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Objective: To systematically evaluate the accuracy of Raman spectroscopy in the

diagnosis of Alzheimer’s disease.

Methods: Databases including Web of Science, PubMed, The Cochrane Library,

EMbase, CBM, CNKI, Wan Fang Data, and VIP were electronically searched for

studies on Raman spectroscopy in diagnosis of Alzheimer’s disease from inception

to November 2022. Two reviewers independently screened the literature,

extracted data, and assessed the risk of bias in the included studies. Then,

meta-analysis was performed using Meta-Disc1.4 and Stata 16.0 software.

Results: A total of eight studies were finally included. The pooled sensitivity of

Raman spectroscopy was 0.86 [95% CI (0.80–0.91)], specificity was 0.87 [95%

CI (0.79–0.92)], positive likelihood ratio was 5.50 [95% CI (3.55–8.51)], negative

likelihood ratio was 0.17 [95% CI (0.09–0.34)], diagnosis odds ratio and area under

the curve of SROC were 42.44 [95% CI (19.80–90.97)] and 0.931, respectively.

Sensitivity analysis was carried out after each study was excluded one by one,

and the results showed that pooled sensitivity and specificity had no significant

change, indicating that the stability of the meta-analysis results was great.

Conclusions: Our findings indicated that Raman spectroscopy had high accuracy

in the diagnosis of AD, though it still did not rule out the possibility of misdiagnosis

and missed diagnosis. Limited by the quantity and quality of the included studies,

the above conclusions need to be verified by more high-quality studies.

KEYWORDS

meta-analysis, Raman spectroscopy, diagnosis, Alzheimer’s disease, sensitivity and

specificity

Introduction

Alzheimer’s disease (AD) leads to the degeneration of brain cells. It is characterized by

decline in thinking and independence in personal daily activities (1). This is a complex

multifactorial disease, involving chronic neuroinflammation and neurodegeneration (2),

and is related to continuous cognitive impairment and memory loss (3). In the process of

treating AD patients, not only is drug therapy such as an AChE inhibitor (4) needed, but also

dementia care, which is unaffordable. Obviously, it not only increases the economic burden

and emotional distress on the patients themselves, but also on their families to varying

degrees (5).

Early AD patients can maintain or even improve cognitive function and their ability

to perform activities of daily living with non-drug therapy (such as diet and exercise) (6).
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Studies show that there was a significant individual difference in

quality of life scores between 12 and 36 months of follow-up

(7). Moreover, the evidence demonstrated that the early treatment

could protect the cognitive function more effectively (6) and the

early treatment could inhibit or block the underlying pathology

process. Therefore, the early diagnosis of AD is crucial for

early intervention.

The current clinical diagnostic criterion for AD is mainly

combined with the use of AD-specific biomarkers, including

identification of a β and tau deposition, glucose metabolism

depression, and brain atrophy (8). At present, magnetic resonance

imaging (MRI) is an imaging technology that relies on cognitive

tests to confirm AD diagnosis (9). The basic neurological standard

is extracellular β-amyloid protein deposition and intracellular

hyperphosphorylated tau accumulation (10). It is important to

distinguish the density of these specific proteins accordingly.

Dating back to 1928, Indian scientist, Sir CV Raman,

discovered the “Raman effect” (11). By analyzing the frequency

of scattering light, two kinds of scattering light are found:

elastic scattering and inelastic scattering (12). Raman spectroscopy

uses the inelastic scattering of light by matter (13), and the

principle of Raman spectroscopy is used to study the interaction

between radiation (including electromagnetic radiation) and

FIGURE 1

The literature screening process of the meta-analysis.

matter, which is a field covering a wide range of technologies.

Raman spectroscopy has become an attractive analytical tool (11)

due to its versatility, rapidity of acquisition, and simplicity of

analysis. Given that solid, liquid, or gas molecules have different

intensities of Raman effect, Raman spectroscopy can be used to

characterize the properties of substances (12). Raman spectroscopy

is particularly important in early diagnosis of disease because

molecular changes caused by cell differentiation, mitosis, and

apoptosis can be detected through Raman spectroscopy (13).

At present, relevant studies have conducted AD diagnosis

experiments using Raman spectroscopy, but the diagnostic value

of Raman spectroscopy in AD is controversial. This study

systematically evaluates the accuracy of Raman spectroscopy in

diagnosing AD, providing a reference for clinical practice.

Methods

Search strategy

Two reviewers (LH and PXY) independently searched the

PubMed, Embase, Cochrane library, CNKI, Wan fang, and library

databases up to February 2022. Search terms are listed as follows:
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#1 TS= “Neurodegenerative diseases” OR “Alzheimer’s disease;” #2

TS= Raman spectroscopy; #3 DT= (Clinical Trial OR Article); #4

DOP= (1971-01-01/2022-11-10); #5 #1 AND #2 AND #3AND #4.

Inclusion and exclusion criteria

Inclusion criteria were: (1) Randomized controlled

experiments; (2) The included study subjects were well-

defined patients with AD; (3) The diagnostic tests included

Raman spectroscopy; (4) The number of true positive (TP)

cases, false negative (FN) cases, false positive (FP) cases, and

the number of true negative (TN) cases could be obtained

directly or calculated through the literature; (5) Age, gender,

and race were not considered; (6) The literature language was

not considered. Exclusion criteria were: (1) Animal studies; (2)

Non-case-control trial literature; (3) Literature with incomplete

or no experimental data, duplicate published literature, reviews,

and abstracts; (4) Poor equilibrium between groups, different

baseline, and the two groups could not be compared with

the literature; (5) Re-published literature; (6) No described

diagnostic tests.

Data extraction

Two authors (LH and PXY) independently extracted the

demographic data and treatment information, the third author

(CQF) was involved when disagreement occurred. Baseline

information extracted from eight studies contain the first author’s

name, year of publication, title, design type, and study subjects

(number, age, male/female ratio). The primary outcomes included

False negatives (FN), true negatives (TN), True positives (TP), and

False positives (FP) with Raman spectroscopy.

Quality assessment

The QUADAS-2 quality assessment tool (14) was used by

two independent evaluators to assess the risk of bias in the

included studies.

Statistical analysis

Meta-Disc1.4 and Stata 16.0 software were used for meta-

analysis. Spearman correlation coefficient was used to explore

whether there was threshold effect, and I2 statistic was used

to explore whether there was heterogeneity caused by non-

threshold effect. If I2 > 50% or p < 0.05, the heterogeneity

among included studies was significant. Random effects model was

used for processing if only descriptive analysis was performed,

and the sources of heterogeneity were further explored. If

there was no significant heterogeneity, the fixed-effect model

was used to combine sensitivity, specificity, positive likelihood

ratio (PLR), negative likelihood ratio (NLR), diagnostic odds

ratio (DOR), and area under the curve of SROC (AUR). All T
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effect sizes were 95% CI, and the test level of meta-analysis

was α = 0.05. Subgroup analysis was performed according to

age of subjects, prediction methods, sample classification, and

model classification. Stata 16.0 statistical software was used

to draw Deeks’ funnel plot to evaluate the publication bias

of the included studies. p < 0.05 indicated the existence of

publication bias.

Results

Flow chart and study quality

A total of 555 articles were retrieved from all databases. After 49

duplicate records were removed, among the remaining 489 relevant

studies, 320 were excluded due to being reviews, meta-analyses,

TABLE 2 Quality assessment of included studies using QUADAS questionnaire.

Frist author Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Q14 Score

Xinke Yu 11

Luqingkun 12

Carlomagno Cristiano 12

Maria Paraskevaidi 12

Pedro Carmona 12

Lucie Habartová 12

Elena Ryzhikova 12

Elena Ryzhikova 12

QUADAS, Quality assessment of diagnostic accuracy studied; , yes; , no; , unclear.

FIGURE 2

Individual study and pooled estimates of Raman spectroscopy in the diagnosis of AD. (A) Sensitivity, (B) specificity, (C) positive likelihood ratio, (D)

negative likelihood ratio, and (E) diagnostic odds ratio.
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or case reports. The full text of the remaining 169 studies were

read and 161 studies were removed after reading the full text due

to incomplete data. The remaining eight papers were extracted

from the corresponding data according to the data extraction

requirements. The literature screening process is shown in Figure 1.

The basic characteristics and inclusive and exclusive criteria of each

study included are shown in Table 1 and Supplementary Table 1.

Quality assessment

Two reviewers independently evaluated methodological quality

for each study according to the quality assessment of diagnostic

accuracy studied (QUADAS) guidelines (Supplementary Table 2).

All QUADAS items were used to evaluate the eligible articles.

Table 2 shows the results of the evaluation of each study.

Analysis of diagnostic threshold

Spearman correlation analysis showed that the correlation

coefficient was 0.168 (p = 0.691), indicating that there was no

threshold effect in this study and could be combined for analysis

(Supplementary Table 3).

Combined e�ect size

The heterogeneity results of sensitivity and specificity were I2

= 69.9% (p = 0.002) and I2 = 0.0% (p = 0.770), respectively,

indicating that there were some heterogeneities among included

studies (Figures 2A, B). The results of random effects model meta-

analysis showed that the pooled sensitivity of Raman spectroscopy

was 0.86 [95% CI (0.80–0.91)], specificity was 0.87 [95% CI (0.79–

0.92)], PLR was 5.50 [95% CI (3.55–8.51)], NLR was 0.17 [95%

CI 0.09–0.34)], and diagnosis odds ratio (DOR) and area under

the curve of SROC (AUC) were 42.44 [95% CI (19.80–90.97)] and

0.931, respectively (Figures 2A–E, 3).

Subgroup analysis

The results of subgroup analysis showed that subject age,

sample type, diagnostic algorithm, and combined other spectra

were all possible sources of heterogeneity. The random effects

model was used to combine the effect size. The results showed that

the pooled sensitivity of cerebrospinal fluid (CSF) was higher than

that of blood, but the pooled specificity was lower than that of

blood. When the diagnostic algorithm was analyzed, the sensitivity

and specificity of other pooled were higher than that of LDA

(linear discriminant analysis), but the AUC was lower. At the age

of analysis, the pooled sensitivity of <75 years old was higher than

that of >75 years old, but the pooled specificity was lower. When

combining other spectra, the pooled sensitivity of yes was higher

than that of no, but the pooled specificity was lower (Table 3).

Publication bias

The Deeks’ funnel plot asymmetry tests demonstrated that no

significant publication bias was found. The funnel plots were shown

in Figure 4.

FIGURE 3

Summary receiver operating characteristics (SROC) curve of Raman spectroscopy.
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Sensitivity analysis

When each study was eliminated one by one, the combined

effect amount of other studies was within 95% CI of the total

effect amount, indicating that the results of this meta-analysis

were relatively stable, and there was no single heterogeneity

study (Table 4).

Discussion

The application of Raman spectroscopy to clinically relevant

biological species, disease pathogenesis, and diagnosis has

increased rapidly over the past decade (23). The results of

this study reflected the application of Raman spectroscopy in

the diagnosis of neurological disease AD. It disclosed that the

sensitivity and specificity of Raman spectroscopy in the diagnosis

of AD were 86 and 87%. The value of PLP was 5.5 > 1, and that

of NLP was 0.17 < 1, indicating that Raman spectroscopy has

a high possibility of diagnosing true positive and true negative

AD. The AUC is 0.93, indicating that its diagnostic efficiency was

high, but there was still the possibility of missing diagnosis and

misdiagnosis. Therefore, Raman spectroscopy can be used as an

auxiliary diagnostic method for AD detection. Raman spectrum

also showed good accuracy in the diagnosis of other diseases,

such as HBV diagnosis accuracy of 93.1% (24) and cervical

tissue identification overall diagnosis accuracy of 85.7% (25).

Amyotrophic lateral sclerosis (ALS) based on tears and Raman

spectroscopy also have good diagnostic value (26), Huefner et al.

(27) also proposed Serum Raman spectroscopy as a diagnostic

tool in patients with Huntington’s disease. In addition, we found

that Raman spectroscopy also has a good application in AD rat

experiments. Such as the retina biochemical characterization of

AD mouse was detected by Raman spectroscopy, with a sensitivity

of 86.2%, spectra of AD-diseased mice were correctly recognized

(28), and in distinguishing amyloid β-Protein in a mouse model

of AD, the peak intensity ratio of Raman spectrum was different

(29). Based on Raman spectrum Ab40 and Ab42 can be easily

distinguished, these two peptide isomers are associated with

classical vascular AD (Ab40) and parenchymal (Ab42) plaques in

AD, respectively (30). And provides a well direction for the future

application of AD disease. This indicates that Raman spectroscopy

has a good application in the diagnosis of diseases, which is not

only fast and efficient (31), but also widely used (32). It is also a

non-invasive diagnostic tool (33). The high-precision detection

of Raman spectroscopy is expected to reduce or replace other AD

diagnostic tests.

Subgroup results showed that different sample types had

different sensitivities, and CSF was more sensitive than blood

samples. However, due to insufficient literature included, AUC

value of CSF could not be calculated, so more studies were

needed to explore the diagnostic value of Raman spectroscopy

of CSF. Previously, the detection of CSF biomarkers was one

of the diagnostic criteria for AD (34). This study demonstrated

that Raman spectroscopy could also be used as another means

to observe CSF. Besides, by analyzing blood samples, which were

also subdivided into serum, plasma, and erythrocytes, pooled

AUC showed better diagnostic efficacy (0.935). In addition, we
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FIGURE 4

Deeks’ funnel plots indicating no publication bias.

TABLE 4 The sensitivity analysis results.

Study omitted Estimate 95% CI

Yu et al. (15) 4.37 2.47 7.76

Qing-Kun et al. (16) 5.56 3.48 8.87

Carlomagno et al. (17) 4.92 2.50 9.69

Paraskevaidi et al. (18) 5.01 2.47 10.18

Carmona et al. (19) 4.34 2.42 7.79

Habartová et al. (20) 4.79 2.33 9.87

Ryzhikova et al. (21) 4.30 2.48 7.47

Ryzhikova et al. (22) 4.89 2.42 9.86

Combined 4.70 2.62 8.44

noticed that the AUC of Raman spectrum in the diagnosis of

AD patients older than 75 years was 0.947, indicating higher

diagnostic efficiency. Many studies have also proven that in

different levels of AD, plasma NFL (neurofilament light) was

particularly high in patients with MCI (mild cognitive impairment)

and patients with AD dementia with Amyloid-b pathology

(35), which indicates that Raman spectroscopy can be applied

to the diagnosis stage of AD disease. When analyzing whether

to combine other spectra for diagnosis, we found that the

sensitivity of AD diagnosis combined with other spectra was

higher. However, due to insufficient literature included, the

AUC value could not be calculated, which is also worth further

exploration. In the application of different diagnostic models,

we found that there were differences in the sensitivity and

specificity of different models, this study found that there are

diagnostic models based on CNN (15, 30), LDA (16, 17, 19, 20),

SVM (18), MLP (21) and ANN (22), and the AUC value of

LDA used in more studies was 0.934, which was not much

different from that of pooled AUC, which seemed to suggest

that LDA was suitable for the diagnosis and recognition of

Raman spectroscopy in AD. Due to the limited number of other

types of diagnostic models, it is not possible to calculate the

AUC of other types of diagnostic models. However, it can be

found from the data analysis of a single paper that ANN has

the highest sensitivity and CNN has the highest specificity. The

diagnostic algorithm on AD mouse is also different, for example,

by contacting monolayer graphene with the brain slices, the

accuracy was increased from 77 to 98% in machine learning

classification (36). In other studies based on Raman spectroscopy,

machine learning metrics and random forest algorithm

predicted capillary-lining cell identities with 90% accuracy

(37). Different diagnostic algorithms differ in the application

of Raman spectrum, and we expect more and richer studies to

prove it.

Study limitation

This study also has some limitations. There were few studies

included in this study, which was insufficient to reflect the

biodiversity of AD patients. Although there was no publication

bias in our meta-analysis, it is worth noting that any meta-analysis

cannot eliminate bias, so more research on the application of

Raman spectroscopy in AD diagnosis is needed.
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Conclusion

Our research showed that Raman spectroscopy was an effective

and accurate tool for diagnosing AD, though it still could not

rule out the possibility of missed diagnosis and misdiagnosis. The

number of studies included was limited. More high-quality studies

are needed to verify the above conclusions.
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