
Public Health

Visual Deficits in Type 2 Diabetes Mellitus Without
Retinopathy: From Retinal Structure to Higher-Level Visual
Functions
Sha Luo1, Lin Xia1, YueWang1, Yong Tang2, Jiong Dong1, Rong Liu3, and Lixia Feng1

1 Department of Ophthalmology, First Affiliated Hospital of Anhui Medical University, Hefei, People’s Republic of China
2 Department of Medical Technology, Anhui Medical College, Hefei, Anhui, People’s Republic of China
3 School of Life Sciences, Division of Life Sciences and Medicine, University of Science and Technology of China, Hefei,
People’s Republic of China

Correspondence: Lixia Feng,
Department of Ophthalmology, First
Affiliated Hospital of Anhui Medical
University, No. 81 Meishan Rd., Hefei
City, Anhui Province 230032,
People’s Republic of China. e-mail:
lixiafeng@163.com
Rong Liu, School of Life Sciences,
Division of Life Sciences and
Medicine, University of Science and
Technology of China, No. 96, Jin Zhai
Rd., Baohe District, Hefei 230026,
People’s Republic of China. e-mail:
rongliu@ustc.edu.cn

Received: April 2, 2024
Accepted: January 18, 2025
Published:March 11, 2025

Keywords: second-order visual
function; diabetes; visual
psychophysics; optical coherence
tomography (OCT)

Citation: Luo S, Xia L, Wang Y, Tang Y,
Dong J, Liu R, Feng L. Visual deficits
in type 2 diabetes mellitus without
retinopathy: From retinal structure
to higher-level visual functions.
Transl Vis Sci Technol. 2025;14(3):10,
https://doi.org/10.1167/tvst.14.3.10

Purpose: The purpose of this study was to evaluate deficits at varying levels of visual
system in diabetes without clinical retinopathy (NoDR) and to explore the optimal
method for detecting early diabetic visual disorders among functional and retinal
structural assessments included.

Methods: This cross-sectional study examined eyes by the Early Treatment of
Diabetic Retinopathy Study (ETDRS) charts, visual psychophysical tests, optical coher-
ence tomography (OCT), and OCT angiography (OCTA). Visual psychophysical metrics
included grating acuity (GA), and contrast sensitivity to first-ordermotion stimuli (1stM),
second-order contrast-modulated stationary stimuli (2ndS), and second-order motion
stimuli (2ndM). Generalized linear mixed effect (GLME) models were applied to assess
group effects and linear relationships between measurements. The receiver operating
characteristic (ROC) analysis was utilized to identify the optimal classifier for
detecting NoDR.

Results: Fifty-three eyes of 33 patients with NoDR and 40 eyes of 27 healthy controls
were included. The NoDR group showed significant reductions in various visual
functions, including ETDRS acuity, GA, 2ndS, and 2ndM (P values< 0.001), andmicrovas-
cular changes in foveal vascular density (FD-300), the acircularity index (AI) of the foveal
avascular zone, and the parafoveal superficial capillary plexus density (P values < 0.05).
GLME models revealed these retinal variations were not significantly correlated with
early diabetic visual function abnormalities. ROC analysis demonstrated the integration
of GA and FD-300 (area under the curve [AUC]= 0.911) is themost effective classifier for
detecting early diabetic visual dysfunctions.

Conclusions: In addition to retinal defects, both low- and higher-order visual function
disorders along the visual pathway exist in patients with NoDR. Combining functional
and structural measurements may provide more accurate assessments for detecting
early diabetic visual disorders.

Translational Relevance: Sophisticated visual psychophysical measurements,
including grating acuity and second-order function, could be applied for detecting
early diabetic visual disorders.

Introduction

Diabetes, one of the most serious and common
chronic diseases, is a leading cause of progressive
vision loss.1 Over 90% are individuals with type 2

diabetes mellitus (T2DM).2 The neurovascular unit
(NVU) was affected by diabetes mellitus, which is a
functional unit consisting of neurons, blood vessels,
and supporting cells in the central nervous system,
leading to neural degeneration.3,4 It is considered
to be associated with the progression of diabetic
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Figure 1. Illustration of first- and second-order visual information. Here, a first-order contour is defined by a luminance difference between
the mountain and the cloud (first order, top inset). A second-order boundary is defined by a pattern difference between the bush and the
river (second order, bottom inset).

retinopathy (DR) in the early stages of the disease.
As increasing evidence of early neuronal defects prior
to the onset of vascular lesions related to diabetes is
found in the retina,5–9 DR is recognized as a neurovas-
cular complication rather than amicrovascular compli-
cation of diabetes.10 The retina has the same embry-
ological origin and similar anatomic and physiologi-
cal characteristics as the brain, so neurovascular abnor-
malities leading to vision loss in patients with diabetes
are likely to occur in both the retina and the brain.
Visual functional measurements, which reflect compos-
ite deficits along the visual pathway rather than just
retinal abnormalities, can permit the identification of
neurovascular damage in a subclinical stage before
the recognition of DR signs. For example, visual
acuity,11 contrast sensitivity,12,13 visual field sensitiv-
ity,14–16 color perception,17–20 and orientation discrim-
ination21 exhibit deficits even before DR. In these
functional tests, the luminance-defined stimuli (first-
order stimuli, such as gratings or letters) or color-
defined stimuli mainly assess the visual processing at
the level of the retina and primary visual cortex (V1).
Evidence from brain imaging studies has shown visual
functional network changes22 and gray matter volume
of occipital lobe23 in diabetes without clinical retinopa-

thy (NoDR). These results indicate that higher-level
visual cortex areas beyond V1 may also be impaired
in individuals with diabetes, both with and without
retinopathy. However, it remains unclear whether there
are any impairments in higher-level visual function in
diabetes, especially in patients with diabetes without
significant loss of visual acuity.

Second-order information, which is sensitive to
variations in contrast and texture, is integrated within
higher-order visual pathways (also known as the extras-
triate cortex) including V2, V3, VP, V4, and middle-
temporal.24–26 It is as significant a component in the
natural visual environment as first-order information
(Fig. 1). Second-order visual function measurements
could assist in assessing neural degeneration at the
higher-level visual pathway. In addition, compared
with retinal or brain imaging commonly used in clinics,
visual functional measurements are more feasible and
more cost-effective. Smartphone or tablet application
comparative measurement makes it possible to test
visual functions even outside the clinic. Therefore, the
development of feasible and sensitive measurements
for both vascular and neuronal deficits in the visual
pathway is important for early screening and diabetic
complications assessment.



Visual Disorders in Diabetes Without Retinopathy TVST | March 2025 | Vol. 14 | No. 3 | Article 10 | 3

Not only patients with DR but also NoDR, may
have original neurovascular lesions in the retina, which
can also affect visual function. To distinguish retinal
abnormalities from cortical changes, the changes in
the structure and function of the retina in DR need
to be detected separately. Optical coherence tomogra-
phy (OCT) and electroretinogram (ERG) are the most
common methods used by researchers to detect early
diabetic retinal changes. Many studies have detected
retinal neurovascular structural changes in early DR
by OCT and OCT angiography (OCTA), such as
decreased vessel density, thinning of the retinal nerve
fiber layer (RNFL), and disorganization of retinal
inner layers (DRILs).27–33 Some research suggests that
multifocal ERG (mfERG) could be a more sensitive
method for detecting the retinal neural dysfunction
than a retinography and a delayedmfERG implicit time
has been found to be a typical defect in patients with
diabetes.34–37

Our study aimed to systematically find out visual
deficits along the visual pathway and explore their
correlation with retinal damages in patients with
NoDR. Furthermore, we intended to assess which
level of measurement is the most efficient for the
early detection of diabetic visual function disorders
within our scope of measurements. Thus, we measured
visual function abnormalities of NoDR with normal
visual acuity in this study by a novel battery of
grayscale central visual psychophysical tests, which
can identify impairments in both low- and high-
order visual functions by utilizing both first-order
and second-order stimuli. We also assessed retinal
changes using OCT, OCTA, and mfERG to compare
the accuracy of visual functional measurements with
retinal tests in detecting visual disorders in patients
with NoDR. The findings of our study have the poten-
tial to identify improved classifiers for the detection
and evaluation of visual disorders in individuals with
diabetes.

Methods

Participants

This research has received approval from the Ethics
Committee of the First Affiliated Hospital of Anhui
Medical University (PJ2022-09-48) and adhered to the
tenets of the Declaration of Helsinki. All subjects were
naive to the purpose of the psychophysical experi-
ments, and their informed consent was obtained prior
to their involvement.

This study included patients aged 18 to 65 years
with T2DM38 in the First Affiliated Hospital of Anhui

Medical University in Heifei between December 2021
and September 2022. The eyes included the patients
with NoDR group were required to meet the follow-
ing inclusion criteria: no visible retinopathy (Early
Treatment of Diabetic Retinopathy Study [ETDRS]
score < 20, assessed through dilated fundal exami-
nation and non-mydriatic ultrawide field scanning
laser ophthalmoscopy [Daytona, Optos, Dunfermline,
UK])39; best corrected visual acuity (BCVA; specif-
ically measured with ETDRS charts,40 logarithm of
the minimum angle of resolution [logMAR], 4-m test
distance, subsequently denoted as ETDRS acuity) not
exceeding 0.2 logMAR (Snellen equivalent = 20/32).
Age-matched healthy controls (HCs) with normal
vision in both eyes were recruited. The exclusion crite-
ria for both patients and controls included cognitive
impairment; the presence of significant lens opacities;
high myopia; a history of glaucoma; ocular hyperten-
sion; or neuro-ophthalmic and brain disease. Capil-
lary blood glucose levels of each participant were
checked before visual psychophysical tests using a
handheld glucose meter (ACCU-CHEK, USA) to
ensure accuracy. Participants with T2DM should
have capillary blood glucose levels not exceeding
10.0 mmol/L (180 mg/dL), whereas control partici-
pants should have capillary blood glucose levels not
exceeding 7.5 mmol/L (135 mg/dL). Demographic and
clinical information of patients with diabetes, including
age, sex, duration of diabetes, hemoglobin A1C level
(HbA1c), body mass index (BMI), and hypoglycemic
therapy were obtained from their most recent medical
record within a 6-month period.

Visual Psychophysical Tests

Apparatus and Visual Stimuli

The stimuli were presented on a gamma-corrected
19-inch cathode ray tube monitor (Sony G220, Japan)
with a mean luminance of 40 cd/m2, a resolution
of 1600 × 1200 pixels, and a refresh rate of 60
hertz (Hz). Using a custom-built device, the display
system could produce 14-bit gray levels,41 which
enables contrast sensitivity measurement with a high
precision. The stimuli were generated and controlled
using Matlab software (the MathWorks, USA) and
Psychophysics Toolboxes.42,43 Four foveal tasks were
used to evaluate grating acuity (subsequently denoted
as GA), contrast sensitivity to first-order motion
stimuli (1stM), contrast sensitivity to second-order
stationary stimuli (2ndS), and contrast sensitivity
to second-order motion stimuli (2ndM). All stimuli
occupied 5.5 degrees of the visual angle, with the
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blurred part occupying 0.5 degrees of the viewing
angle. The first-order stimulus was a luminance-defined
sine wave grating, whereas the second-order stimulus
was a contrast-modulated sine wave grating with gray-
scale noise carrier (Figs. 2A, 2B). The luminance profile
at the point (x, y) of the first-order (Equation 1) and the
second-order (Equation 2) stimuli44 are defined as:

l (x, y) = Lm{1 +C · sin{2π [ f (y cos θ − x sin θ)

+ ωt] + φ}} (1)

l (x, y) = Lm {1 + R(x, y)Cc{1 +C · sin[2π ( f (y cos θ

−x sin θ) + ωt) + φ]}} (2)

Lm is the display’s background luminance; C is the
grating contrast; f is the spatial frequency of the sine
wave grating; θ indicates the orientation of the grating
(90 degrees in themotion direction discrimination task,
or 45 degrees or 135 degrees in the orientation discrimi-
nation task);ω is the temporal frequency of themoving
grating (as ω is set to 0, the stimulus is static); φ is the
random initial spatial phase; and R (x, y) is the static
noise carrier, composed of single-pixel dots with values
randomly assigned as 1 or −1; and Cc is the contrast
of the noise carrier. The contrast of stimuli in the GA
test was set to 1 and spatial frequency ranged from
3 to 36 cycles/degree. The spatial frequency of 2ndS
was 1 cycle/degree. The spatial frequencies of 1stM and
2ndM gratings were 2 cycles/degree and the temporal
frequencies were 4 cycles/second.

Experimental Design

The participant sat at a distance of 100.1 cm from
the screen with one eye occluded in a dimly lit room.
During the GA test, if the subjects were able to
discern 14 cycles/degree or more, they were retested at
a distance of 200.1 cm, and the stimuli were adjusted
accordingly to maintain the same size in the visual
angle. The participant’s eyes were optimally corrected
for visual acuity at the specific viewing distance. A chin-
forehead-rest was used to minimize head movements
during the experiment (Fig. 2C). A two-alternative-
forced-choice paradigm and a weighted up-down
adaptive method44 were used. The inclusion of the GA
and first-order tests served not only to assess first-order
deficits but also to evaluate the suitability of the spatial
frequency and contrast settings for the second-order
test. Consequently, participants completed the tasks
in the following order: GA, 1stM, 2ndS, and 2ndM.
Each trial began with a brief beep, followed by the
presentation of stimuli for 150 ms. Both the GA and
2ndS tasks involved stimulus orientation discrimina-
tion. Subjects were required to indicate the orienta-

tion of the stimulus by pressing the left or right key
when it tilted 45 degrees to the left or right of the
vertical. The 1stM and 2ndM tasks involved stimulus
motion discrimination, with participants indicating the
direction (leftward or rightward) by pressing the corre-
sponding left or right key. The contrast of the stimuli
was adjusted using a weighted up-down adaptive
method. Correct responses resulted in an increase in
task difficulty of 1.5 decibels (dB)/118.85% (decrease
of image contrast or increase of spatial frequency
depending on the task), whereas incorrect responses
led to a decrease in task difficulty of 4.5 dB/167.88%.
The procedure concludes when either 8 reversals are
reached or a maximum of 80 trials are completed. No
feedback regarding the correctness of the response was
provided in the test sessions. Results were reported in
terms of contrast threshold (the average end points in
the adaptive procedure), the coefficient of variation of
end points, and floor effect index (FEI; a value ranging
from 0 to 1, with 1 indicating that stimulus contrast
reached 1 or more in 20% of the trials, and 0 indicat-
ing that stimulus contrast never reached 1 in any of
the trials). The contrast sensitivity (the inverse of the
contrast threshold) was used for the analysis. If FEI
was equal to 1 in a particular test, the contrast sensitiv-
ity was adjusted to 1. Each formal test session lasted 2
to 3 minutes. Prior to the start of the test sessions, each
participant underwent a brief training session.

Retina Structural and Functional Tests

OCT Recording and Analysis
An RTVue OCT device was used (Avanti XR,

version 2017; Optovue, Fremont, CA, USA), operat-
ing at an A-scan rate of 70,000 A-scans/s and provid-
ing 5-mm axial resolution. Each participant underwent
a 3 mm × 3 mm macular OCTA scan, a peripapil-
lary retinal nerve fiber layer (pRNFL) scan, and three
ganglion cell complex (GCC) scans after full dilata-
tion. All examinations were conducted by an experi-
enced technician. The RTVue software version 6.12
automatically calculated the structural parameters of
the fovea macula, pRNFL, and GCC (Figs. 3A–D).
We categorized OCT information into two groups:
vascular metrics (foveal avascular zone [FAZ] area,
AI of FAZ, the foveal vascular density [FD-300,
vessel density within 300 μm ring surrounding the
FAZ], foveal vessel density in superficial capillary
plexus [SCP] and deep capillary plexus [DCP], and the
parafoveal vessel density in SCP and DCP); and thick-
ness metrics (central macular thickness [CMT], GCC
thickness, and temporal pRNFL thickness). Scanswere
excluded from the analysis if they had low signal
strength, cropping artifacts, or failed segmentation.
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Figure 2. (A) Example visual stimuli of first-order grating. (B) Example visual stimuli of second-order grating. (C) Experimental design for
psychophysical testing tasks. Comparison of multiple level of visual functions measured by psychophysical experiments in the NoDR group
and the HC group shown are ETDRS acuity (D), GA (E), 1stM contrast sensitivity (F), 2ndS contrast sensitivity (G), and 2ndM contrast sensi-
tivity (H). All points and median ± interquartile range in truncated violin plots are shown. Three lines in violin plots indicating quartile
positions. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns = no significant difference. P values derived from this and the follow-
ing group effect analysis were pooled together and adjusted to control FDR using Benjamini-Hochberg procedure. ETDRS, Early Treatment
Diabetic Retinopathy Study; GA, grating acuity; 1stM, first-order motion stimulus; 2ndS, second-order stationary stimulus; 2ndM, second-
order motion stimulus.
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Figure 3. (A) Retina segmentation layers schematic in macular optical coherence tomography angiography scan. SCP, superficial capillary
plexus; ILM, inner limiting membrane upper limit; IPL-10 μm, inner plexiform layer lower limit; DCP, deep capillary plexus; IPL-10 μm, upper
limit; OPL+10 μm, lower limit; CMT, central macular thickness; ILM, upper limit; RPE, lower limit. The terms “foveal” and “parafoveal” were
defined by the area of the center (1 mm) and the mean of the 4 quadrants of the area of the inner circle (1–3 mm) in the Early Treatment
Diabetic Retinopathy Study (ETDRS) grid, respectively. (B) Macula central foveal measurements were based on 3 mm × 3 mm Angio retina
scan and were generated based on the retina slab (ILM to OPL+10 μm). FAZ area is shaded in black and FD-300 is shaded in red. AI is the
acircularity index-ratio between the measured FAZ perimeter and the perimeter of the same size circular area. (C) The parameter of pRNFL
thickness was derived from a 2 to 4 mm diameter ring centered on the optic disc and the temporal quadrant (shaded in red, legend for
right eye) was included in this study. (D) The GCC scan provided inner retinal thickness values from the ILM to the IPL. It was centered
1 mm temporal to the fovea in order to emphasize the temporal retina region within 6 mm width ring (accounting for 20 degrees of visual
angle). Comparison of vascular metrics of the retina in the NoDR group and the HC group shown are foveal and parafoveal vessel density in
SCP (E), FD-300 (F), AI of FAZ (G), FAZ area (H), and foveal and parafoveal vessel density in DCP (I). Comparison of thickness metrics of the
retina in the NoDR group and the HC group shown are CMT (J), temporal pRNFL thickness (K), and GCC thickness (L). All points and median
± interquartile range in truncated violin plots are shown. Three lines in violin plots indicating quartile positions. *P < 0.05, **P < 0.01,
***P< 0.001, ****P < 0.0001 and ns= no significant difference. P values derived from this and the above group effect analysis were pooled
together and adjusted to control for FDR using Benjamini-Hochberg procedure. AI, acircularity index; CMT, central macular thickness; DCP,
deep capillary plexus; FAZ, foveal avascular zone; FD-300, vessel densitywithin 300μm ring surrounding the FAZ;GCC, ganglion cell complex;
ILM, internal limiting membrane; IPL, inner plexiform layer; OPL, outer plexiform layer; pRNFL, peripapillary retinal nerve fiber layer; RPE,
retinal pigment epithelium; SCP, superficial capillary plexus.

Any scan with a signal strength index below 6 was
excluded.

mfERG Recording and Analysis
According to the International Society for Clini-

cal Electrophysiology of Vision (ISCEV) standard,45

mfERG recordings were obtained using the RETI-
port scan/21 (software version .3.11.1; RolandConsult,
Germany) visual electrophysiology system and using
a 103-hexagon strategy. The data obtained from the
NoDR group were compared to a normative database
consisting of 18 eyes from 18 age-matched HC
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subjects in our facility. See the Supplementary Materi-
als (mfERG Recording and Analysis) for more details.

Statistical Analysis

Statistical analyses were performed with IBM SPSS
Statistics, version 23.0 (IBM Corp., Armonk, NY,
USA) and MATLAB (R2014b; MathWorks, Inc.).
Unless otherwise stated, means and SD were reported
for continuous variables; numbers and percentages
were reported for categorical variables. Two-sided P <

0.05 was considered significant. The contrast sensitiv-
ity in logarithmic units was used for statistical analy-
sis. Before conducting any statistical tests, outliers
in each variable were excluded following the 1.5 ×
interquartile range (IQR) rule. To eliminate an interoc-
ular correlation bias, generalized linear mixed effect
(GLME) models were applied to analyze group effects
and explore linear relationships between measure-
ments. For the group effect analysis, each structural
measurement or visual function served as the response
variable, the group was regarded as the fixed effect,
and the subject was considered the random effect,
as follows: Visual Function or Structural Measure-
ment ∼ Group + (1|Subject). In the linear relation-
ship analysis, each visual function was the response
variable, the fixed effect consisted of the structural
measurement and/or age and/or their interaction, and
the subject was considered the random effect as follows:
Visual Function ∼ Structural Measurement + Age +
(1|Subject), or Visual Function ∼ Structural Measure-
ment * Age + (1|Subject). Multiple comparisons were
adjusted using the Benjamini-Hochberg procedure to
control the false discovery rate (FDR).46 Predicted
probability of multiple combined indicators was calcu-
lated by the binary logistic regression model and was
used in the receiver operating characteristic (ROC)
analysis. The area under the ROC curve (AUC) was
used to determine the optimal indicator for detecting
visual deficits in patients with NoDR, and the AUC
values were compared using DeLong’s test. In order
to avoid the possible influence of missing data in the
statistics on the results, we again analyzed the data
from only one eye included for each subject (33 patients
with 33 eyes in the NoDR group and 27 HCs with 27
eyes were included). Based on the distribution of the
data in each group, the differences between the groups
were assessed with either t-test or Mann-Whitney test.
Spearman correlation was used to assess the relation-
ship between visual functions and other measurements
(including age and retinal measurements) for patients
with NoDR. We also used monocular data for ROC
analyses.

Results

General Description

A total of 33 patients (26 men and 7 women) with
53 eyes in the NoDR group and 27 in the HC group (16
men and 11 women) with 40 eyes were included in this
cross-sectional study. The mean ± SD age was 49.0 ±
9.5 years in the NoDR group, whereas in the control
group, it was 48.0 ± 8.5 (P = 0.396). Members of the
NoDR group had a median duration of diabetes of
8.0 years (IQR= 3.5–12.0 years), a medianHbA1c level
of 8.6% (IQR = 6.80%–11.5%), and a median BMI of
22.49 kg/m2 (IQR = 20.83–25.61 kg/m2).

First- and Second-Order Visual Functional
Deficits Were Found in the NoDR Group

Despite each participant having ETDRS acuity
within the normal range, significant differences in
visual functions were observed between the two groups.
The NoDR group showed significant deficits in GA
(P < 0.0001), as well as contrast sensitivity of 2ndS
(P = 0.003) and 2ndM (P = 0.0001) compared with
the HC group (Figs. 2E, 2G, 2H). To evaluate the
ability of visual functional measurements in detecting
diabetic dysfunctions, first, we calculated the propor-
tion of abnormality, which represents the percentage
of subjects whose visual function falls below the lower
boundary of 95% confidence interval (CI) of that was
observed in healthy subjects (Supplementary Table S1).
In the NoDR group, the proportions of abnormali-
ties were as follows: 76.9% (40/52 eyes) for GA, 61.7%
(29/47 eyes) for 1stM, 56.6% (30/53 eyes) for 2ndS, and
71.2% (37/52 eyes) for 2ndM. Second, we calculated the
proportion of subjects whose FEI was equal to one,
indicating an almost complete inability to perform the
task.We referred to this proportion as the “’proportion
of floor effect’.” For healthy subjects, the proportion
of floor effect were 0% across all tasks. In the NoDR
group, the proportions of floor effect were 0% in GA
and 1stM, 1.89% in 2ndS (1/53 eye), and 13.21% in
2ndM (7/53 eyes). The results of the monocular data
analysis were similar to the above results (see details in
Supplementary Fig. S2).

Retinal Structural Changes in the NoDR
Group

Retinal vascular parameters, including parafoveal
SCP (P = 0.0001), FD-300 (P < 0.0001), and AI of
FAZ (P = 0.03), significantly changed in the NoDR
group compared with the HC group (Figs. 3E–G).



Visual Disorders in Diabetes Without Retinopathy TVST | March 2025 | Vol. 14 | No. 3 | Article 10 | 8

Table 1. Multivariate Generalized Linear Mixed Effect (GLME) Models to Predict Visual Functions

Response Variable Adjusted R2 Predictor Variable Estimate SE 95% CI P Value*

1stM 0.27 Age −0.0205 0.0056 (−0.0316 to −0.0094) 0.0004
Parafoveal SCP −0.0204 0.0062 (−0.0327 to −0.0080) 0.0015

Parafoveal SCP* age 0.0005 0.0001 (0.0002 to 0.0007) 0.0003
Intercept 3.0399 0.2746 (2.4928 to 3.5871) <0.0001

2ndS 0.60 Age −0.0062 0.0017 (−0.0097 to −0.0028) 0.0005
Temporal pRNFL −0.0038 0.0014 (−0.0066 to −0.0011) 0.0067

Intercept 1.3933 0.1289 (1.1371 to 1.6496) <0.0001
*No FDR correction was conducted here. Two-sided P values < 0.05 were regarded as significant. Statistically significant

differences are highlighted in boldface.

No statistically significant differences were observed in
retinal thickness parameters between the NoDR and
the HC groups (all P > 0.05; Figs. 3J–L). For monocu-
lar data (Supplementary Fig. S3), there are still signifi-
cant changes in parafoveal SCP (P = 0.0018) and FD-
300 (P < 0.0001), but significant difference in temporal
pRNFL thickness (P= 0.023) and marginal significant
changes in AI of FAZ (P = 0.077).

Retinal Functional Changes in the NoDR
Group

When compared with 18 eyes from 18 age-matched
healthy control subjects (a new HC group, subse-
quently denoted as nHC group), the NoDR group
exhibited only an increase (4.5%) in P1 implicit time
of ring 2 (average was 46.53 ± 2.97 ms for the NoDR
group and 44.32 ± 2.29 ms for the nHC group, P =
0.004; see Supplementary Fig. S1) in the mfERG test.
No other significant differences were found between the
NoDR group and the nHC group.

Factors AssociatedWith Visual Function
Changes

To explore the factors associated with visual
function changes, we ran univariant GLME to assess
the relationship between visual functions and other
measurements, including age and retinal measure-
ments, for all participants. Significant linear relation-
ships were found between ETDRS acuity and age
(P = 0.02); GA and age (P = 0.04), and 2ndS
with age (P = 0.006), and with temporal pRNFL (P
= 0.04) separately. Consistent with previous studies,
age is associated with first- and second-order visual
functions. No significance was found for the remain-
ing visual functions. It should be noted that FDR
was controlled using the Benjamini-Hochberg proce-
dure for these analyses. Because there are two signif-

icant predictors for 2ndS in the univariant model, we
included both predictors in the multivariate model
to predict 2ndS. The results showed that temporal
pRNFL and age remained significant predictors of
2ndS (adjusted R2 = 0.60). To consider the impact of
age and its potential interaction with other parame-
ters in the correlation analysis, we constructed GLME
models for each visual function using age, each respec-
tive parameter, and their interaction as predictors
(Table 1). Our analysis revealed that age, parafoveal
SCP, and their interaction were significant predictors
of 1stM (adjusted R2 = 0.27). However, no other
significant relationship was observed for the remaining
visual functions. Moreover, we computed Spearman
correlation to assess the relationship between visual
functions and other measurements (including age and
retinal measurements) for NoDR using monocular
data, and no significant relationship was observed
between visual functions and other measurements.
Significant relationships were found between ETDRS
acuity and age (r = 0.476, P = 0.005); GA and age (r
= −0.465, P = 0.007), and 2ndS with age (r = −0.657,
P < 0.0001) separately (see details in Supplementary
Fig. S4).

The Best Classifier for Detecting Diabetic
Visual Disorders in Our Study

To determine whether grayscale central visual
function or retinal structural tests measured by OCT
and OCTA are more sensitive in detecting visual disor-
ders in NoDR, we conducted ROC analyses using only
monocular data (Table 2). The ROC curve for the top
five classifiers in distinguishing diabetes from normal
eyes are presented in Figure 4.

For detecting early diabetic visual disorders, the top
five classifiers of those tests studied are GA (AUC =
0.829, 95% CI = 0.736 to 0.900, P < 0.0001), FD-
300 (AUC = 0.822, 95% CI = 0.727 to 0.894, P <
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Table 2. Classifying Performance of Visual Functional and Retinal Structural Parameters in Differentiating Patients
With Diabetes From Healthy Patients

Parameter AUC (95% CI) Sensitivity, % (95% CI) Specificity, % (95% CI) P Value*

ETDRS acuity 0.751 (0.649 to 0.853) 60.8 (47.1 to 73.0) 92.5 (80.1 to 97.4) <0.0001
GA 0.829 (0.745 to 0.914) 68.6 (55.0 to 79.7) 90.0 (77.0 to 96.0) <0.0001
1stM 0.668 (0.551 to 0.784) 54.2 (40.3 to 67.4) 78.4 (62.8 to 88.6) 0.0084
2ndS 0.709 (0.605 to 0.813) 69.8 (56.5 to 80.5) 65.0 (49.5 to 77.9) 0.0006
2ndM 0.763 (0.665 to 0.861) 58.8 (45.2 to 71.3) 90.0 (77.0 to 96.0) <0.0001
FAZ area 0.551 (0.429 to 0.673) 88.7(77.4 to 94.7) 35.0 (22.1 to 50.5) 0.4020
AI 0.670 (0.558 to 0.782) 54.7 (41.5 to 67.3) 75.0 (59.8 to 85.8) 0.0052
FD-300 0.822 (0.734 to 0.909) 94.1 (84.1 to 98.4) 60.0 (44.60 to 73.7) <0.0001
Foveal SCP 0.543 (0.419 to 0.668) 69.8 (56.5 to 80.5) 55.0 (39.8 to 69.3) 0.4753
Foveal DCP 0.507 (0.383 to 0.632) 83.0 (70.8 to 90.8) 35.0 (22.1 to 50.5) 0.9073
Parafoveal SCP 0.785 (0.688 to 0.883) 62.8 (49.0 to 74.7) 92.5 (80.1 to 97.4) <0.0001
Parafoveal DCP 0.509 (0.392 to 0.627) 30.2 (19.5 to 43.5) 87.5 (73.9 to 94.5) 0.8797
CMT 0.585 (0.467 to 0.702) 41.5 (29.3 to 54.9) 75.0 (59.8 to 85.8) 0.1625
Temporal pRNFL 0.655 (0.544 to 0.765) 35.9 (24.3 to 49.3) 90.0 (0.77.0 to 96.0) 0.0110
GCC 0.508 (0.389 to 0.627) 24.5 (14.9 to 37.6) 82.5 (68.1 to 91.3) 0.8950

*No FDR correction was conducted here. Two-sided P values < 0.05 were regarded as significant. Statistically significant
differences are highlighted in boldface.

Figure 4. ROC curve for visual functions and retinal measurements in differentiating patients with diabetes from healthy patients.

0.0001), parafoveal SCP (AUC = 0.785, 95% CI =
0.686 to 0.864, P < 0.0001), 2ndM contrast sensitiv-
ity (AUC = 0.763, 95% CI = 0.662 to 0.846, P <

0.0001), and ETDRS acuity (AUC = 0.750, 95% CI
= 0.649 to 0.835, P < 0.0001). Pairwise comparisons
of ROC curves showed the classification ability of GA
was similar to that of FD-300 (P = 0.8985). The cutoff
point for GA to detect the diabetic visual dysfunction
was less than 24.5 c/d (Youden index = 0.57) and the
cutoff point for FD-300 was less than 48.9% (Youden
index = 0.52). We calculated the positive predictive
value (PPV) and negative predictive value (NPV) to
further compare GA (PPV = 90.00% and NPV =

67.92%) and FD-300 (PPV = 75.38% and NPV =
85.71%).Moreover, the integration of GA and FD-300
(AUC = 0.911, 95% CI = 0.832 to 0.960, P < 0.0001,
pairwise comparisons of ROC curves: all P< 0.05) can
significantly improve detection performance (sensitiv-
ity= 84.31%, specificity= 90.0%, PPV= 91.67%, and
NPV = 80.00%).

The results of the ROC analysis using only monoc-
ular data are similar (Supplementary Fig. S5). For the
monocular data, the top five classifiers of those tests
studied are GA (AUC = 0.822, 95% CI = 0.713 to
0.931, P < 0.0001), FD-300 (AUC = 0.814, 95% CI =
0.700 to 0.927, P < 0.0001), 2ndM contrast sensitivity
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(AUC = 0.779, 95% CI = 0.663 to 0.895, P = 0.0002),
parafoveal SCP (AUC = 0.742, 95% CI = 0.613 to
0.872, P = 0.0013), and ETDRS acuity (AUC = 0.736,
95% CI = 0.607 to 0.864, P < 0.0018).

Discussion

In this study, we found significantly reduced low-
level and higher-level visual functions in patients with
diabetes with NoDR. Specifically, we noted signifi-
cant declines in grating acuity, contrast sensitivity for
second-order stationary stimuli (2ndS), and contrast
sensitivity for motion stimuli (2ndM). OCTA detected
microvascular changes in AI of FAZ, FD-300, and
parafoveal SCP before the emergence of visible microa-
neurysms in the diabetic retina. We further demon-
strated that compared with OCT measurements, visual
function measurements have similar or superior classi-
fication ability for diabetes. Combining sophisticated
visual functional measurements and retinal microvas-
cular tests could provide accurate and effective assess-
ments for detecting early diabetic visual disorders.

Neurophysiological studies have uncovered distinct
mechanisms for processing first-order and second-
order visual information in the cortex.47–50 Higher-
level visual function deficits have been found in
glaucoma,51 amblyopia,52 and age-related degenera-
tion.44,53 However, the impact of diabetes on higher-
level visual function, including cases without retinopa-
thy, has not been previously documented. In our study,
we found no significant impairment in 1stM but a
reduction in 2ndM for NoDR. The proportion of
abnormality and the occurrence of a floor effect were
notably higher for 2ndM task compared to the 1stM
task for NoDR. The NoDR group also demonstrated
impairments in discriminating second-order station-
ary stimuli with contrast modulation. Besides, the
spatial and temporal parameters we set for second-
order stimuli are far below the threshold of first-
order test, which means that all participants are able
to recognize the first-order visual information in the
second-order task. Processing first-order information
in the second-order test was not the bottleneck for both
groups. Thus, our findings suggest that the reduced
contrast sensitivity observed in the second-order task is
likely a result of difficulties in integrating second-order
visual information rather than a deficit in processing
first-order information.

Numerous studies have confirmed that retinal
microvascular changes could be present before the
clinically visible lesions in diabetes.30–33 We also found
a significant decrease in the retinal vascular parame-

ter FD-300 and the parafoveal SCP in NoDR, serving
as metrics reflecting the capillary loss in the parafoveal
area. Meanwhile, our results showed significantly
increased AI of FAZ but no significant change of FAZ
area. This suggests that the distortion of the FAZ
edge may precede the enlargement of the FAZ area
in adults with diabetes without retinopathy, a pattern
also observed in children with type 1 diabetes.54 Some
studies have also suggested that FAZ acircularity can
have higher sensitivity and lower inter-person variabil-
ity compared to the FAZ area.55–57 ROC analysis
suggests that FD-300 may be a relatively more sensitive
indicator of macular perfusion impairment than the
other retinal metrics, aligning with previous research
findings.58 Additionally, the delayed P1 implicit time
we found in this study suggests the presence of bipolar
cell abnormalities in the retina and some other studies
found it may also be an early indicator of capillary
closure.59 Compared with the HCs, the other diabetes-
related retinal alterations in NoDR are relatively minor
at this stage in our study. This is partly attributed to
included patients having more stable blood glucose
levels and better visual acuity in this study. On the
other hand, some subtle diabetic retinal changes might
not be detectable through OCT or OCTA but could
be identified using advanced retinal imaging methods
techniques, such as adaptive optics OCT and adaptive
optics scanning laser ophthalmoscopy.60–62

The GLME models showed temporal pRNFL
might be one of the predictors of 2ndS and parafoveal
SCP might be correlated with 1stM. However, it would
be insufficiently justified to attribute visual dysfunc-
tions to retinal changes alone. This is because no statis-
tically significant differences in temporal pRNFL and
1stM between the two groups were found in GLME
analysis. In particular, the decline in 2ndM was not
significantly associated with retinal changes despite
some visual functions correlating with these retinal
changes. Tang et al. also found no obvious relation-
ship between impaired low-order visual function and
retinal structural changes in patients with early DR.63
It implies that there may also be some neurological
damage to the central nervous system in patients with
early diabetes mellitus. These findings are in agree-
ment with brain imaging results that have detected
changes in the visual network22 and the gray matter
volume of the occipital lobe23 in patients with diabetes
without retinopathy. The study by Cunha-Vaz et al.
suggests that some individuals with diabetes could
manifest deficits vascularly rather than neurally at
first,64 which could be another reason for not finding
significant correlation between the retinal vascular
changes and higher-order visual function changes.
Additional research is warranted to identify the origin
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of the visual functional deficits observed in patients
with NoDR and to investigate the potential benefits
of neuroprotective supplements and more frequent
follow-up examinations could be useful for those with
higher-order visual deficit.

Some researchers have found that visual functions,
such as contrast sensitivity and color vision, in patients
with diabetes are related to HbA1c levels.65,66 To test
whether the changes in visual functions are related with
HbA1c, in this study, we performed regression analy-
sis only for the NoDR group. We did not find signifi-
cant correlations between HbA1c and visual functions.
This could be attributed to the fact that the HbA1c
values were extracted from the patients’ most recent
medical records, which were not measured concur-
rently with the visual function assessments. Another
reason for lack of correlation could be because the
fact that the HbA1c has too limited a range in this
sample. Subsequent studies, incorporating blood tests
conducted simultaneously with visual function assess-
ments, may help elucidate the relationship between
changes in visual function and the severity of diabetes.

The deficits in both retina structure and visual
functions of T2DMmay be related to alterations in the
NVU, as the NVU determines the ability of the retina
and brain to adapt to changes in local microcircula-
tion and metabolism, and may be directly impaired by
T2DM. Particularly, active brain regions require more
oxygen and nutrients than other regions and are more
susceptible to disturbances in glucose metabolism. The
NVU in the brains of patients with T2DM, dysreg-
ulation of insulin signaling in neurons, astrocytes,
and endothelial cells were presented, as shown in a
transcriptome study.67 Moreover, it has been shown
that disruption of neurovascular coupling in high-level
brain regions occurs early in T2DM by functional
magnetic resonance imaging (fMRI).68 Furthermore,
multiple studies have indicated that T2DM is associ-
ated with an elevated risk of cognitive impairment and
dementia,69–71 implying susceptibility of high-order
cortical areas to T2DM. Further research studies are
needed to explore potential mechanisms underlying
impaired high-level visual function in individuals with
diabetes.

The ROC analysis further found that grating
acuity and FD-300 almost equally distinguish the
patients with NoDR from the HCs. Grating acuity
exhibited a higher positive predictive value, whereas
FD-300 demonstrated a superior negative predictive
value. Integrating these two measurements provided
a more precise classification. These findings indicate
that integrating visual functional and retinal struc-
ture measurements could enhance the early detection
of visual disorder in NoDR. It should be noted that

due to the ceiling effect shown in GA measurements,
the AUC of GA may be underestimated. Improved
experiment settings may help increase the classifica-
tion ability of GA. The high AUC for 2ndM suggests
that higher-level visual deficits should not be ignored
in patients with NoDR. The majority of studies have
exclusively relied on chart-based visual acuity to assess
vision loss in patients with diabetes, which may be
inadequate in detecting the extent of early visual
deficits. Grating acuity more effectively captured early
mild visual acuity dysfunction than ETDRS acuity in
patients with diabetes. Therefore, we suggest that it is
necessary to apply more sophisticated visual functional
measurements to widespread clinical practices.

Our findings suggest that these novel visual
functional measurements, which can be readily
integrated into a cell phone or computer interface,
hold promise as a potential tool for early diabetes
detection. Furthermore, in addition to the tests used
in this study, color vision tests and peripheral tests are
extensively used in clinical practice and can identify
abnormalities that arise before clinically evident DR
develops.14–20 More convenient examination methods
pertaining to color vision and visual fields could also
be developed and compared with GA in future studies.
Moreover, combining noninvasive visual function
measurements and retinal imaging tests can lead to
higher detection accuracy.

This study had several limitations. First, this study
was cross-sectional and could not provide continu-
ous information about visual function changes and
their relationship with other diabetic changes. Subse-
quent studies with longitudinal designs and larger
sample sizes can be conducted to explore whether
visual functional deficits are early signs of developing
DR or other neuronal complexions. Second, certain
visual functions in our study reached either the floor
effect or ceiling effect due to the limitations of the
selected stimuli parameters. Fine-tuning these param-
eters can enhance the accuracy of classification. We
can increase the spatial frequency range in the GA
test by adjusting the test distance and can reduce the
spatial frequency of the second-order test to reduce
the difficulty of the test in future studies. Third, due
to limitations in resources and time, it was not feasible
to include all pertinent visual functional tests. In this
study, our primary objective was to examine higher-
order visual deficits, especially pertaining to second-
order information processing in patients with NoDR.
Hence, we focused on utilizing our current battery of
tests and did not compare color or peripheral tests with
our novel battery of visual psychophysical tests. Never-
theless, it would be valuable to compare sensitive tests,
such as color tests and peripheral tests, in future studies
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for the purpose of diabetes screening. Future studies
combining retinal and brain imaging technology could
help to address this question. Finally, this study only
focused on foveal and parafoveal vascular variables,
which are insufficient for good prediction, but slightly
larger regions of interest may produce better results.

In this study, we found notable deficits in both
low- and higher-order visual functions for patients with
NoDR with normal visual acuity, and these deficits
seem to be not significantly correlated with retinal
thickness or vascular changes. Grating acuity and FD-
300 appeared to be the most sensitive measurements
for detecting early visual disorders associated with
diabetes within the scope of our study. The combi-
nation of retinal imaging tests and advanced visual
function measurements could lead to a comprehen-
sive evaluation of the visual system’s status concerning
diabetes.
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