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Introduction

Morphologic deterioration is generally considered to precede functional alterations in glaucoma, but it depends on the methods or diagnostic criteria used to evaluate this topic. In a previous report, [START_REF] Gonzalez De La Rosa | Optic disc tomography and perimetry in controls, glaucoma suspects, and early and established glaucomas[END_REF] we presented theoretical objections to this idea based on our clinical observations that certain morphologic indices obtained using the Heidelberg Retina Tomograph (HRT II) are highly correlated with the mean sensitivity (MS) of standard white-on-white automated perimetry (SAP), such that the expected error in deducing the SAP-MS from the morphologic parameters is less than 2 decibels (dB) in the first phases of the disease. New perimetric procedures have been added to the diagnostic arsenal for glaucoma; e.g., new strategies to reduce retinal neurologic fatigue, such as tendency oriented perimetry (TOP) [START_REF] Gonzalez De La Rosa | Accuracy of the Tendency Oriented Perimetry (TOP) in the Octopus 1-2-3 Perimeter[END_REF] or the Swedish interactive threshold algorithm (SITA), [START_REF] Bengtsson | A new generation of algorithms for computerized threshold perimetry, SITA[END_REF] or procedures that examine functions other than differential light threshold, such as high resolution perimetry, [START_REF] Frisen | High pass resolution targets in peripheral vision[END_REF] short-wavelength automated perimetry, [START_REF] Hart | Glaucomatous visual field damage. Luminance and color-contrast sensitivities[END_REF] or frequency-doubling perimetry, [START_REF] Maddess | Clinical trials of the frequency doubled illution as an indicator of glaucoma[END_REF] which have sought to analyse the parvo-, konio-, and magnocellular pathways to confirm or provide an earlier diagnosis. [START_REF] Ferreras | Can frequency-doubling technology and shortwavelength automated perimetries detect visual field defects before standard automated perimetry in patients with pre-perimetric glaucoma?[END_REF][START_REF] Fogagnolo | Short-wavelength automated perimetry and frequency-doubling technology perimetry in glaucoma[END_REF] There is no absolute certainty, however, that some of these nerve pathways are selectively affected early in glaucoma. [START_REF] Harwerth | Visual field defects and neural losses from experimental glaucoma[END_REF] Moreover, recent studies have cast doubt on previous affirmations that the perimetries used to estimate some of these specific visual functions are valuable for the diagnosis of early glaucoma. [START_REF] North | Evaluation of the high specificity Screening Program (C-20-1) of the Frequency Doubling Technology (FDT) perimeter in clinical practice[END_REF][START_REF] Bengtsson | Diagnostic sensitivity of fast blue-yellow and standard automated perimetry in early glaucoma: a comparison between different test programs[END_REF] It has been argued that functional analysis procedures for diagnosing glaucoma inevitably lead to a late diagnosis, because of the logarithmic nature of the progression of glaucoma due to the concentration of residual ganglion cells. The relationship between morphology and function, however, may be linear rather than logarithmic at early stages of the disease. Although function is immediately lost with neuronal death, the thickness of the retinal nerve fibre layer (RNFL) is not immediately impacted. 12 ,13 Thus, the relationship between the concentration of residual ganglion cells and morphologic measurements may not be linear, but rather curvilinear. If both morphology and function are measured by non-linear scales, however, the relationship between them might be approximately linear. For example, if a newborn animal doubles its weight and height every day, the growth is not linear with respect to time although the relationship between weight and height is linear. Moreover, morphologic measurements of the optic nerve head (ONH) and its surroundings do not take into account functional eccentricity. Recent histopathologic studies in monkeys trained for perimetric research indicate that the slope of perimetry in relation to ganglion cell count varies with the eccentricity of the region being investigated. [START_REF] Harwerth | Scaling the structure--function relationship for clinical perimetry[END_REF] In the present study, we compared the linear and logarithmic relationship between changes in morphology and function in a sample comprising healthy subjects, glaucoma suspects, and glaucoma patients.

Methods

This study was conducted in accordance with the tenets of the Declaration of Helsinki. The ethics committee of our hospital approved the study and informed consent was obtained from each subject.

Subjects and measurement protocol

The study comprised 1235 eyes from 1235 subjects: 228 controls, 766 glaucoma suspects, and 241 glaucoma patients. All participants were required to have a best-corrected visual acuity better than 0.8 (Snellen), refractive error within ±5.00 diopters equivalent sphere and ±2.00 diopters astigmatism, transparent ocular media, and an open anterior chamber angle. Subjects with any eye disease other than glaucoma, taking medication that could affect visual field performance, a pupil diameter <3 mm, or perimetric catch trials outside the normal range (>33%) were excluded.

All subjects underwent a full ophthalmologic examination that included a family or personal history related to glaucoma, such as migraine, Raynaud Syndrome, arterial hypo-and hypertension, diabetes, cardiovascular disease, smoking, and medication; refraction and visual acuity; anterior segment examination and gonioscopy; Goldmann applanation tonometry; ONH topography performed with the HRT II (Heidelberg Engineering, Dossenheim, Germany); and SAP (tendency oriented perimetry TOP strategy and "32" grid) using the Octopus 311 perimeter (HAAG-STREIT, Bern, Switzerland). The visual field tests were performed with a distance refractive correction for SAP. For all participants, including normal subjects, the results of the first two visual field examinations were ignored to minimize the learning effect. Posterior pole examination under mydriasis was also performed using a slit-lamp with a bi-convex lens (Volk 78 diopters).

Sample groups

The control group comprised subjects with no general disease or treatment that could affect vision, no family history of glaucoma, intraocular pressure (IOP) less than 21 mmHg, normal ONH appearance, and no other sign or symptom associated with glaucoma (e.g., migraine, Raynaud Syndrome, vasculopathy, etc.). Glaucoma suspects were consecutively recruited in our specialized hospital clinic, referred from several outpatient clinics. Referral was based mainly on IOP levels (> 21 mmHg), or family history of glaucoma.

Glaucoma patients attending a periodic examination at our hospital were consecutively selected. All of them had an IOP higher than 21 mmHg and glaucomatous ONH morphology.

Glaucomatous damage was defined as focal or diffuse neuroretinal rim narrowing with concentric enlargement of the optic cup, localized notching, or both. [START_REF] Tuulonen | Initial glaucomatous optic disk and retinal nerve fiber layer abnormalities and their progression[END_REF] One eye from each subject was randomly chosen, unless only one eye met the inclusion criteria.

The division of the sample into groups was made following standard criteria commonly used in glaucoma studies. The purpose of the statistical procedure was to determine the best structurefunction relationship throughout the different stages of the disease, and therefore the whole sample was used in the statistical analyses.

Statistical analyses

All statistical analyses were performed with Statistica 6.0 software (Tulsa, OK). The association between perimetric and anatomic indices was calculated using a simple linear and logarithmic regression (mean sensitivity [MS] = a + b x log 10 [morphologic index]), where "a" is the constant and "b" the regression equation slope. Linear regression is used to analyse the relationship between two variables in order to find the best straight line through the data. The goal of linear regression analysis is to adjust the values of the slope and intercept to find the line that best predicts y from x.

We performed a linear analysis of morphology with respect to the luminance (L) of the threshold stimulus (SAP-L) and the inverse function (SAP-1/L). The relationship between the visual field threshold values, which are indicated in dB, and the light intensity (L) is represented on a logarithmic scale. The relationship depends on the maximum intensity (Lmax) of the stimulus at the perimeter. Thus, retinal sensitivity (dB) = -10 x log (L/Lmax). The white stimulus presented by the Octopus perimeter varied in intensity from 0.00 to 4800 apostilbs (asb). Thus, a 0 dB value corresponds to the maximum brightness that the perimeter can produce (i.e., a stimulus intensity of 4800 asb). The patient's sensitivity at each point is expressed on a dB scale of light attenuation (1 dB = 0.1 log unit). For example, a point with 31 dB sensitivity indicates that the maximum 4800-asb white stimulus was attenuated by 31 dB (or 3.1 log units) to reach the threshold value of detection. For that reason, the analysis was performed with linear scale SAP-MS values, e.g. SAP-L and SAP-1/L. Pearson's correlation coefficient and the standard error of estimation (SEE) were calculated between the SAP-MS and global mean RNFL thickness based on HRT. The SEE is the error produced when using morphologic values to predict functional values and vice versa; hence, it is an estimation of the dissociation between the morphologic and functional values.

Piecewise linear regression was used to analyse whether a single regression line or two separate regression lines best fit the data. Piecewise regression compares regressions developed from possibly different populations to identify a possible breakpoint.

Results

The normal group consisted of 228 eyes of 228 healthy individuals (mean age 55.6 ± 16.2 years). The mean SAP-MS was 26.5 ± 1.6 dB (coefficient of variation=6.19%) and the mean HRT II-global mean RNFL thickness was 0.26 mm ± 0.07 (coefficient of variation=29.27%).

The patient group (patients with glaucoma or suspected glaucoma) included 1007 eyes of 1007 patients (mean age 57.6 ± 15.7 years). The mean SAP-MS was 21.6 ± 6.6 dB and mean defect (MD) was 4.9 ± 6.3 dB.

For the whole sample (normals, patients with suspected glaucoma, and glaucoma patients), the logarithmic relationship between SAP-MS and mean RNFL thickness (r=0.487, SSE=5.54 dB) was not better than the linear relationship (r=0.487, SEE=5.54 dB; p=0.992; Figure 1). The linear adjustment of the mean RNFL thickness with respect to SAP-L (r=0.293) was significantly weaker than that with respect to SAP-MS (p<0.001). SAP-1/L (r=0.428) was no stronger than SAP-MS (p=0.06).

Piecewise linear regression identified a breakpoint with SAP-MS=22.42 dB, thereby splitting the whole sample into two different populations with significantly different regression slopes (p<0.05). In 825 cases, SAP-MS was over 22.42 dB; 227 belonged to the control group and 598 to the patient group. The logarithmic relationship between SAP-MS and mean RNFL thickness (r=0.182, SSE=1.80 dB) was not different from the linear relationship (r=0.185, SEE=1.80 dB; p=0.950; Figure 2). The linear adjustment of RNFL with respect to SAP-L (r=0.190) and SAP-1/L (r=0.169) was also not significantly different from that with respect to SAP-MS (p=0.916 and p=0.738, respectively).

In 410 cases, SAP-MS was under 22.42 dB; only 1 of these cases belonged to the control group. In these 410 cases, the logarithmic relationship between SAP-MS and mean RNFL thickness (r=0.353, SSE=5.80 dB) was not significantly different from the linear relationship (r=0.344, SEE= 5.83 dB; p=0.884; Figure 3). The linear adjustment of mean RNFL thickness with respect to SAP-L (r=0.235) or SAP-1/L (r=0.331) was also not significantly different from that with respect to SAP-MS (p=0.089 and p=0.834, respectively).

Figure 4 shows the original and linear regression-estimated values for both populations divided by the obtained breakpoint (SAP-MS=22.42 dB). Basically the first population (cases with SAP-MS>22.42 dB) included controls, patients with suspected glaucoma, and those with early glaucoma. In these cases, function can be accurately estimated using morphologic parameters (mean RNFL thickness was 0.24 mm [SD=0.09], which was slightly lower than that in control subjects [0.26 mm; SD=0.07; p=0.048]). The group that included subjects with more advanced glaucoma (SAP-MS <22.42 dB) presented with a larger gap between the morphologic and functional parameters; mean RNFL thickness was significantly lower (0.15 mm; SD=0.10; p<0.001; Figure 5).

Discussion

The non-linear relationship between the GDx and perimetric visual threshold was initially established by Garcia-Sanchez and Garcia-Feijoo (Garcia-Sanchez J, Garcia-Feijoo J.

Relationship between the RNFL thickness and the visual field using nonlinear regression models.

European Glaucoma Society Meeting [EGS]. London. June 2000)

. The linear nature of the data obtained by currently available procedures for measuring morphology in relation to the concentration of residual ganglion cells, however, is only a hypothesis that has not yet been verified.

If the morphologic indices that we study in clinical practice are linear with respect to the number of residual ganglion cells, one would expect that their relation with visual threshold, which is expressed logarithmically in dB, would also be logarithmic. [START_REF] Garway-Heath | Mapping the visual field to the optic disc in normal tension glaucoma eyes[END_REF][START_REF] Garway-Heath | Scaling the hill of vision: the physiological relationship between light sensitivity and ganglion cell numbers[END_REF][START_REF] Reus | The relationship between standard automated perimetry and GDx VCC measurements[END_REF][START_REF] Ferreras | Mapping standard automated perimetry to the peripapillary retinal nerve fiber layer in glaucoma[END_REF] This would imply that a logarithmic relationship should be found in any region of the retina, and for any stage of the disease. Nevertheless, this curvilinear relationship does not seem to exist in normal subjects with differing functional capacity, and is only observed in certain specific regions of the glaucomatous retina. In other regions, such as the nasal and papillary temporal regions, there is no clear relationship between the morphologic alterations and functional changes. [START_REF] Reus | Relationships between standard automated perimetry, HRT confocal scanning laser ophthalmoscopy, and GDx VCC scanning laser polarimetry[END_REF][START_REF] Horn | Association between localized visual field losses and thickness deviation of the nerve fiber layer in glaucoma[END_REF] This curvilinear, possibly logarithmic, relationship has been described in studies analyzing glaucomatous patients for the whole range of the disease, as we have verified in the global analysis of our population. In other studies of patients with fewer moderate and severe defects, the logarithmic relationship is less evident. [START_REF] Bowd | Structure-function relationships using confocal scanning laser ophthalmoscopy, optical coherence tomography, and scanning laser polarimetry[END_REF] When the analysis is restricted to normal subjects and patients in the first stages of the disease, or selectively to those with moderate or severe defects, there is no evidence that the relation is logarithmic.

In individuals with severe defects, although there is a minimal significant correlation, the variability of the data is very high, making it impossible to differentiate between advanced and absolute glaucoma, [START_REF] Tsai | Scanning laser polarimetry for measurement of retinal nerve fiber layer in absolute, advanced and early glaucoma[END_REF] and the correlation between morphology and function disappears. [START_REF] Blumenthal | Correlating structure with function in endstage glaucoma[END_REF] Based on our results, the curvilinear relationship between morphology and function is not due to the linearity of anatomic measurements by the instruments we used with respect to the concentration of residual ganglion cells. Such a relationship is not demonstrated when the analysis is performed independently for the initial and advanced stages of glaucoma. We believe that this apparent curvilinear relation is due to the lack of a dynamic range in the procedures for detecting morphologic changes in advanced glaucoma. The relationship is essentially linear at early stages of the disease, although the excessive interindividual morphologic variability reduces the slope of the relationship.

With regard to the relationship between morphologic and functional indices in normal subjects, patients with suspected glaucoma, and those with mild glaucoma (SAP-MS <22.42 dB, Figure 3), the distribution of points suggests that great morphologic changes are accompanied by small functional changes. This finding confirms the idea of delayed decreased function with respect to anatomic change, [START_REF] Reus | The relationship between standard automated perimetry and GDx VCC measurements[END_REF] and may result from interindividual variability of the morphologic parameters, which is far greater than the functional variability.

The findings of the present study verified that interindividual variability in the mean RNFL thickness measured with the HRT II was more than four times greater than that in SAP-MS in normal subjects. Moreover, the variability in SAP-MS may be further reduced by correcting for age, whereas RNFL loss in association with neuronal loss with ageing has not been so clearly demonstrated. [START_REF] Gonzalez De La Rosa | Optic disc tomography and perimetry in controls, glaucoma suspects, and early and established glaucomas[END_REF] We conclude that in patients with very mild or no functional glaucomatous damage, the morphologic values are also proximal to normal. In a general way it is, therefore, not possible to determine with an acceptable precision the degree of functional damage based on the structural data. Note that in patients with suspected glaucoma and early glaucoma patients the mean RNFL thickness was comparable to that in normal subjects.
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