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Abstract

Topic: Optical coherence tomography (OCT) is a non-invasive tool to measure specific retinal 

layers in the eye. The relationship of retinal spectral domain-OCT (SD-OCT) measurements with 

Alzheimer’s Disease (AD) and mild cognitive impairment (MCI) remains unclear. Hence, we 

conducted a systematic review and meta-analysis to examine the SD-OCT measurements in AD 

and MCI.

Clinical Relevance: Current methods of diagnosing early AD are expensive and invasive. 

Retinal measurements of SD-OCT, which are non-invasive, technically simple and inexpensive, 

are potential biomarkers of AD.

Methods: We conducted a literature search in PubMed and EMBASE to identify studies 

published before 31 December 2017 which assessed the associations between AD, MCI and 

measurements of SD-OCT: ganglion cell-inner plexiform layer (GC-IPL), ganglion cell complex 

(GCC), macular volume and choroidal thickness, in addition to retinal nerve fibre layer (RNFL) 
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and macular thickness. We used a random-effect model to examine these relationships. We also 

conducted meta-regression, and assessed heterogeneity, publication bias and study quality.

Results: We identified 30 eligible studies, involving 1257 AD subjects, 305 MCI subjects and 

1460 controls; all of which were cross-sectional studies. In terms of the macular structure, AD 

subjects had significant differences in GC-IPL thickness (standardized mean difference [SMD], 

−0.46; 95% confidence interval [CI], −0.80 to −0.11; I2 = 71%), GCC thickness (SMD, −0.84; 

95% CI, −1.10 to −0.57; I2 = 0%), macular volume (SMD, −0.58; 95% CI, −1.03 to −0.14; I2 = 

80%) and macular thickness of all inner and outer sectors (SMD ranged −0.52 to −0.74; all 

p<0.001) when compared to controls. Peripapillary RNFL thickness (SMD, −0.67; 95% CI, −0.95 

to −0.38; I2 = 89%) and choroidal thickness (SMD ranged −0.88 to - 1.03; all p<0.001) were also 

thinner in AD.

Conclusion: Our results confirmed the associations between retinal measurements of SD-OCT, 

and AD, highlighting the potential utility of SD-OCT measurements as biomarkers of AD.

Introduction

Alzheimer’s Disease (AD) is the most common cause of dementia, which is a major medical 

and public health challenge globally.1 Although its pathological changes occur decades 

before the onset of dementia, AD is typically diagnosed late in the disease course when 

extensive and irreversible neurodegeneration and vascular damages have already occurred.
2–4 Hence, there is currently great interest in discovering new biomarkers that can identify 

individuals suffered from earlier stages of AD, which are more likely to benefit from any 

effective treatments.2–4 In the past decade, huge advances have been made in the disease-

specific biomarkers based on detection of amyloid-β, tau or neurodegeneration.5–9 These 

biomarkers not only enable diagnosing AD during live in the stage of dementia, but also 

earlier in the prodromal stages including mild cognitive impairment (MCI). However, these 

biomarkers mainly rely on positron emission tomography (PET) imaging or testing of 

cerebrospinal fluid (CSF), and are not applicable as population-wide screening tools which 

should be non-invasive, technically simple, and inexpensive.10

The retina has long been considered as a “window” to study disorders in the central nervous 

system (CNS), as it is an extension of the brain embryologically, anatomically and 

physiologically.11–15 Extensive loss of retinal ganglion cells (RGCs) and their axons has 

been reported by histopathologic studies in eyes from AD subjects and AD animal models.
16–20 Hence, optical coherence tomography (OCT), which is non-invasive and offers high-

resolution images of the retinal structure including neuronal layers, has become an appealing 

candidate for studying the neurodegenerative changes in AD.21,22 Thus far, studies have 

repeatedly reported retinal changes in AD using OCT imaging, such as thinning of the 

retinal nerve fibre layer (RNFL).21,23–31 Although several reviews and meta-analyses 

attempted to integrate these findings and derive a conclusion,32–36 the associations between 

AD and retinal changes measured using OCT remain inconclusive.

First, previous reviews and meta-analyses included measurements from both spectral-

domain OCT (SD-OCT) and time-domain OCT (TD-OCT), which are not interchangeable.
37

‘
38 TD-OCT is an older generation of OCT and acquires an individual A-scan by moving 
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the reference arm of the interferometer, leading to longer data acquisition time and larger 

measurement variability. In contrast, SD-OCT, which is the second generation of OCT, 

measures the retina with a spectrometer in the detection arm of the interferometer and 

converts the signals into depth information by Fourier transformation.39,40 When compared 

to TD-OCT, SD-OCT provides better scan resolution (~5 μm for SD-OCT vs 10 μm for TD-

OCT), higher sensitivity (150-fold improvement), faster scan speed, and improved signal-to-

noise ratio.41–45 SD-OCT can also segment individual retinal layers more accurately and 

with greater details. Any injuries that manifest as a distortion of the normal retinal 

architecture can be more easily detected with SD-OCT than with TD-OCT.46–54 den Haan 

and his colleagues have already demonstrated the discrepancy of peripapillary RNFL 

thickness between TD-OCT and SD-OCT in their recent meta-analysis.35

Second, previous meta-analyses only assessed the differences of RNFL thickness and 

macular thickness in AD. Improved resolution of SD-OCT has now enabled assessment of 

additional retinal neuronal layers at the macula, which could not be reliably identified and 

demarcated previously using TD-OCT. Among these layers, thinning of the macular 

ganglion cell-inner plexiform layer (GC-IPL), macular ganglion cell complex (GCC) 

(consisting of RNFL and GC-IPL) and macular volume has been associated with AD.55–71 

Since the macula contains more than 50% of total RGCs whose the size of cell bodies is 10 

to 20 times the diameter of their axons, thinning of the macular GC-IPL could be more 

sensitive to AD pathology than RNFL thinning.56 Also, the GC-IPL thickness is less 

influenced by individual variation when compared to RNFL thickness.53

In view of these limitations in the previous meta-analyses, we conducted a systematic review 

and meta-analysis to evaluate the differences of SD-OCT measurements in AD and MCI. We 

only included studies using SD-OCT and comprehensively examined a wide spectrum of 

SD-OCT measurements in relation to AD and MCI. Our data suggested that the retinal and 

choroidal layers measured by SD-OCT are significantly thinner in AD and, to a lesser 

extent, in MCI.

METHODS

Eligibility criteria

We conducted a systemic review and meta-analysis to assess the differences of SD-OCT 

measurements in AD and MCI, according to the Meta-analysis Of Observational Studies in 

Epidemiology (MOOSE) guideline.72 For inclusion in the meta-analysis a study must meet 

the following criteria: (1) an original human study with case-control, cross-sectional or 

prospective design; (2) the study recruited subjects with AD, MCI or “cognitive impairment, 

no dementia” (CIND), in addition to controls; (3) SD- OCT was used and the measurements 

were reported as mean and standard deviation (or standard error) for each study group; and 

(4) AD, MCI and CIND subjects were diagnosed according to established diagnostic 

systems (e.g. DSM-III, DSM-IV, NINDS-ADRDA, Petersen Criteria). Although the 

definitions of “MCI” and “CIND” are not identical, we included studies recruiting either 

MCI or CIND subjects as both MCI and CIND encompass the intermediate state between 

normal elderly cognition and dementia, and indicate an increased risk of dementia.73 We 

excluded records not related to AD and OCT, studies using TD-OCT, conference abstracts, 
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letters to the editor, non-English records, animal studies, reviews and case studies. We also 

excluded any studies with low quality using the QUADAS-2 tool, such as studies that 

diagnosed AD or MCI using unestablished diagnostic criteria, and studies with inappropriate 

statistical analysis.

Search methods

Two independent reviewers (CVT and SZ) conducted a literature search in PubMed and 

Excerpta Medica Database (EMBASE) using a hierarchical search strategy. We used the 

medical subject headings (MeSH) for the PubMed query. We first searched for “Optical 

Coherence Tomography”, “Tomography, Optical Coherence [MeSH Terms]” and “Spectral 

Domain”. Then, the search results were refined using one of the following keywords: 

“Dementia [MeSH Terms]”, “Dementia”, “Alzheimer’s Disease [MeSH Terms]”, 

“Alzheimer”, “Neurobehavioral Manifestations [MeSH Terms]”, “Cognitive Dysfunction 

[MeSH Terms]”, “Cognitive Dysfunction”, “Cognitive Impairment”, and “Cognitive 

Decline”. The literature search was limited to full-text manuscripts written in English and 

published in peer-reviewed journals before 31 December 2017. The list of the detailed 

search strategy is provided in Table 1 (available at www.aaojournal.org). To reduce the 

chance of missing relevant articles, we also manually searched the reference lists of all 

primary articles and review articles.

Study selection and risk of bias assessment

After removing duplicated records, we adopted a three-phase selection process because of 

the limited specificity of the computerized literature search. In the first phase, two reviewers 

(CVT and SZ) independently screened the titles and abstracts to identify articles relevant to 

either AD or SD-OCT. Studies not related to AD and OCT were excluded at this stage. In 

the second phase, the same reviewers evaluated the full-texts of the remaining studies to 

assess the study design and the publication type. We excluded studies with a study design 

that did not meet the inclusion criteria or violate any of the exclusion criteria (e.g. studies 

that used TD-OCT for the measurement or did not assess SD-OCT measurements in subjects 

with AD, MCI, or CIND). We also excluded conference abstracts, letters to the editor, non- 

English records, animal studies, reviews and case studies by full-text evaluation. Lastly, we 

assessed the methodological quality of the remaining studies with the QUADAS-2 tool to 

exclude studies with low quality (if any). The QUADAS-2 tool is an evidence-based quality 

assessment tool for systematic reviews of diagnostic accuracy studies.74 It assesses the risk 

of bias and concerns regarding applicability in four domains including patient selection, 

index test, reference standard, and flow and timing. We also assessed the quality of reporting 

OCT measurements with reference to the Advised Protocol for OCT Study Terminology and 

Elements (APOSTEL) recommendations.75 In the whole study selection process, four 

disagreements between the two reviewers were resolved by discussions with a senior 

reviewer (CYC).

Data collection

Two reviewers (CVT and SZ) independently extracted data into a customized database. 

Extracted information included authors and title of the study, publication year, method of 

eye selection (i.e. selection of one eye or both eyes of each subject for analysis), OCT 
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model, details of each study population including sample size (e.g. number of subjects and 

number of eyes), mean age, proportion of males, mean score of the mini-mental state 

examination (MMSE),76 and the outcome variables of SD- OCT measurements (in mean and 

SD). The SD-OCT measurements extracted included the average values and, if any, the value 

of each sub-sector of the measured area. We also recorded the exclusion status (i.e. excluded 

vs not excluded) of age-related macular degeneration, severe hypertension and severe 

diabetes mellitus, which are potential confounders of SD-OCT measurements. We did not 

include measurements of peripapillary GC-IPL and macular RNFL because cell bodies of 

RGCs are mainly located at the macular region while the peripapillary region has the highest 

concentration of RGC axons that are exiting the retina. We extracted all reported data from 

published articles and did not contact the authors for missing information. We converted 

standard errors to standard deviations and calculated the average values of multiple sub-

sectors using the built-in calculator of RevMan (version 5.3; Cochrane Collaboration, 

Oxford, United Kingdom).

Data synthesis and analysis

We used Stata (StataCorp, Texas; version 14.0) for assessment of publication bias and 

metaregression, and Revman (version 5.3; Cochrane Collaboration, Oxford, United 

Kingdom) for other statistical analyses. We used means and standard deviations to assess the 

standard mean difference (SMD) and the weighted mean difference (WMD), with respective 

95% confidence interval (CI). All metaanalyses adopted random-effect models. We assessed 

heterogeneity by the Higgins I2 test. We also assessed potential publication bias using funnel 

plots with the log OR of each study on the x-axis plotted against its standard error in the y-

axis, as well as by the Egger’s Tests.77

We performed random-effects meta-regression using Stata to assess the impact of study 

characteristics and potential confounders on the effect sizes, using SMDs as the outcome 

variables. The explanatory variables included mean MMSE scores, the mean age differences 

between study groups, the method of eye selection (i.e. single-eye dataset vs paired-eyes 

dataset), types of OCT model, the proportion of males in each study group, and exclusion 

status of age-related macular degeneration, severe hypertension and severe diabetes mellitus. 

The residual between-study variance was estimated using the restricted maximum likelihood 

method.

In addition, we performed subgroup analyses according to the types of OCT model and the 

method eye selection (i.e. single-eye or paired-eyes dataset). Since the study by Golzan et al. 

did not provide information on the eye selection,78 it was not included in the latter subgroup 

analysis. We also performed a subgroup analysis which only included studies without 

missing information.

RESULTS

Figure 1 summarizes the selection process for the 30 studies included in the meta-analysis. 

The initial literature search identified 1244 articles (697 articles in EMBASE and 547 

articles in PubMed), of which 801 duplicates were excluded. In the first phase of the study 

selection, the remaining 443 records were screened based on their titles and abstracts, and 
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284 studies not related to AD and SD-OCT were excluded. We then reviewed the full text of 

the remaining 159 studies in the second phase, and 129 more studies were excluded, 

including 10 studies using TD-OCT.79–88 The study by Castejon et al. was not included in 

the meta-analysis as it did not report sectorial macular thicknesses.89 In addition, although 

Bayhan et al.55 and Pillai et al.60 measured thickness of the outer retina and metrics related 

to the optic disc (cup-disc ratio, cup volume, disc area and rim area) respectively, the number 

of studies was not sufficient to conduct meta-analyses.

Finally, we identified 30 studies for the meta-analysis (Table 2; available at 

www.aaojournal.org); 6 measured macular GC-IPL thicknesses, 56
‘
58

‘
60

‘
64

‘
66

‘
70 10 

measured macular thickness,57
‘
59

‘
61

‘
62

‘
64–66

‘
69

‘
71

‘
90 24 measured peripapillary RNFL 

thickness,56
‘
57

‘
60–69

‘
71

‘
78

‘
91–100 4 measured macular GCC thickness, 55,59,66,67 7 measured 

macular volume, 60
‘
61

‘
63

‘
64

‘
68

‘
70

‘
71 and 5 measured choroidal thickness.55

‘
69

‘
90

‘
101

‘
102 All 

studies were cross-sectional and there were no prospective studies published before 31 

December 2017. The mean ages of AD, MCI and control groups did not differ significantly 

in all studies. The mean MMSE score of the control group ranged from 27.4 to 29.78, while 

that of the MCI group ranged from 23.1 to 27.4 and that of the AD group ranged from 14.1 

to 23.3. However, 15 studies did not report the mean MMSE scores.
56

‘
57

‘
60–62

‘
64

‘
65

‘
67

‘
78

‘
91

‘
92

‘
94–96

‘
102 With an exception of the study by Golzan et al.,78 all 

other studies excluded subjects with a history of glaucoma. While most studies selected 

either eye of each subject for the statistical analysis (i.e. a single-eye dataset), 8 studies 

analyzed the OCT measurements of both eyes.60
‘
66

‘
68

‘
69

‘
90

‘
96–98 Regarding the OCT 

models, 13 studies used the Cirrus HD-OCT,56–58
‘
60–62

‘
64

‘
68

‘
7l

’
90

‘
9l

’
95

‘
98 10 studies used the 

Heidelberg Spectralis,59
‘
65

‘
69

‘
70

‘
92

‘
93

‘
96

‘
99

‘
101

‘
102 3 studies used the Topcon 3D-OCT,

63
‘
66

‘
97 and 4 studies used other OCT models, including Optovue RTVue-100, Nidek Co. 

SD- OCT and OPKO-OTI.55
‘
67

‘
78

‘
94

Macular Ganglion Cell-Inner Plexiform Layer (GC-IPL) Thickness

6 studies examined the macular GC-IPL thickness in 201 AD patients (222 eyes), 129 MCI 

patients (129 eyes) and 311 controls (335 eyes).56
‘
58

‘
60

‘
64

‘
66

‘
70 The thickness of the 

ganglion cell layer (GCL) was reported together with that of the inner plexiform layer (IPL) 

as the GC-IPL thickness because the boundary between GCL and IPL is detectable only in 

the nearest foveal region due to similar reflectivity.59 When compared to controls, AD 

patients had significantly thinner average GC-IPL thickness (SMD, −0.46; 95% CI, −0.80 to 

−0.11; p=0.01; I2 = 71%), which corresponded to an absolute decrease of 3.66μm (95% CI, 

−6.49 - −0.83; p=0.01) (Figure 2; available at www.aaojournal.org) (Table 3). The GC-IPL 

thinning occurred in most sub-sectors of the macula, except the superotemporal sector: 

superior (SMD, −0.41; 95% CI, −0.71 to −0.10; p=0.009), superonasal (SMD, −0.51; 95% 

CI, −0.94 to −0.09; p=0.02), inferonasal (SMD, −0.47; 95% CI, −0.81 to −0.13; p=0.006), 

inferior (SMD, −0.64; 95% CI, −1.23 to −0.05; p=0.03), inferotemporal (SMD, −0.49; 95% 

CI, −0.86 to −0.13; p=0.008) (Figure 3; available at www.aaojournal.org).

Of these 6 studies, 4 also measured the macular GC-IPL thickness in subjects with either 

MCI or CIND.56,58,60,70 Our analysis showed that GC-IPL was generally thinner in subjects 

with either MCI or CIND, although the WMD only attained a borderline statistical 
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significance (SMD: p = 0.17, WMD: p=0.05) (Figure 4; available at www.aaojournal.org) 

(Table 4). However, in a subgroup analysis including studies with single-eye dataset, the 

difference of GC-IPL thickness in subjects with either MCI or CIND became statistically 

significant (SMD, −0.95; 95%CI, −1.79 to −0.10; p=0.03) (Figure 5; available at 

www.aaojournal.org) (Table 5; available at www.aaojournal.org). We did not include the 

study by Choi et al. in this analysis because their study did not report the GC-IPL thickness 

of the MCI subjects.64

Macular ganglion cell complex (GCC) thickness

The macular GCC thickness was examined in 4 studies recruiting 96 AD patients (117 eyes) 

and 95 healthy controls (119 eyes).55,59,66,67 Macular GCC was significantly thinner in AD 

patients when compared to controls (SMD, −0.84; 95% CI, −1.10 to −0.57; p<0.001), which 

corresponded to an absolute decrease of 7.04 (95%CI, −9.20 to −4.88; p<0.001) (Figure 2; 

available at www.aaojournal.org) (Table 3). However, no studies examined the GCC 

thickness in subjects with either MCI or CIND.

Macular Volume

7 studies examined the macular volume in 204 AD patients (204 eyes), 94 MCI (94 eyes) 

and 271 controls (271 eyes).60
‘
61

‘
63

‘
64

‘
68

‘
70

‘
71 When compared to controls, AD subjects had 

a significantly smaller macular volume (SMD, −0.58; 95%CI, −1.03 to −0.14; p=0.01) 

(Figure 2; available at www.aaojournal.org) (Table 3). However, the macular volume was not 

statistically different between MCI subjects and controls (Table 4).

Choroidal Thickness

5 studies consisting of 203 AD patients (244 eyes) and 307 controls (351 eyes) assessed the 

choroidal thickness.55
‘
69

‘
90

‘
101

‘
102 When compared to controls, choroidal thickness was 

significantly thinner in AD, in terms of the sub-foveal region (SMD, −1.03; 95% CI, −1.31 

to −0.74; p<0.001), the region 1.5mm nasal to fovea (SMD, −0.89; 95% CI, −1.18 to −0.61; 

p<0.001), the region 1.5mm inferior to fovea (SMD, −0.88; 95% CI, −1.14 to −0.63; 

p<0.001) and the region 1.5mm superior to fovea (SMD, −0.92; 95% CI, −1.14 to −0.71; 

p<0.001) (Figure 6; available at www.aaojournal.org) (Table 3).

Macular Thickness

10 studies studied the macular thickness in 467 AD patients (550 eyes) and 518 controls 

(607 eyes). 57
‘
59

‘
61

‘
62

‘
64–66

‘
69

‘
71

‘
90 AD patients showed significant thinning of the macular 

thickness in all inner and outer sectors of the macula (SMD ranged −0.52 to −0.74 and 

WMD ranged −9.71 μm to 14.56 μm, all p<0.001) (Figure 7; available at 

www.aaojournal.org) (Table 3). The inner inferior sector exhibited the greatest magnitude of 

thinning (WMD, −14.56 μm; 95% CI, −21.03 to −8.09; p<0.001). We did not compare the 

macular thickness between MCI patients and controls because only two studies were 

eligible.71,90
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RNFL Thickness

We identified a total of 24 studies which measured the RNFL thickness using SD-OCT in 

1061 AD patients (1082 eyes), 198 MCI patients (198 eyes) and 1130 controls (1154 eyes).
56,57,60–69,71,78,91–100 There was a significant reduction in the mean RNFL thickness in AD 

patients compared with controls (SMD, −0.67; 95% CI, −0.95 to −0.38; p<0.001), which 

corresponded to an absolute decrease of 5.99 (95% CI, −8.89 to −3.09; p<0.001) (Figure 8; 

available at www.aaojournal.org) (Table 3). Subsequent analyses revealed that all quadrants 

were significantly thinner in AD patients, of which the superior quadrant demonstrated the 

most significant reduction (SMD, −0.97; 95% CI, −1.39 to −0.55; p<0.001; WMD, −15.μm; 

95% CI, −25.15 to −5.51 μm; p=0.002) (Figure 9; available at www.aaojournal.org) (Table 

3). The study by Marziani et al.59 measured the RNFL thickness at the macula and was 

excluded from this analysis.

In addition, we also analyzed 6 studies which examined the difference of the RNFL 

thickness between MCI patients and controls. The results revealed a trend of RNFL thinning 

in MCI patients, yet the magnitude was not statistically significant (Figure 4; available at 

www.aaojournal.org) (Table 4).

Meta-Regression

We performed meta-regression on 8 studies comparing macular thickness between AD and 

controls, 23 studies comparing RNFL thickness between AD and controls and 7 studies 

comparing RNFL thickness between MCI and controls (Table 5; available at 

www.aaojournal.org). The number of studies regarding other SD-OCT measurements was 

not sufficient for meta-regression. Our results showed that there were significant 

associations between the type of OCT model and the effect sizes of the macular thickness 

differences between AD and controls, which can explain 70% to 100% of variance of the 

outcome: the inner superior sector (β, 0.3889; p = 0.016; r2, 99.32%), the inner nasal sector 

(β, −0.457; p = 0.009; r2, 100%), the inner temporal sector (β, −0.383; p = 0.016; r2, 

91.62%), and the outer nasal sector (β, −0.577, p = 0.029; r2, 70.61%). However, mean 

MMSE score, mean age difference between study groups, method of eye selection (i.e. 

single-eye vs paired-eyes dataset), proportion of males in each study group, and exclusion 

status of age-related macular degeneration, severe hypertension and severe diabetes mellitus 

had no significant impact (p > 0.05) on the effect sizes of the differences of macular 

thickness and RNFL thickness in AD, and the difference of RNFL thickness in MCI.

Subgroup Analysis

We performed a subgroup analysis to compare the effect sizes between studies with a single-

eye dataset (i.e. selected measurements of either eye of each subject for the analysis) and 

studies with a paired-eyes dataset (i.e. selected measurements of both eyes of each subject 

for the analysis) (Figure 10; available at www.aaojournal.org) (Table 6; available at 

www.aaojoumal.org). We observed that the differences of macular GC-IPL thickness, 

macular thickness of most sectors and macular volume in AD, and the difference of macular 

GC-IPL thickness in MCI were only statistically significant (p<0.05) among studies with a 

single-eye dataset, but not studies with a paired-eyes dataset.
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We also performed a subgroup analysis which excluded studies requiring manual calculation 

(except calculation of standard deviations from standard errors) (Figure 11; available at 

www.aaojournal.org). 6 studies 59,63,65,67,93,96 which required manual calculations to 

combine sub-sectors of RNFL thickness or GCC thickness were excluded in this subgroup 

analysis. After the exclusion, the associations of AD with RNFL and GCC thinning 

remained statistically significant.

Since the results of meta-regression suggested that the types of OCT model had significant 

impacts on the effect sizes of the macular thickness difference between AD and controls, we 

further performed subgroup analyses according to the types of OCT model, namely Cirrus 

HD-OCT, Heidelberg Spectralis and Topcon 3D OCT. The reduction of macular thickness in 

AD remained statistically significant when compared to controls. (Figure 12; available at 

www.aaojournal.org)

Publication Bias

The Egger’s tests showed that there was no publication bias in most of the analyses, except 

the analyses of the mean peripapillary RNFL and the choroidal thickness 1.5mm superior to 

the fovea.

Study Quality

We assessed the risk of bias and the applicability of the results using the QUADAS-2 tool 

(Table 7.1; available at www.aaojournal.org). Most of the included studies were of low risk 

of bias in terms of patient selection, index test and reference standard, and there were low 

concerns about the applicability of the results. However, four studies did not specify the 

diagnostic criteria used for the cognitive assessment,65,78,96,102 leading to an unclear risk of 

bias regarding the index test in these studies. Furthermore, a number of studies also had 

unclear risks of bias in terms of the flow and timing because they did not specify the interval 

between the OCT imaging and the diagnostic test of MCI or AD,55–70,78,90– 93,95–97,99,101,102 

or did not describe whether the control subjects underwent a neurological examination to 

rule out the presence of cognitive impairment.59–63,65,66,68,91–93,95–98,102 We also noticed 

that the studies by Moreno-Ramos et al. and Knoll et al. had a small sample size (n<20).70,97

We also assessed the quality of reporting SD-OCT measurements with reference to the 

Advised Protocol for OCT Study Terminology and Elements (APOSTEL) 

recommendations.75 Although most of the studies provided methodological details of the 

SD-OCT imaging, we noticed that a number of studies did not adequately describe the 

acquisition setting of OCT (e.g. the room light conditions and any use of pupil dilation 

before examination), the process of post-acquisition data selection (e.g. the quality control 

criteria), and the number and criteria of post-acquisition discard (Table 7.2; available at 

www.aaojournal.org).

DISCUSSION

The improved spatial resolution of SD-OCT now allows a more detailed assessment of the 

neuronal layers in the retina, the most accessible part of the CNS. In this systematic review 

and meta-analysis, we demonstrated that there were robust associations between AD and 

Chan et al. Page 9

Ophthalmology. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.aaojournal.org/
http://www.aaojournal.org/
http://www.aaojournal.org/
http://www.aaojournal.org/


thinner SD-OCT measurements at the macula, including GC-IPL thickness, GCC thickness, 

macular thickness and macular volume (Figure 13). Apart from the SD-OCT measurements 

at the macula, choroidal thickness and peripapillary RNFL thickness were also significantly 

reduced in AD (Figure 13). Although the results were inconsistent, we additionally observed 

a trend of GC-IPL thinning among patients with MCI or CIND. In contrast to the previous 

meta-analyses, our meta-analysis only included studies using SD-OCT and comprehensively 

assessed a spectrum of SD-OCT measurements in AD, MCI and CIND. Our findings 

contributed additional knowledge about the differences of SD-OCT measurements in AD 

and MCI, and provided further evidence to support the potential role of SD-OCT in studying 

neurodegenerative processes and detecting neuronal injuries in AD.

Our results clearly demonstrated that SD-OCT measurements at the inner retina including 

macular GC-IPL thickness, macular GCC thickness, and peripapillary RNFL thickness were 

significantly thinner in AD patients than in controls. Notably, thinning of the GC-IPL 

occurred in most sub-sectors of the macula. Furthermore, macular thickness and macular 

volume were also significantly reduced in AD patients when compared to controls. The cell 

bodies and dendrites of RGCs are mainly located in the GC- IPL at the macular region, 

whereas the axons of RGCs converge at the RNFL of the peripapillary region and leave the 

retina via the optic nerve. Hence, thinner macular GC-IPL and peripapillary RNFL indicate 

fewer RGCs in AD. RGCs, the cells responsible for consolidating visual information and 

transmitting them to the brain directly via the optic nerve, share similar properties with the 

cerebral neurons. Fewer RGCs in AD is consistent with the hypothesis that the pathological 

cascade of AD affects both the cerebral neuron and the RGCs in the retina, leading to loss of 

RGCs over time.97 In line with this hypothesis, previous pattern electroretinogram analyses 

also suggested that RGCs are directly involved in AD,79,103–106 and fewer RGCs in AD 

subjects may partly explain the ocular manifestation and circadian rhythm disturbances in 

AD.107–109 However, the cross-sectional design of all included studies did not allow us to 

conclude this with certainty.

Our analysis also showed that the thicknesses of macular GC-IPL and peripapillary RNFL 

were generally thinner in MCI patients when compared to controls. Although the magnitude 

failed to reach a statistical significance, most of the included studies, except the study by 

Pillai et al.,60 observed a significantly thinner macular GC-IPL in MCI subjects and the 

statistical significance was preserved in a well-adjusted model.56 The lack of statistical 

significance in the meta-analyses may partly be ascribed to the limited statistical power due 

to a small number of eligible studies. In addition, it has also been hypothesized that swelling 

of neurons 110 and activation of perifoveal Muller glial cells with consequent hypertrophy 
111 may occur in the early stages of retinal neurodegeneration, leading to an increase in 

macular GC-IPL thickness that may offset the magnitude of neuronal thinning.85

In the subgroup analyses, we observed that the differences of macular GC-IPL thickness in 

AD and MCI were only statistically significant among studies with a single-eye dataset, but 

not studies with a paired-eyes dataset. In fact, these differences are likely not related to the 

correlation between eyes. The possible explanation to these findings is the selection bias 

among the studies. For instance, studies recruiting elderly subjects with generally milder 

cognitive impairments or less co-existent eye disease (e.g. cataracts and floaters) were more 
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likely to successfully obtain OCT images from both eyes and, therefore, more likely to adopt 

paired-eyes dataset which may add potentially valuable information. Another potential 

source of selection bias would be related to the choice of the eye in the studies with a single-

eye dataset. Non-random selection of eye (e.g. selection of the thinner retinal layer) could 

lead to deviation of results, compared with a paired-eyes dataset which averaged information 

across both eyes. In addition to the selection bias, findings may also be confounded by the 

heterogeneity of retinal thickness between eyes.112–115

In addition to thinner neuronal layers in the retina, we observed that the choroidal thickness 

measured by SD-OCT was also significantly thinner in AD. As cerebral vascular impairment 

is recognized as one of the earliest pathologies in AD,116,117 similar pathophysiological 

processes may also affect the choroidal layer, which is the vascular layer of the eye. For 

instance, animal studies reported that amyloid-β, which induces vascular damages in the 

brain,118,119 also accumulated with ageing in the choroidal vasculature.120,121

There are two possible mechanisms that may explain the differences of SD-OCT 

measurements in AD. The first proposed that the cerebral pathology of AD may affect the 

visual pathway and cause retrograde degeneration of the optic nerve,85 because AD 

pathologic features can be found in subcortical visual centres, including the lateral 

geniculate nucleus and superior colliculus.122 In agreement with this hypothesis, RGC 

neuronal abnormalities were also associated with non-AD dementias,97,123,124 strokes,
125,126 and other neurodegenerative diseases including multiple sclerosis,127–129 

neuromyelitis optica,128 and cerebral atrophy.130 Alternatively, it is also possible that AD 

pathology occurs simultaneously both in the brain and the retina, leading to thinning of the 

retinal neuronal layers. Aβ pathology including fibrillar tau, Aβ plaques and specific signs 

of neuroinflammation has been identified in ocular tissues of both AD subjects 131–133 and 

animal models of AD.131 134–139 Aβ plaques have also been shown to be neurotoxic to the 

retinal cells.140–142 In addition, OCT studies in AD patients showed that RNFL thinning was 

unrelated to changes in cortical visual evoked response, suggesting that neuronal loss in AD 

cannot be entirely ascribed to retrograde degeneration.88 However, there are controversies 

about the presence of retinal amyloid-β in AD subjects.143,144 Further experimental and 

post-mortem studies would allow a better understanding of the mechanism behind the retinal 

neuronal changes in AD.

Our meta-analysis highlighted several knowledge gaps that warrant further research efforts. 

First, most available studies to date are cross-sectional studies and there is a lack of 

prospective studies. Although our findings are consistent with the hypothesis that retinal 

neuronal loss occurs in parallel with the neurodegeneration in the brain, we cannot conclude 

this with any certainty due to the cross-sectional designs of the eligible studies. Cortical 

degeneration measures and other disease-specific biomarkers would have to be used in 

longitudinal studies recruiting subjects with preclinical AD to understand the changes of 

neuronal layers with the disease course of AD (e.g. whether retinal degeneration follows 

cortical Aβ accumulation), and to what extent the neuronal thinning is associated with 

disease severity. Second, only a limited number of studies have investigated the differences 

of SD-OCT measurements in MCI, which indicates an increased risk of developing AD.
145,146 As discussed, peripapillary RNFL and macular GC-IPL were generally thinner in 
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MCI subjects when compared to controls, but the number of studies may not be sufficient to 

achieve adequate statistical power. More cross-sectional studies recruiting MCI subjects are 

required to examine the differences of SD-OCT measurements in MCI. Third, studies with 

appropriate statistical analysis including receiver operating characteristic curves, the 

bootstrapped area under curve or false/true-positive fractions are desired to validate the 

clinical utility of SD-OCT measurements as surrogate biomarkers of AD.

When compared with previous meta-analyses, our meta-analysis comprehensively assessed 

differences of SD-OCT measurements in AD and MCI, and excluded studies using TD-

OCT. However, there are several limitations of our meta-analysis. First, the heterogeneity of 

disease severities in different studies may affect the estimation of the true effect size. For 

instance, the mean MMSE score of the MCI subjects ranged from 23.1 to 28 in different 

studies while that of the AD subjects ranged from 14.1 to 23.3. Hence, the cognitive 

impairment of some MCI patients may be severe enough to be considered as early dementia, 

leading to overestimation of the effect sizes in the MCI group. Second, the AD group and 

the MCI group in the meta-analysis were not well-defined due to limited availability of 

clinical information and lack of disease-specific biomarkers. For instance, the memory 

problem in the MCI subjects may have underlying substrates other than Alzheimer’s 

Disease. Similarly, current clinical diagnostic criteria also routinely fail in accurately 

differentiating between AD and non-AD dementia, such as vascular dementia.147,148 The 

inclusion of subjects with non-AD dementia or non-amnestic MCI inevitably introduced 

variability to the outcomes. Furthermore, our analysis comparing the GC-IPL thickness 

between controls and subjects with either MCI or CIND should be interpreted with caution 

as the definitions of MCI and CIND are not identical. Third, some studies hypothesized that 

AD may be associated with glaucoma,149–158 visual impairment 159,160 and age-related 

macular degeneration,161 and exclusion of subjects with these comorbidities in many 

included studies may lead to falsely attenuated associations. Lastly, there were 

heterogeneities between studies due to variable methodologies, inclusion criteria and 

exclusion criteria. Notably, the results of meta-regression showed that the types of OCT 

model had significant impacts on the effect sizes regarding the differences of macular 

thickness and RNFL thickness in AD, as well as the difference of RNFL thickness in MCI. 

As suggested by previous studies, the disagreements between OCT models are likely due to 

different segmentation algorithms and measurement protocols.162,163

OCT has been a landmark discovery in ophthalmology.164 With the ability to image the 

layered retinal structure three-dimensionally and non-invasively within seconds, SD-OCT 

has been widely used as a tool to detect and manage retinal and ocular neurodegenerative 

diseases (e.g. glaucoma) and has the potential to be used to study the neurodegenerative 

processes of AD in the CNS. Our meta-analysis demonstrated that a number of SD-OCT 

measurements were significantly thinner in AD patients when compared to controls. The 

recent findings from two large-scale population-based studies, the UK Biobank Study and 

the Rotterdam Study, also reported that RNFL thinning indicated a significantly increased 

risk of developing cognitive decline and AD, respectively.165,166 Notably, the association 

between RNFL thinning and the higher risk of developing AD remained statistically 

significant in a model adjusting for cardiovascular risk factors.165 However, the effect sizes 

with respect to the changes of SD-OCT measurements were less vigorous when compared to 
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biomarkers of magnetic resonance imaging (MRI), such as medial temporal lobe atrophy, 
167–169 and amyloid-PET 170. Future research may explore ways of improving sensitivity 

and specificity of OCT measurements, such as analysis of combined SD-OCT metrics. It is 

possible that the true diagnostic and prognostic value of SD-OCT measurements in AD may 

lie in their integration with other clinical and imaging biomarkers, such as retinal vessel 

morphology and biomarkers of brain MRI, as a part of a multimodal approach. Advances in 

deep learning algorithms, a subset of artificial intelligence, have shown promises in several 

diseases,171–177 and may also provide an alternative approach to recognize AD-specific 

differences in the retinal neuronal structure.178 With the rapid advancement of artificial 

intelligence and retinal imaging technology, more breakthroughs in this promising fields 

may be expected to occur.

In summary, our results confirmed the differences of SD-OCT measurements in AD and 

MCI when compared to controls, highlighting the potential utility of SD-OCT measurements 

as biomarkers of AD. In the future, SD-OCT might potentially be used clinically as a risk 

indicator to stratify individuals with high risk of developing AD, who can then benefit from 

further investigations including amyloid PET imaging and detailed neuropsychological 

assessments.
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Figure 1: 
PRISMA flowchart of study inclusion
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Figure 2: Difference in the novel SD-OCT measurements between subjects with Alzheimer’s 
Disease (AD) and controls
The meta-analyses were conducted with a random-effects model and unadjusted results were 

reported. The size of the squares denotes the weight attributed to each article, and the 

horizontal lines represent the 95% confidence intervals (CI). The diamonds represent the 

standardized mean differences with the width showing the 95% CI. Abbreviations: AD = 

Alzheimer’s Disease; GC-IPL = Ganglion cell-inner plexiform layer; GCC = Ganglion cell 

complex.
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Figure 3: Difference in the sectorial macular GC-IPL thicknesses between subjects with 
Alzheimer’s Disease (AD) and controls
The meta-analyses were conducted with a random-effects model and unadjusted results were 

reported. The size of the squares denotes the weight attributed to each article, and the 

horizontal lines represent the 95% confidence intervals (CI). The diamonds represent the 

summary mean differences with the width showing the 95% CI. Abbreviation: AD = 

Alzheimer’s Disease; GC-IPL= ganglion cell-inner plexiform layer.
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Figure 4: Difference in the novel SD-OCT measurements between subjects with mild cognitive 
impairment (MCI) or cognitive impairment with no dementia (CIND) and controls
The meta-analyses were conducted with a random-effects model and unadjusted results were 

reported. The size of the squares denotes the weight attributed to each article, and the 

horizontal lines represent the 95% confidence intervals (CI). The diamonds represent the 

standardized mean differences with the width showing the 95% CI. Abbreviations: MCI = 

Mild cognitive impairment; CIND = cognitive impairment with no dementia.
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Figure 5: Subgroup analyses comparing Studies with Single-Eye Dataset and Studies with 
Paired- Eyes Dataset
Studies with single-eye dataset selected SD-OCT measurements of either eye of each study 

subject, while studies with paired-eyes dataset selected SD-OCT measurements of both eyes 

of each study subject. The size of the squares denotes the weight attributed to each article, 

and the horizontal lines represent the 95% confidence intervals. The diamonds represent the 

standardized mean differences with the width showing the 95% CI. The meta-analyses were 

conducted with a random-effects model and unadjusted results were reported. Abbreviation: 

AD = Alzheimer’s Disease; MCI = Mild Cognitive Impairment; CIND = Cognitive 
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impairment with no dementia; HC = Healthy controls; GC-IPL = Ganglion cell-inner 

plexiform layer; RNFL = Retinal nerve fibre layer.
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Figure 6: Difference in the choroidal thicknesses between subjects with Alzheimer’s Disease (AD) 
and controls
The meta-analyses were conducted with a random-effects model and unadjusted results were 

reported. The size of the squares denotes the weight attributed to each article, and the 

horizontal lines represent the 95% confidence intervals (CI). The diamonds represent the 
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standardized mean differences with the width showing the 95% CI. Abbreviation: AD = 

Alzheimer’s Disease.
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Figure 7: Difference in the macular thickness between subjects with Alzheimer’s Disease (AD) 
and controls
The meta-analyses were conducted with a random-effects model and unadjusted results were 

reported. The size of the squares denotes the weight attributed to each article, and the 

horizontal lines represent the 95% confidence intervals (CI). The diamonds represent the 

standardized mean differences with the width showing the 95% CI. Abbreviation: AD = 

Alzheimer’s Disease.
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Figure 8: Difference in the mean peripapillary RNFL thickness between subjects with 
Alzheimer’s Disease (AD) and controls
The meta-analyses were conducted with a random-effects model and unadjusted results were 

reported. The size of the squares denotes the weight attributed to each article, and the 

horizontal lines represent the 95% confidence intervals (CI). The diamonds represent the 

standardized mean differences with the width showing the 95% CI. Abbreviation: AD = 

Alzheimer’s Disease; RNFL = Retinal nerve fibre layer.
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Figure 9: Difference in the sectorial peripapillary RNFL thicknesses between subjects with AD 
and controls
The meta-analyses were conducted with a random-effects model and unadjusted results were 

reported. The size of the squares denotes the weight attributed to each article, and the 

horizontal lines represent the 95% confidence intervals (CI). The diamonds represent the 

standardized mean differences with the width showing the 95% CI. Abbreviations: AD = 

Alzheimer’s Disease; RNFL = Retinal nerve fibre layer.
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Figure 10: Subgroup Analyses according to the method of eye selection
This figure illustrated the results of the subgroup analyses that included studies with single-

eye dataset and studies with paired-eyes dataset, respectively. The bars represent the 95% 

confidence intervals of the standardized mean decreases. Significant group differences with 

p < 0.05 and p < 0.001 are labelled as “*” and “**” respectively. Abbreviations: SE = 

Single-eyes dataset; BE = Both-eyes/ paired-eyes dataset; ** = p<0.05; * = p<0.001
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Figure 11: Sub-group analyses excluding studies requiring manual calculation
The meta-analyses were conducted with a random-effects model and unadjusted results were 

reported. The size of the squares denotes the weight attributed to each article, and the 

horizontal lines represent the 95% confidence intervals (CI). The diamonds represent the 

standardized mean differences with the width showing the 95% confidence intervals. 

Abbreviations: AD = Alzheimer’s Disease; RNFL = Retinal nerve fibre layer; GCC = 

Ganglion cell complex ADs vs Controls Mean Peripapillary
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Figure 12: Sub-group analysis of OCT models
The size of the square denotes the weight attributed to each article, and the horizontal lines 

represent the 95% confidence intervals (CI). The diamonds represent the standardized mean 

differences with the width showing the 95% CI. Data were analyzed by a random-effects 

model and unadjusted results were reported. Abbreviations: AD = Alzheimer’s Disease; 

OCT = Optical coherence tomography
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Figure 13: Differences in SD-OCT measurements between subjects with AD and controls
The standardized mean decreases of SD-OCT measurements in AD are shown. The bars 

represent the 95% confidence intervals of the standardized mean decreases. Significant 

group differences with p < 0.05 and p < 0.001 are labelled as “*” and “**” respectively.
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Table 1:

Detailed Search Strategy: Two independent reviewers (CVT and SZ) conducted a literature search in PubMed 

and Excerpta Medica Database (EMBASE) using a hierarchical search strategy. Medical subject headings 

(MeSH) were used for the PubMed query. The literature search was limited to full-text manuscripts written in 

English and published in peer-reviewed journals before 31 December 2017.

PubMed

Search Items Results

“tomography, optical coherence”[MeSH Terms] AND “dementia”[MeSH Terms] 58

“tomography, optical coherence”[MeSH Terms] AND “cognitive dysfunction”[MeSH Terms] 10

“tomography, optical coherence”[MeSH Terms] AND “neurobehavioral manifestations”[MeSH Terms] 35

“tomography, optical coherence”[MeSH Terms] AND “alzheimer disease”[MeSH Terms] 48

(“tomography, optical coherence”[MeSH Terms] OR (“tomography”[All Fields] AND “optical”[All Fields] AND “coherence”[All 
Fields]) OR “optical coherence tomography”[All Fields] OR (“optical”[All Fields] AND “coherence”[All
Fields] AND “tomography”[All Fields])) AND (“dementia”[MeSH Terms] OR “dementia”[All Fields])

93

(“tomography, optical coherence”[MeSH Terms] OR (“tomography”[All Fields] AND “optical”[All Fields] AND “coherence”[All 
Fields]) OR “optical coherence tomography”[All Fields] OR (“optical”[All Fields] AND “coherence”[All Fields] AND 
“tomography”[All Fields])) AND (“alzheimer disease”[MeSH Terms] OR (“alzheimer”[All Fields] AND
“disease”[All Fields]) OR “alzheimer disease”[All Fields] OR “alzheimer”[All Fields])

76

(“tomography, optical coherence”[MeSH Terms] OR (“tomography”[All Fields] AND “optical”[All Fields] AND “coherence”[All 
Fields]) OR “optical coherence tomography”[All Fields] OR (“optical”[All Fields] AND “coherence”[All Fields] AND 
“tomography”[All Fields])) AND (“cognitive dysfunction”[MeSH Terms] OR (“cognitive”[All Fields] AND “dysfunction”[All 
Fields]) OR “cognitive dysfunction”[All Fields] OR (“cognitive”[All Fields] AND “impairment”[All
Fields]) OR “cognitive impairment”[All Fields])

62

(“tomography, optical coherence”[MeSH Terms] OR (“tomography”[All Fields] AND “optical”[All Fields] AND “coherence”[All 
Fields]) OR “optical coherence tomography”[All Fields] OR (“optical”[All Fields] AND “coherence”[All Fields] AND 
“tomography”[All Fields])) AND (“cognitive dysfunction”[MeSH Terms] OR (“cognitive”[All Fields] AND “dysfunction”[All 
Fields]) OR “cognitive dysfunction”[All Fields] OR (“cognitive”[All Fields] AND “decline”[All Fields])
OR “cognitive decline”[All Fields])

34

(Spectral[All Fields] AND (“protein domains”[MeSH Terms] OR (“protein”[All Fields] AND “domains”[All Fields]) OR
“protein domains”[All Fields] OR “domain”[All Fields])) AND (“dementia”[MeSH Terms] OR “dementia”[All Fields])

50

(Spectral[All Fields] AND (“protein domains”[MeSH Terms] OR (“protein”[All Fields] AND “domains”[All Fields]) OR “protein 
domains”[All Fields] OR “domain”[All Fields])) AND (“alzheimer disease”[MeSH Terms] OR (“alzheimer”[All
Fields] AND “disease”[All Fields]) OR “alzheimer disease”[All Fields] OR “alzheimer”[All Fields])

36

(Spectral[All Fields] AND (“protein domains”[MeSH Terms] OR (“protein”[All Fields] AND “domains”[All Fields]) OR “protein 
domains”[All Fields] OR “domain”[All Fields])) AND (“cognitive dysfunction”[MeSH Terms] OR (“cognitive”[All Fields] AND 
“dysfunction”[All Fields]) OR “cognitive dysfunction”[All Fields] OR (“cognitive”[All
Fields] AND “impairment”[All Fields]) OR “cognitive impairment”[All Fields])

25

(Spectral[All Fields] AND (“protein domains”[MeSH Terms] OR (“protein”[All Fields] AND “domains”[All Fields]) OR “protein 
domains”[All Fields] OR “domain”[All Fields])) AND (“cognitive dysfunction”[MeSH Terms] OR (“cognitive”[All Fields] AND 
“dysfunction”[All Fields]) OR “cognitive dysfunction”[All Fields] OR (“cognitive”[All
Fields] AND “decline”[All Fields]) OR “cognitive decline”[All Fields])

20

Total: 547

Excerpta Medica Database (EMBASE)

Search Items Results

(Optical Coherence Tomography and Dementia).af. 130

(Optical Coherence Tomography and Alzheimer).af. 235

(Optical Coherence Tomography and Cognitive Dysfunction).af. 12

(Optical Coherence Tomography and Cognitive Impairment).af. 112
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Search Items Results

(Optical Coherence Tomography and Cognitive Decline).af. 29

(Spectral Domain and Dementia).af. 47

(Spectral Domain and Alzheimer).af. 79

(Spectral Domain and Cognitive Dysfunction).af. 4

(Spectral Domain and Cognitive Impairment).af. 34

(Spectral Domain and Cognitive Decline).af. 15

Total: 697
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Table 3:
Differences of SD-OCT measurements between AD and controls.

We used means and standard deviations to assess the standard mean difference (SMD) and the weighted mean 

difference (WMD), with respective 95% confidence intervals (CIs). Heterogeneity of the included studies was 

assessed using standardized mean differences. Random-effects models were used in all analyses. p-values 

marked in bold indicate significance on the 95% confidence limit.

Variables
Overall Effect Heterogeneity

Egger’s
SMD (95% CI) p value WMD (95% CI) p value I2, % Q (P)

Macular GC-IPL

 Mean −0.46 [−0.80, −0.11] 0.01 −3.66 [−6.49, −0.83] 0.01 71% 0.008 0.794

 Superior −0.41 [−0.71, −0.10] 0.009 −5.23 [−8.29, −2.18] 0.0008 36% 0.21 −

 Superonasal −0.51 [−0.94, −0.09] 0.02 −6.05 [−9.06 - −3.04] <0.0001 63% 0.10 −

 Inferonasal −0.47 [−0.81, −0.13] 0.006 −5.64 [−8.36 - −2.92] <0.0001 46% 0.17 −

 Inferior −0.64 [−1.23, −0.05] 0.03 −7.42 [−10.63 - −4.21] <0.00001 80% 0.02 −

 Inferotemporal −0.49 [−0.86, −0.13] 0.008 −5.46 [−8.05 - −2.88] <0.0001 52% 0.15 −

 Superotemporal −0.46 [−0.96, +0.04] 0.07 −4.80 [−7.68 - −1.92] 0.001 73% 0.05 −

Macular GCC

 Mean −0.84 [−1.10, −0.57] <0.00001 −7.04 [−9.20, −4.88] <0.00001 0% 0.95 0.98

Macular Volume −0.58 [−1.03, −0.14] 0.01 −0.23 [−0.35, −0.10] 0.0003 80% 0.0002 0.571

Choroidal Thickness

 Sub-foveal −1.03 [−1.31, −0.74] <0.00001 −64.60 [−86.37, −42.83] <0.00001 59% 0.05 0.616

 1.5mm nasal −0.89 [−1.18, −0.61] <0.00001 −53.92 [−77.17, −30.67] <0.00001 43% 0.16 0.073

 1.5mm inferior −0.88 [−1.14, −0.63] <0.00001 −58.62 [−81.11, −36.14] <0.00001 29% 0.24 0.96

 1.5mm temporal −0.57 [−1.31, 0.17] 0.13 −28.75 [−65.13, 7.62] 0.12 91% <0.00001 0.632

 1.5mm superior −0.92 [−1.14, −0.71] <0.00001 −55.15 [−74.82, −35.48] 0.0003 0% 0.47 0.041

Peripapillary RNFL

 Mean −0.67 [−0.95, −0.38] <0.00001 −5.99 [−8.89, −3.09] <0.0001 89% <0.00001 0.020

 Superior −0.97 [−1.39, −0.55] <0.00001 −15.33 [−25.15, −5.51] 0.002 94% <0.00001 −

 Nasal −0.26 [−0.43, −0.09] 0.003 −3.14 [−5.20, −1.07] 0.004 66% <0.0001 −

 Inferior −0.40 [−0.64, −0.16] 0.001 −7.04 [−11.51, −2.57] 0.001 83% <0.00001 −

 Temporal −0.32 [−0.52, −0.13] 0.001 −3.58 [−5.40, −1.77] <0.0001 74% <0.00001 −

Macular Thickness

 Fovea −0.18 [−0.36, 0.00] 0.06 −4.38 [−8.95, 0.18] 0.06 58% 0.01 0.867

 Inner Superior −0.62 [−0.86, −0.38] <0.00001 −12.85 [−17.55, −8.14] <0.00001 65% 0.005 0.193

 Inner Nasal −0.55 [−0.82, −0.29] <0.0001 −10.45 [−15.55, −5.36] 0.0002 72% 0.0007 0.227

 Inner Inferior −0.74 [−1.07, −0.41] <0.0001 −14.56 [−21.03, −8.09] <0.00001 81% <0.00001 0.495

 Inner Temporal −0.58 [−0.81, −0.35] <0.00001 −10.84 [−14.93, −6.74] <0.00001 63% 0.008 0.19
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Variables
Overall Effect Heterogeneity

Egger’s
SMD (95% CI) p value WMD (95% CI) p value I2, % Q (P)

 Outer Superior −0.65 [−0.91, −0.40] <0.00001 −11.59 [−16.23, −6.96] <0.00001 69% 0.002 0.586

 Outer Nasal −0.70 [−1.04, −0.36] <0.0001 −12.59 [−19.15, −6.02] 0.0002 83% <0.00001 0.205

 Outer Inferior −0.52 [−0.74, −0.30] <0.00001 −9.71 [−14.11, −5.30] <0.00001 60% 0.02 0.845

 Outer Temporal −0.57 [−0.75, −0.39] <0.00001 −10.24 [−13.40, −7.08] <0.00001 39% 0.12 0.385

Abbreviations:
AD = Subjects with Alzheimer’s Disease; C = Controls; SMD = Standardized mean difference; WMD = Weighted mean difference; GC-IPL = 
Ganglion cell-inner plexiform layer thickness; GCC = Ganglion cell complex thickness; RNFL = Retinal nerve fibre layer thickness

Ophthalmology. Author manuscript; available in PMC 2020 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chan et al. Page 61

Table 4:
Differences of SD-OCT measurements between MCIs/ CINDs and controls.

We used means and standard deviations to assess the standard mean difference (SMD) and the weighted mean 

difference (WMD), with respective 95% confidence intervals (CIs). Heterogeneity of the included studies was 

assessed using standardized mean differences. Random-effects models were used in all analyses. p-values 

marked in bold indicate significance on the 95% confidence limit.

Variable
Overall Effect Heterogeneity

Egger’s
SMD (95% CI) p value WMD (95% CI) p value I2 % Q (P)

Macular GC-IPL

 Mean −0.57 [−1.38, 0.24] 0.17 −10.19 [−20.42, 0.05] 0.05 91% <0.00001 0.549

Macular Volume −0.21 [−0.67, 0.25] 0.37 −0.10 [−0.31, 0.11] 0.36 61% 0.05 0.571

Peripapillary RNFL

 Mean −0.25 [−0.68, 0.18] 0.25 −2.39 [−6.34, 1.57] 0.24 80% <0.0001 0.867

 Superior −0.10 [−0.34, 0.15] 0.44 −1.98 [−6.43, 2.47] 0.38 15% 0.32 -

 Nasal 0.32 [−0.24, 0.88] 0.26 2.64 [1.80, 3.49] <0.00001 85% <0.0001 -

 Inferior 0.12 [−0.17, 0.41] 0.42 2.13 [−3.04, 7.30] 0.42 37% 0.18 -

 Temporal 0.24 [−0.66, 1.14] 0.60 −0.51 [−5.52, 4.50] 0.84 94% <0.00001 -

Abbreviations:
MCI = Mild Cognitive Impairment; CIND = Cognitive impairment with no dementia; C = Control; SMD = Standardized mean difference; WMD = 
Weighted mean difference; GC-IPL = Ganglion cell-inner plexiform layer thickness; RNFL = Retinal nerve fibre layer thickness
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