreement between
the two methods applied to assess changes in visual fields.

RESULTS

Ninety-three diabetic subjects received information on
the study and participated in the training session, and 12
were excluded due to proliferative retinopathy (n = 1),
unreliable perimetry (n = 3), or individual choice (n =
8). Of the remaining 81 subjects who met the inclusion
criteria, 74 completed the minimum follow-up of 3 years.
The reasons for dropout were death (n = 2), severe illness
(n = 2), and unwillingness to continue (n = 3). The median
follow-up time was 4 years, and 22, 18, and 34 of the
subjects completed 5, 4, and 3 years of follow-up, respec-
tively. Compliance with the visit schedule was high: only
three of all possible visits were missed by three subjects
who did not attend the 12-month visit.

Of the 74 subjects who completed follow-up, 12 had
type 1 diabetes. Subject characteristics at baseline are
summarized in Table 1. Very few changes occurred in
their characteristics during follow-up: at the last study
visit, fewer subjects were being treated by diet alone,
and diastolic blood pressure was slightly lower.

Diabetes

After 3 to 5 years of follow-up, visual acuity had
decreased five or more letters compared with baseline in
20 of the 74 patients, in 2 of 12 type 1 and in 18 of 62
type 2 diabetic subjects. In the worst case, 15 letters were
lost due to development of dinically significant macular
edema, and another patient with cataract at the last visit
lost 11 letters. We have no explanation for the decrease in
visual acuity in the remaining 18 patients. Visual acuity
improved by five or more letters in six patients, one of
whom underwent cataract surgery during the follow-up
period.

Subjective assessment of “single field analysis” and its
probability maps revealed no obvious field loss at baseline
or in follow-up tests. For the entire cohort, the global MD
value improved slightly, from an average of -0.55 dB at
baseline to —-0.39 dB at the last visit (P = 0.31).

Our change analysis revealed considerably more test
locations with significant deterioration than with signif-
icant improvement at the last follow-up visit. The num-
ber of test locations showing deterioration increased
over time, whereas the number exhibiting improvement
remained at essentially the same level (Fig. 2). At the last
visit, 27 eyes showed significant deterioration at five or
more test locations, and only 3 eyes had significant im-
provement at five or more locations. Only 1 subject had
five or more test points showing significant improvement
in the last two tests, whereas 16 subjects had five or more
test points with significant deterioration at least at the
last two visits, in 2 of 12 with type 1 and in 14 of 62 with
type 2 diabetes. The global MD value for those 16 indi-
viduals decreased from —-0.19 dB to -1.26 dB (P = 0.003).
Test points with repeated deterioration appeared in all
parts of the visual field without any typical pattern during
the study period. The proportions of deteriorated test
points detected within the central 10° of the field and

Table 1—Subject characteristics at baseline and at the last follow-up visit (median 4 years, range 3-5 years)

Characteristics Baseline Last visit =
Sex
Female 30 (37) 29 (39)
Male 51 (63) 45 (61)
Age (years) 57 = 11 61 + 11
Age at onset (years) 44 + 15
Diabetes duration (years) 13 = 12 17 =12
HbA (% [mmol/mol]) 7.6 = 1.1[60 = 12] 7.6 +1.1[60 + 12] 0.46
Treatment
Insulin only 33 (41) 33 (45) 1.00
Insulin and oral hypoglycemic agent 15 (18) 13 (18) 1.00
Oral hypoglycemic agent only 24 (30) 25 (34) 0.12
Diet only 9 (11) 3(4) 0.03
Antihypertensive medication 42 (52) 43 (58) 0.29
Blood pressure (mmHg)
Systolic 133 + 16 132 = 16 0.35
Diastolic 78 + 11 75 = 11 0.02

Data are presented as n (%) or mean = SD.
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Figure 2—The proportion of deteriorated test points (Hll) increased

over time, whereas the proportion of improved test points ([J)
remained stable.

outside that area were similar, at 21% and 18%, respec-
tively. The corresponding proportions in the upper and
lower hemifields were also similar. According to the point-
wise linear regression method, 9 of the 16 eyes showed
deterioration. There was moderate agreement between
the results provided by our method and those obtained
using the linear regression method (k = 0.60; Fig. 3). In-
dividual fluctuation of significantly deteriorated test
points over time is shown in Fig. 4.

Loss of visual acuity by five or more letters was noted
in 20 eyes at the final test, and 6 of these were among the
16 eyes with repeated deterioration of the visual field
indicated by our method.

The number of test point locations showing deteriora-
tion varied considerably in patients older than 40 years of
age, whereas almost no deteriorated points were seen in the
few patients who were younger than 40 (Fig. 5A). The dif-
ference in age between those with and those without likely
deterioration of visual fields (median ages 66 and 63 years,
respectively) was not significant (P = 0.23). At the last visit,
deterioration of visual fields was not explained by diabetes
duration (Fig. 5B), mean HbA;. levels during the study pe-
riod (Fig. 5C), or diastolic blood pressure (Fig. 5D). HbA;,
levels at baseline did not correlate with visual field change at
any follow-up assessment. On a group basis, HbA;, values
were the same at baseline as at the last visit.

Thirty-five eyes (49%) had no or questionable (n = 1)
signs of vascular lesions (ETDRS level 10-15) at baseline,
and the remaining 38 eyes had mild to moderate lesions
(ETDRS level 20-43). Twenty-four eyes were graded as level
10 at all visits. The level of retinopathy was stable in 68
eyes, whereas the predefined two-step change occurred in
only 6 eyes, progression in two of them and regression in
the other four (from level 10 to 20, or conversely). The
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Figure 3—Venn diagram shows the number of eyes with deteriora-
tion indicated by our test-retest method (n = 16) and the pointwise
linear regression analysis (n = 11). Nine eyes were identified by both
methods.

occurrence or disappearance of one or a few microaneu-
rysms represented the only sign of structural vascular
change.

No association was found between progression of reti-
nopathy and likely deterioration of the visual field. In the last
visual field test, the two patients with progression had,
respectively, only one test point and two test points with
significant deterioration. No test points showed significant
improvement in the four patients with regression of
retinopathy, but two of them had five or more test points
exhibiting deterioration. Furthermore, the number of de-
teriorated test locations noted at the last visit did not differ
between eyes without signs of vascular lesions and eyes with
an ETDRS level >10 at any visit (median 2.5 [range 0-21] vs.
3 [range 0-37]).

N w B a
o o o o

Deteriorated test points (n)
s

o

Follow-up (months)

Figure 4—Individual fluctuations of significantly deteriorated test
points over time are shown in the 16 eyes with deterioration at least
at the last two visits. The fluctuations in most eyes were reasonably
small.
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DISCUSSION

To our knowledge, this is the first prospective longitudinal
study to use SAP to evaluate diabetic subjects with no
or mild/moderate diabetic retinopathy. This approach
detected progression of early retinal dysfunction, even
though the ETDRS final severity scale indicated stable
retinopathy. Because visual field deterioration did not
differ between subjects without and those with any signs
of microvascular abnormalities and because the ETDRS
level of retinopathy was stable over time, we propose that
the neuronal dysfunction could represent an early feature
of diabetic retinopathy due to primary neurodegeneration.
A limitation of the study is that the number of subjects
with progression of retinopathy during the 4 years of
follow-up was insufficient to explore whether SAP is able to
predict the development of microvascular impairment.
We used empirically derived limits for change based on
test-retest variability previously measured in an independent

sample of diabetic patients (18). Knowledge of such variabil-
ity, together with longitudinal comparisons within individu-
als, allows more sensitive monitoring of visual function than
is provided by cross-sectional comparisons of individuals.
Had the limits been too narrow, a substantial proportion of
significantly changed—both deteriorated and improved—test
points would have been found. Our analysis yielded a sub-
stantial number of test locations showing significant deteri-
oration but very few locations exhibiting improvement. In 27
eyes (36%), at least five test points showed deterioration in
the last test. Furthermore, deterioration of at least five test
points was noted in 16 eyes (22%) in the two last tests, which
indicated a likely change, and those 16 eyes also had de-
creased MD values. Agreement was good between our
method and the pointwise linear regression technique, al-
though the latter identified fewer eyes with deterioration,
indicating that our method is more sensitive. Our approach
has long been applied to assess the eyes of patients with
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glaucoma (35), and in that disease has been reported to
identify significant deterioration earlier than is possible
with the regression method (39-41). Therefore, as expected,
in the current study we found the regression method revealed
fewer deteriorated eyes than our method.

To evaluate sensitive methods for detecting change
over time, it is necessary to use a longitudinal study
design. However, such an approach always entails the risk
of dropouts, which can weaken the interpretation of the
results. Fortunately, the dropout rate in our study was
low: more than 90% of the subjects completed the 3 years
of follow-up.

Several cross-sectional investigations using various
perimetric and electrophysiological methods have sug-
gested slight dysfunction in eyes with no diabetic retinop-
athy (12,13,16,20,21,23-26), but few longitudinal studies
have considered this issue. One longitudinal investigation
was conducted by Di Leo et al. (28) in 1994, who found
that patients with type 1 diabetes, but without retinopathy,
exhibited significant changes in ERG responses 3 years
after baseline, and two studies demonstrated that slight
depression of SAP (19) and delayed ERG response (29)
predicted later onset of diabetic retinopathy. The strength
of our study is that we performed a longitudinal collection
of more functional data. By using SAP to test the visual
field every 6 months for up to 3 years and thereafter
annually, we were able to identify consistent deterioration
in 22% of the eyes that were evaluated.

Factors other than diabetes-induced retinal dysfunc-
tion (e.g., cataract) can explain decreased perimetric
sensitivity. Although cataract is known to increase with
age (42), we found no significant difference in age be-
tween patients with and those without a likely visual field
change. Cataract typically leads to general depression of
the visual field and might also have a more pronounced
effect on paracentral than on peripheral test points (43),
but such a pattern was not discerned in our 16 subjects
with likely deterioration. Although we did not specifically
grade lens changes, that the functional changes detected
by our method were caused by cataract is unlikely. Fur-
thermore, we did not find any difference in change in
perimetric foveal (central) threshold values between the
16 eyes with repeated deterioration and those without.
The mean change in foveal threshold was —0.6 dB among
the 16 eyes and —1.1 dB among the other 58 eyes. Thus,
cataract development is unlikely to explain our finding of
repeated deterioration in some eyes.

There was a poor correlation between likely visual field
deterioration and visual acuity change, and most eyes
with a likely visual field deterioration did not loose visual
acuity. A limitation of the study is the lack of explanation
for vision loss in a subset of subjects. The present five-
letter cutoff for visual acuity change can be discussed,
but test-retest variability is lower in eyes with good
visual acuity, as was the case for the eyes in our study.
Had the cutoff been set at nine letters, which has been
reported as the overall coefficient of repeatability for
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diabetic subjects with various visual acuity (44), six sub-
jects would have had a worsening of visual acuity at
follow-up, and merely one of those had a likely visual
field deterioration.

We found no association between SAP deterioration
and duration of diabetes or HbA; levels in our cohort of
diabetic subjects with stable metabolic control, which
agrees with results obtained by Nitta et al. (45). Di Leo
et al. (28) and Verrotti et al. (19) have also reported
a lack of correlation between ERG and SAP, respectively,
and metabolic control. We previously demonstrated that
quite extensive intraindividual blood glucose fluctua-
tions on a 1-month basis had no or little influence on
SAP deterioration in a different cohort of diabetic sub-
jects (18). Whether fluctuating HbA;. levels on a long-
term basis may affect visual function, including SAP, can
only be speculated about.

This prospective longitudinal study is the first of its
kind, and our results demonstrate that SAP with an
analysis tailored for monitoring the eyes of patients with
diabetes over time can reveal repeated deterioration of
retinal neuronal function in this disease. We believe our
method provides reliable assessments of visual function
early in the course of diabetic retinopathy. Moreover, it
can serve as an alternative end point for investigation of
early visual disturbances, which can be useful when
evaluating new treatment strategies for diabetic retinal
disease, including neuroprotection.
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