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The changes of neurochemicals in mild cognitive impairment (MCI) and Alzheimer’s
disease (AD) patients has been observed via magnetic resonance spectroscopy in several
studies. However, whether it exists the consistent pattern of changes of neurochemicals
in the encephalic region during the progression of MCI to AD were still not clear. The study
performed meta-analysis to investigate the patterns of neurochemical changes in the
encephalic region in the progress of AD. We searched the PubMed, Embase, Cochrane
Library, and Web of Science databases, and finally included 63 studies comprising 1,086
MCI patients, 1,256 AD patients, and 1,907 healthy controls. It showed that during the
progression from MCI to AD, N-acetyl aspartate (NAA) decreased continuously in the
posterior cingulate (PC) (SMD: —0.42 [95% CI: —0.62 to —0.21], z = —3.89, P < 0.05),
NAA/Cr (creatine) was consistently reduced in PC (SMD: —0.58 [95% Cl: —0.86 to
—0.30],z= —-4.06, P < 0.05) and hippocampus (SMD: —0.65[95% CI: —1.11to —0.12],
7z =—2.44, P < 0.05), while myo-inositol (ml) (SMD: 0.44 [95% CI: 0.26-0.61], z = 4.97,
P < 0.05) and ml/Cr (SMD: 0.43 [95% ClI: 0.17-0.68], z = 3.30, P < 0.05) were raised
in PC. Furthermore, these results were further verified by a sustained decrease in the
NAA/mI of PC (SMD: —0.94 [95% Cl: —1.24 to —0.65], z = —6.26, P < 0.05). Therefore,
the levels of NAA and ml were associated with the cognitive decline and might be used
as potentially biomarkers to predict the possible progression from MCI to AD.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERC/,

identifier: CRD42020200308.

Keywords: magnetic resonance spectroscopy, Alzheimer’s disease, mild cognitive impairment, meta-analysis,
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Liu et al. MRS in MCl and AD

FIGURE 5 | Forest plots show the change of the ratio of mI/Cr in the posterior cingulate between MCI, AD patients, and HC subjects. (A) Data include 1481
individuals from 19 studies for meta-analysis of ml/Cr levels between MCI and HC. (B) Data include 1,218 individuals from 13 studies for meta-analysis of ml/Cr levels
between AD and HC. (C) Data include 681 individuals from 5 studies for meta-analysis of ml/Cr levels between AD and MCI.
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A
MCI HC Posterior cingulate Hedges's g Weight
Study N Mean SD N Mean SD GlIx/Cr with 95% CI (%)
]
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1
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1
Overall < 0.28 [ 0.09, 0.48]
1
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B
AD HC Posterior cingulate Hedges's g Weight
Study N Mean SD N Mean SD GIx/Cr with 95% CI (%)
Shiino etal. 2012 99 1.820 0.340 45 1.780 0.310 —ll— 0.12[-023, 047] 41.13
Fayedetal. 2011 30 1.630 0260 26 1.710 0250 —————W—— -0.31[-0.83, 0.21] 18.64
Fayed etal. 2014 36 1.640 0.260 193 1.630 0.210 T 0.05[-0.31, 0.40] 40.23
Overall 0.01 [-0.21, 0.24]
Heterogeneity: I* = 0.00%, H> = 0.93
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Study N Mean SD N Mean SD Glx with 95% ClI (%)
|
Shiino etal. 2012 99 9.270 1.850 45 10.500 1.910 —-—i— -0.65 [-1.01, -0.30] 37.23
Fayedetal. 2011 30 9.020 1260 26 9.690 1.380 —l:— -0.50 [-1.03, 0.02] 25.23
Fayed etal. 2014 36 9.070 1240 193 9.230 1.190 —f—.—— -0.13[-0.49, 0.22] 37.55
|
Overall _ -0.42 [-0.76, -0.08]
]
Heterogeneity: T° = 0.05, I’ = 52.87%, H’ = 2.12 i
Test of 6, = 6;: Q(2) =4.24, p=0.12 i
Test of 6 =0: z=-2.42, p=0.02 i
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AD HC Posterior cingulate Hedges's g Weight
Study N Mean SD N Mean SD Glu with 95% CI (%)
|
Fayed et al. 2011 30 6.630 0.960 26 7.520 1.050 —lﬁ:— -0.88[-1.42, -0.33] 24.40
Marjafiska et al. 2019 16 9.830 0.960 33 10.130 0.919 —f—-—— -0.32[-0.91, 0.27] 20.58
Fayed et al. 2014 36 6570 0.840 193 7.270 0.940 —.— -0.75 [-1.12, -0.39] 55.03
|
Overall e s -0.69 [-0.96, -0.43]
I
Heterogeneity: I* = 4.84%, H* = 1.05 i
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FIGURE 6 | Forest plots show the change of the levels of GIx/Cr, Glx, and Glu in the posterior cingulate between MCI, AD patients, and HC subjects. (A) Data include
500 individuals from 4 studies for meta-analysis of GIx/Cr levels between MCI and HC. (B) Data include 429 individuals from 3 studies for meta-analysis of GIx/Cr
levels between AD and HC. (C) Data include 429 individuals from 3 studies for meta-analysis of Gix levels between AD and HC. (D) Data include 334 individuals from
3 studies for meta-analysis of Glu levels between AD and HC.
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Next, we performed a meta-analysis to compare the ratios in
the posterior cingulate, comprising 370 AD patients and 374 MCI
patients (Kantarci et al., 2007; Rami et al., 2007; Wang et al., 2009,
2012; de Souza et al., 2011; Fayed et al., 2011, 2014; Zimny et al.,
2011; Lim et al., 2012; Guo et al., 2016; Mitolo et al., 2019). The
results demonstrated that NAA/Cr (SMD: —0.58 [95% CI: —0.86
to —0.30], z = —4.06, P < 0.05, Figures 3C, 9) and NAA/mI
(SMD: —0.94 [95% CI: —1.24 to —0.65], z = —6.26, P < 0.05,
Figures 4C, 9) were significantly higher in the MCI group than
that in the AD patients. Meanwhile, the analysis revealed a
remarkable increase in mI/Cr (SMD: 0.43 [95% CI: 0.17-0.68],
z=13.03, P < 0.05, Figures 5C, 9) and mI/NAA (SMD: 0.92 [95%
CI:0.31-1.53], z=2.97, P < 0.05, Supplementary Figure 4C and
Figure 9) with a high heterogeneity.

Two studies were extracted to compare the ratios in 25
MCI-converter patients and 37 MCI-stable patients (Kantarci
et al,, 2007; Seo et al., 2012). The results revealed that there
was no difference in NAA/Cr (SMD: 0.17 [95% CI: —0.33 to
—0.67], z = 0.68, P > 0.1, Supplementary Table 1) and Cho/Cr
(SMD: 0.11 [95% CI: —0.39 to 0.61], z = —0.44, P > 0.1,
Supplementary Table 1).

Taken together, these results suggest that the ratios of NAA/Cr
and NAA/mI were reduced in AD patients as compared to
MCI patients and healthy controls. However, in the posterior
cingulate, mI/NAA and Glx/Cr decreased remarkably compared
to that of AD patients.

Metabolite Concentrations

We compared the concentrations of metabolites, extracting data
from 10 studies with a sample size of 375 MCI patients and 502
healthy control subjects (Rami et al., 2007; Olson et al., 2008;
Watanabe et al.,, 2010; Fayed et al.,, 2011, 2014; Yang et al., 2012;
Liu et al., 2014; Riese et al., 2015; Zeydan et al., 2017; Oeltzschner
et al., 2019). The analyses showed that NAA was significantly
decreased in the posterior cingulate of MCI patients (SMD: —0.73
[95% CI: —0.88 to —0.59], z = —9.92, P < 0.05, Figures 7A,
9), while mI was significantly increased (SMD: 0.54 [95% CI:
0.39-0.69], z 7.24, P < 0.05, Supplementary Figure 4D
and Figure9). There was no significant difference in the
concentrations of Cr (SMD: —0.17 [95% CI: —0.44 to 0.10],
z = —1.24, P > 0.1), Cho (SMD: 0.12 [95% CI: —0.03 to 0.27],
z =160, P > 0.1), and Glx (SMD: —0.08 [95% CI: —0.62 to
0.46], z = —0.46, P > 0.1). Besides, three studies were included
to investigate Glu concentration, and the analysis revealed a
downward trend with a high heterogeneity (SMD: —0.44 [95%
CL: —0.94 to 0.06], z = —1.74, P = 0.08).

Then, the metabolite concentrations were compared in 6
studies with 286 AD patients and 376 healthy controls (Rami
etal.,, 2007; Watanabe et al., 2010; Fayed et al., 2011, 2014; Shiino
et al.,, 2012; Marjanska et al., 2019). The results demonstrated
that NAA (SMD: —0.94 [95% CI: —1.21 to —0.67], z = —6.87,
P < 0.05, Figures 7B, 9), Glu (SMD: —0.69 [95% CI: —0.96
to —0.43], z —5.07, P < 0.05, Figures 6D, 9), and Glx
(SMD: —0.42 [95% CI: —0.76 to —0.08], z = —2.42, P < 0.05,
Figures 6C, 9) were significantly higher in healthy controls than
that in the AD patients, while mI (SMD: 0.44 [95% CI: 0.26-0.61],
z = 4.97, P < 0.05, Supplementary Figure 4E and Figure 9)
was lower than that in the AD patients. Besides, 4 studies were

included to investigate Cr concentration and the analysis revealed
a downward trend with a high heterogeneity (SMD: —0.37 [95%
CIL: —0.80 to 0.05], z= —1.71, P > 0.05, Supplementary Table 1
and Figure 9). Six studies (Rami et al., 2007; Watanabe et al.,
2010; Fayed et al., 2011, 2014; Shiino et al., 2012; Marjanska
et al., 2019) were included to investigate Cho concentration
and the analysis manifested an upward trend with a medium
heterogeneity (SMD: 0.23 [95% CI: —0.02 to 0.48], z = 1.81,
P > 0.05, Supplementary Table 1 and Figure 9).

Next, we compared the concentrations in the posterior
cingulate, with 171 AD patients and 208 MCI patients (Rami
et al., 2007; Watanabe et al., 2010; Fayed et al., 2011, 2014). The
results demonstrated that NAA was significantly decreased in the
AD patients (SMD: —0.42 [95% CI: —0.62 to —0.21], z = —3.89,
P < 0.05, Figures 7C, 9), while there was no difference in mI
(SMD: —0.07 [95% CI: —0.28 to 0.13], z = —0.69, P > 0.1,
Supplementary Table 1) and Cho (SMD: —0.05 [95% CI: —0.57
t0 0.48],z=—0.17, P > 0.1, Supplementary Table 1).

Briefly, according to the results of meta-analysis of AD and
MCI, the concentration of NAA was decreased in AD and MCI
patients, especially in AD patients. In addition, mI concentration
was seen to increase faster in AD patients, compared to subjects
who converted to MCI and cognitively normal elderly.

Meta-Analysis of Temporal Lobe

There were 7 studies (Kantarci et al., 2000; Block et al., 2002;
Herminghaus et al., 2003; Frederick et al., 2004; Rami et al., 2007;
Azevedo et al., 2008; Li et al., 2010) investigating the ratio of
metabolites in the temporal lobe and included 82 MCI patients,
157 AD patients, and 207 healthy controls. Of these studies, 3
(Kantarci et al., 2000; Rami et al., 2007; Li et al., 2010) compared
the differences in metabolites between 82 MCI patients and 124
healthy control subjects, and 5 (Block et al., 2002; Herminghaus
etal., 2003; Frederick et al., 2004; Rami et al., 2007; Azevedo et al.,
2008) compared the differences between 157 AD patients and 110
healthy control subjects.

Metabolite Ratios
First, we performed a meta-analysis to compare the ratios of
NAA/Cr in the temporal lobe, comprising 82 MCI patients and
124 healthy controls (Kantarci et al., 2000; Rami et al., 2007; Li
et al., 2010). The analysis showed that there was no significant
difference in NAA/Cr between the two groups (SMD: —0.12 [95%
CI: —0.40 t0 0.17], z = —0.81, P > 0.1, Supplementary Table 1).
When comparing AD with controls, 5 studies (Block et al.,
2002; Herminghaus et al., 2003; Frederick et al., 2004; Rami
etal,, 2007; Azevedo et al., 2008) were included for meta-analysis.
The results showed that the ratio of NAA/Cr was significantly
different between the two groups, and there was a difference in
the ratio of Cho/Cr and mI/Cr. The ratio of NAA/Cr (Block et al.,
2002; Herminghaus et al., 2003; Frederick et al., 2004; Rami et al.,
2007; Azevedo et al., 2008) was remarkably decreased in the AD
patients with high heterogeneity (SMD: —0.68 [95% CI: —1.24
to —0.12], z = —2.40, P < 0.05, Supplementary Figure 4F and
Figure 9). Meanwhile, Cho/Cr (Block et al., 2002; Frederick et al.,
2004; Rami et al., 2007; Azevedo et al., 2008) has a downward
trend in the temporal lobe of AD patients (SMD: —0.27 [95% CI:
—0.57t00.01], z= —1.87, P > 0.05, Supplementary Table 1). On
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A
MCI HC Posterior cingulate Hedges's g Weight
Study N Mean SD N Mean SD NAA with 95% CI (%)
Fayed et al. 2011 68 7.300 0.670 26 7.820 0.610 —l]— -0.79[-1.25, -0.33]  9.76
Oeltzschneretal. 2019 13 1.435 0.097 13 1.542 0.101 —-ﬁ]— -1.05[-1.84, -0.25] 3.28
Olson et al. 2008 47 8.080 0910 24 8.870 1.070 + -0.81[-1.31, -0.30]  8.20
Rami et al. 2007 27 8210 1260 27 8380 0.910 }—I—— -0.15[-0.68, 0.37] 7.52
Riese et al. 2015 15 7.180 0.810 21 7.800 0.910 —]h— -0.70 [-1.36, -0.03]  4.68
Watanabe et al. 2010 47 8970 1470 52 9.780 1.020 —].— -0.64 [-1.04, -0.24] 12.94
Liu et al. 2014 50 6.950 1.221 64 8300 1.484 —i+ -0.98 [-1.36, -0.59] 13.81
Zeydan et al. 2017 14 10.690 1.150 32 10.910 1.010 —:—I—— -0.21[-0.82, 0.41] 545
Yang et al. 2012 28 7275 1.605 50 8.835 1.432 —.+ -1.03 [-1.52, -0.55] 8.83
Fayed et al. 2014 66 7290 0.670 193 7.760 0.620 —-— -0.74 [-1.03, -0.45] 25.52
Overall ‘ -0.73 [-0.88, -0.59]
Heterogeneity: I° = 20.83%, H’ = 1.26 }
Test of 6;=6;: Q(9) = 11.37, p=0.25 }
Testof 6 =0:z=-9.92, p=0.00 }
r T )
-2 -1 0 1
Decreases in MCI Increases in MCI
B
AD HC Posterior cingulate Hedges's g Weight
Study N Mean SD N Mean SD NAA with 95% CI (%)
Fayed et al. 2011 30 6900 0.880 26 7.820 0.610 —I—E— -L18[-1.75, -0.62] 13.31
Marjanska etal. 2019 16 10.490 1.120 33 10.840 1.091 : — -0.31[-0.90, 0.28] 12.55
Rami et al. 2007 35 7.410 1.070 27 8.380 0.910 + -0.95[-1.48, -0.43] 14.44
Shiino et al. 2012 99 8.650 1.260 45 9.830 1.140 —-I— -0.96 [-1.33, -0.59] 20.02
Watanabe etal. 2010 70  8.870 1.350 52 9.780 1.020 - -0.74 [-1.11, -0.37]  19.99
Fayed et al. 2014 36 6.860 0.870 193  7.760 0.620 —.—i -1.35[-1.73, -0.97] 19.70
Overall ‘ -0.94 [-1.21, -0.67]
Heterogeneity: ©° = 0.06, I’ = 53.28%, H> =2.14 i
Test of 6, = 6; Q(5) = 10.70, p = 0.06 i
Test of 0 =0: z=-6.87, p=10.00 i
r T )
-2 -1 0 1
Decreases in AD Increases in AD
C
AD MCI Posterior cingulate Hedges's g Weight
Study N Mean SD N Mean SD NAA with 95% CI (%)
Fayed et al. 2011 30 6.900 0.880 68 7.300 0.670 _‘.‘é‘_‘ -0.54[-0.97, -0.10] 23.70
Rami et al. 2007 35 7.410 1.070 27 8210 1.260 ——— -0.68 [-1.19, -0.17] 17.06
Watanabe et al. 2010 70 8.870 1.350 47 8.970 1.470 :;.— -0.07 [-0.44, 0.30] 32.91
Fayed et al. 2014 36 6.860 0.870 66 7.290 0.670 —.—i— -0.57 [-0.98, -0.16] 26.33
Overall ‘ -0.42 [-0.63, -0.21]
Heterogeneity: I’ = 43.35%, H’ = 1.77 i
Test of 6; = 6;: Q(3) =5.30, p=0.15 i
Test of 8 = 0: z=-3.89, p = 0.00 E
T T ]
-1 -5 0 5
Decreases in AD Increases in AD
FIGURE 7 | Forest plots show the change of NAA in the posterior cingulate during the development from healthy people to AD. (A) Data include 877 individuals from
10 studies for meta-analysis of NAA levels between MCI and HC. (B) Data include 662 individuals from 6 studies for meta-analysis NAA levels between AD and HC.
(C) Data include 379 individuals from 4 studies for meta-analysis NAA levels between AD and MCI.
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the contrary, there was an uptrend in mI/Cr (SMD: 0.35 [95% CI:
—0.01t0 0.71], z = 1.91, P > 0.05, Supplementary Table 1).

Meta-Analysis of the Parietal Lobe

Eight studies (Herminghaus et al., 2003; Ackl et al., 2005; Chao
et al., 2005; Zhu et al., 2006; Siger et al.,, 2009; Li et al., 2010;
Modrego et al., 2011; Targosz-Gajniak et al., 2013) with a total
sample size of 639 (162 AD patients, 187 MCI patients, and 290
healthy controls) were included for meta-analysis to investigate
the ratio of metabolites in the parietal lobe. Specifically, 3
studies (Herminghaus et al., 2003; Ackl et al., 2005; Zhu et al.,
2006) compared the differences in metabolites between 80 AD
patients and 71 healthy control subjects in parietal WM, and
5 studies (Herminghaus et al., 2003; Ackl et al., 2005; Chao
et al., 2005; Zhu et al., 2006; Siger et al., 2009) compared the
differences in metabolites between 162 AD patients and 151
healthy control subjects in parietal GM. Moreover, there were
2 studies (Modrego et al., 2005, 2011) longitudinally tracking
the metabolite differences between MCI-converter and MCI-
stable patients.

Metabolite Ratios

We finally identified 3 studies with a total sample size of 326
(187 MCI patients and 139 healthy controls) to compare the
ratio of NAA/Cr in the parietal lobe. The analysis revealed that
there was no significant difference observed between the two
groups (SMD: 0.02 [95% CI: —0.20 to 0.24], z = 0.16, P > 0.1,
Supplementary Table 1).

Next, 3 studies (Herminghaus et al., 2003; Ackl et al., 2005;
Zhu et al., 2006) were included to compare the ratio of NAA/Cr in
parietal WM, comprising 80 AD patients and 71 healthy controls.
The analysis revealed a significant decrease in the AD patients
with high significant heterogeneity (SMD: —1.16 [95% CI: —1.72
to —0.60], z = —4.06, P < 0.05, Supplementary Figure 5A
and Figure9) in parietal WM. A meta-analysis of 3 studies
(Herminghaus et al., 2003; Ackl et al., 2005; Zhu et al., 2006)
limited to the parietal GM lobe showed a remarkable decrease
in NAA/Cr in the ADs patients (SMD: —1.10 [95% CI: —2.02
to —0.70], z = —2.33, P < 0.05, Supplementary Figure 5B and
Figure 9).

When comparing the metabolite ratios between 56 MCI-
converter patients and 68 MClI-stable patients in the parietal lobe
(Modrego et al., 2005, 2011), there were significant differences
in two ratios between the two groups. The results demonstrated
that NAA/Cr (SMD: —0.88 [95% CI: —1.70 to —0.07], z = —2.12,
P < 0.05, Figures 8A, 9) was significantly higher than that in
the MCI-converter patients, while the ratio of mI/Cr (SMD: 0.42
[95% CI: 0.06-0.78], z = 2.30, P < 0.05, Figures 8B, 9) was
lower than that in the MCI-converter patients. Besides, the results
revealed that there was no difference in Cho/Cr (SMD: 0.15 [95%
CI: —0.21 to 0.50], z = 0.82, P > 0.1, Supplementary Table 1)
and NAA/mI (SMD: —0.08 [95% CI: —0.92 to 0.76], z = —0.18,
P > 0.1, Supplementary Table 1) between the two groups.

Metabolite Concentrations

We compared the concentrations of metabolites, extracting
data from 96 AD patients and 102 healthy control subjects
in 3 studies (Chao et al., 2005; Zhu et al., 2006; Siger et al.,

2009). The results showed that the concentrations of NAA
were significantly decreased in the parietal GM of AD patients
(SMD: —0.95 [95% CI: —1.24 to —0.66], z = —6.36, P < 0.05,
Supplementary Figure 5C and Figure 9).

Meta-Analysis of the Occipital Lobe

There were 5 studies (Block et al., 2002; Azevedo et al., 2008;
Watanabe et al., 2010; Graft-Radford et al., 2014; Marjanska et al.,
2019) with a total sample size of 481 (195 AD patients and
286 healthy controls) included for meta-analysis to investigate
the ratio of metabolites in the occipital lobe. Moreover, there
were 3 more studies (Modrego et al, 2005, 2011; Seo et al,
2012) longitudinally tracking the metabolite differences between
MCI-converter and MCI-stable patients.

Metabolite Ratios
Of the eligible studies, 3 (Block et al., 2002; Azevedo et al,
2008; Graff-Radford et al., 2014) reported data on metabolite
ratios. These studies comprised 109 AD patients and 201 healthy
controls. The results showed that there was a downward trend
in NAA/Cr of AD patients (SMD: —0.22 [95% CI: —0.47 to 0.04],
z=—1.69, P > 0.05, Supplementary Table 1), while there was no
difference in Cho/Cr between the two groups (SMD: 0.22 [95%
CIL: —0.18 t0 0.63], z = 1.08, P > 0.1, Supplementary Table 1).
Then, we identified 3 studies (Modrego et al., 2005, 2011; Seo
etal., 2012) with a total sample size of 127 (63 MCI-converter and
74 MCI-stable patients) to compare the ratio in the occipital lobe
The results demonstrated that NAA/Cr was significantly higher
than that in the MCI-converter patients (SMD: —0.98 [95% CI:
—1.98 to 0.02], z = —1.93, P > 0.05, Supplementary Table 1),
while there were no differences in mI/Cr (SMD: —0.02 [95% CI:
—0.37 to 0.34], z = —0.09, P > 0.1), Cho/Cr (SMD: —0.12 [95%
CI: —0.45 to 0.22], z = —0.67, P > 0.1, Supplementary Table 1),
and NAA/mI (SMD: —0.44 [95% CI: —1.44 to 0.56], z = —0.87,
P > 0.1, Supplementary Table 1).

Metabolite Concentrations

Three studies (Azevedo et al.,, 2008; Watanabe et al., 2010;
Marjanska et al, 2019) were extracted to compare the
concentrations in 99 AD patients and 100 healthy controls.
The results revealed that NAA concentrations were significantly
decreased in the AD patients (SMD: —0.33 [95% CI: —0.62 to
—0.05], z = —2.29, P < 0.05, Supplementary Figure 6A and
Figure 9), while there were no differences in the concentrations
of Cho (SMD: —0.11 [95% CI: —0.40 to 0.17], z = —0.80,
P > 0.1, Supplementary Table 1), Cr (SMD: —0.21 [95% CI:
—0.49 to 0.07], z = —1.45, P > 0.1, Supplementary Table 1),
and mI (SMD: 1.09 [95%CIL: —0.87 to 3.05], z = 1.09, P > 0.1,
Supplementary Table 1).

Meta-Analysis of Anterior Cingulate

Three studies (Lim et al., 2012; Guo et al., 2016; Huang et al,,
2017) investigated the anterior cingulate including 66 MCI
patients, 83 patients with AD, and 70 healthy control subjects.
Specifically, 3 studies (Lim et al., 2012; Guo et al., 2016; Huang
et al., 2017) performed a comparison in the changes between
66 MCI patients and 70 healthy control subjects, 3 studies (Lim
et al,, 2012; Guo et al, 2016; Huang et al, 2017) performed
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Metabolite Ratios

First, we identified 3 studies (Lim et al., 2012; Guo et al., 2016;
Huang et al., 2017) with a total sample size of 136 (66 MCI
patients and 70 healthy controls) to compare the ratio of NAA/Cr

a comparison in the changes between 83 AD patients and 70
healthy control subjects, and 3 studies (Lim et al., 2012; Guo
et al., 2016; Huang et al., 2017) were conducted to observe the
differences of metabolites in 83 AD patients and 66 MCI patients.
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in the anterior cingulate. The analysis showed that there was no
difference between the two groups (SMD: —0.20 [95% CI: —0.68
t0 0.29], z = —0.80, P > 0.1, Supplementary Table 1).

For the comparisons between 83 AD patients and 70 healthy
controls (Lim et al., 2012; Guo et al., 2016; Huang et al., 2017),
NAA/Cr was significantly decreased in the anterior cingulate of
AD patients (SMD: —0.45 [95% CI: —0.77 to —0.13], z = —2.75,
P < 0.05, Supplementary Figure 6B and Figure 9).

The comparison of 83 AD patients and 66 MCI patients in
the ratio of NAA/Cr (Lim et al., 2012; Guo et al., 2016; Huang
etal., 2017) revealed that there was no difference between the two
groups (SMD: —0.25 [95% CI: —0.88 to 0.39], z = —1.10, P > 0.1,
Supplementary Table 1).

Meta-Analysis of the Temporo-Parietal
Lobe

Four studies (Ernst et al., 1997; Ferndndez et al., 2005; Rami
et al,, 2007; Zhang et al., 2009) investigated the temporo-parietal
lobe including 80 AD patients and 71 healthy control subjects to
compare the metabolites between the two groups.

Metabolite Ratios

We compared the ratios of metabolites, extracting data from
157 AD patients and 110 healthy control subjects in 4
studies (Ernst et al., 1997; Fernindez et al., 2005; Rami
et al.,, 2007; Zhang et al,, 2009). The results showed that two
metabolites’ ratios (NAA/Cr, mI/Cr) were significantly different
in AD and healthy control subjects. NAA/Cr was significantly
decreased in the temporo-parietal lobe of AD patients (SMD:
—-0.72 [95% CI. —1.36 to —0.07], z = —2.18, P < 0.05,
Supplementary Figure 6C and Figure9), while mI/Cr were
significantly increased (SMD: 1.43 [95% CI: 0.60-2.27], z = 3.36,
P < 0.05, Supplementary Figure 6D and Figure 9).

Metabolite Concentrations

Three studies (Ernst et al., 1997; Ferndndez et al., 2005; Rami
et al.,, 2007) were extracted to compare the concentrations in
67 AD patients and 58 healthy controls. Specifically, mI was
significantly increased in AD patients (SMD: 1.37 [95% CI:
0.26-2.48], z = 2.42, P < 0.05, Supplementary Figure 6E and
Figure 9). There were no differences in NAA (SMD: —0.17 [95%
CI: —0.51 t0 0.18], z = —0.93, P > 0.1, Supplementary Table 1),
Cho (SMD: —0.10 [95% CI: —0.44 to 0.25], z = —0.55, P > 0.1,
Supplementary Table 1), and Cr (SMD: 0.51 [95% CI: —0.61 to
1.62], z = 0.89, P > 0.1, Supplementary Table 1) concentrations
between the two groups.

Meta-Analysis of the Frontal Region

Four studies (Parnetti et al., 1997; Chao et al., 2005; Zhu et al.,
2006; Siger et al., 2009) with a total sample size of 218 (109
AD patients and 109 healthy controls) were included for meta-
analysis to investigate the ratio of metabolites in the frontal
region. Specifically, 3 studies (Parnetti et al., 1997; Zhu et al,
2006; Siger et al., 2009) compared the differences in metabolites
between 61 AD patients and 61 healthy control subjects in
the frontal WM, and 3 studies (Chao et al., 2005; Zhu et al.,
2006; Siger et al., 2009) compared the differences in metabolites

between 96 AD patients and 102 healthy control subjects in the
frontal GM.

Metabolite Concentrations

We compared the concentrations of metabolites in the frontal
WM, extracting data from 61 AD patients and 61 healthy control
subjects in 3 studies (Parnetti et al., 1997; Zhu et al., 2006;
Siger et al., 2009). The results showed that the concentration of
ml has an upward trend in AD patients (SMD: 0.64 [95% CI:
—0.06 to 1.34], z = 1.80, P > 0.05, Supplementary Table 1), and
there was no significant difference in the concentrations of NAA
between the two groups (SMD: —0.15 [95% CI: —0.50 to 0.21],
z = —0.80, P > 0.1, Supplementary Table 1). Besides, 3 studies
(Parnetti et al., 1997; Zhu et al., 2006; Siger et al., 2009) were
included to investigate the concentration of NAA in the frontal
GM and the analysis manifested a remarkable decrease with high
heterogeneity (SMD: —0.37 [95% CI: —0.65 to —0.09], z = —2.63,
P < 0.05, Supplementary Figure 6F and Figure 9).

Meta-Analysis of Paratrigonal White Matter
Three studies (Catani et al, 2001; Metastasio et al., 2006;
Yang et al., 2012) reported data from paratrigonal white matter
including 89 MCI patients and 177 healthy control subjects to
compare the metabolites between the two groups.

Metabolite Ratios

We compared the ratios of metabolites, extracting data from 89
MCI patients and 177 healthy control subjects in 3 studies (Catani
et al., 2001; Metastasio et al., 2006; Yang et al., 2012). The results
showed that two metabolites’ ratios (NAA/Cr, mI/Cr) were
significantly different between the two groups, and there was no
significant difference in the ratio of Cho/Cr (SMD: 0.00 [95%
CI: —0.26 to 0.25], z = —0.01, P > 0.1, Supplementary Table 1).
Among them, NAA/Cr (SMD: —0.76 [95% CI: —1.02 to —0.49],
z = —5.66, P < 0.05, Supplementary Figure 7A and Figure 9)
was significantly decreased in paratrigonal white matter of
MCI patients, while mI/Cr (SMD: 1.02 [95% CI: 0.20-1.84],
z = 2.44, P < 0.05, Supplementary Figure 7B and Figure 9) was
significantly increased.

DISCUSSION

To investigate the changes of neurochemicals estimated by 'H-
MRS in brain regions with the progression of AD, we conducted
a comprehensive meta-analysis including 63 studies with 3,271
subjects. The results showed that: (1) compared with MCI
patients, the ratio of NAA/Cr in the hippocampus of AD patients
decreased significantly; the ratios of NAA/Cr, NAA/mI, and the
concentration of NAA in PC decreased significantly, whereas
the ratios of mI/Cr and mI/NAA increased markedly. NAA and
ml were considered as potential biomarkers for monitoring the
progression from MCI to AD and early diagnosis of AD; (2) the
metabolite difference of neurochemicals between MCI and AD
was systematically analyzed and has found that the concentration
of Glx in PC was different between MCI and AD patients, with
an increase in AD but no changes in MCI groups. Therefore, Glx
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was crucial in differentiating MCI from AD, and was regarded as
a potential marker to predict AD.

Metabolic Changes of Neurochemicals
During the Progression From MCI to AD

NAA is an important indicator of neuronal metabolism and plays
a number of roles, which includes maintaining fluid balance in
the brain, providing acetic acid salt for the synthesis of myelin in
oligodendrocytes, and providing energy for the glutamylation of
amino acid in neuronal mitochondria. Also, NAA is considered
as a biomarker of neuronal function and density, as it can reflect
the density and functional state of neurons and axons. Moreover,
the concentration of NAA in the cortex can provide information
about the growth of neurons. In addition, its concentration in
white matter can reflect the development of axons. Due to NAA
being located at the synaptic terminal, dendrites, and neuronal
somata, its concentration may reflect the level of synapses and the
ratio of NAA/Cr reflects the integrity of synapses (Onwordi et al.,
2021). Our meta-analysis showed that during the pathological
development from MCI to AD, the ratio of NAA/Cr in the
hippocampus and PC, and the concentration of NAA in PC
decreased dramatically. Meanwhile, the level of NAA/Cr in AD
patients was decreased than that in the healthy subjects in the
other brain lobes, such as the parietal lobe, the frontal lobe, the
temporal lobe, and the temporo-parietal lobe. Previous studies
showed that the hippocampus and PC were crucial brain regions
that are differentially affected by neuropathological changes in
AD patients (Silverman et al., 1997). Hippocampal atrophy is
one of the pathological and radiological signs of AD, and the
resting state functional magnetic resonance imaging and 8F-
deoxyglucose PET demonstrated that hippocampal dysfunction
is closely related to the cognitive impairment in AD patients (Yan
et al., 2020). The PC plays a crucial role in the default mode
network of the brain, and previous studies demonstrated that
the functional connections between the PC and the hippocampus
have also been weakened during cognitive impairment (Huang
et al, 2002). Studies have reported that the atrophy of the
hippocampus was closely related to the loss of neurons and the
number of neurons had a close connection with NAA (Shiino
et al., 2012). The results of this meta-analysis suggested that
with the pathological development of AD, the neurons in the
hippocampus and the PC were gradually damaged. And the
formation of AP and NFT in the brain of AD patients may
lead to the decrease of NAA and the gradual loss of synapses,
which is consistent with the progress of cognitive dysfunction
in AD. Similarly, there are studies showing that the sensitivity
and specificity of NAA/Cr of PC in predicting the conversion
of MCI to AD were 82% and 72%, respectively (Fayed et al,
2008). Consequently, NAA may be considered as a biomarker for
monitoring the progression of MCI to AD.

ml is a good indicator of the proliferation of glial cells,
as it is mainly expressed in glial cells. Previous studies have
reported the increased levels of mI and mI/Cr in the PC were
found in MCI and AD patients (Yang et al., 2012), which was
consistent with our research results. In this meta-analysis, the
results showed that in the pathological development from MCI
to AD, in addition to the decrease in the ratios of NAA/Cr and
the concentration of NAA in PC, there was also an increase in

the ratios of mI/Cr and mI/NAA; and, compared with the HC,
the mlI concentration in the PC of AD and MCI patients was
significantly increased. Meanwhile, the level of mI in MCI and
AD patients was significantly higher than that in the healthy
subjects in the other brain regions, such as the temporo-parietal
lobe and PWM. The increase in mI concentration may be caused
by the activation of astrocytes or microglia, which is related
to the neuroinflammation process, and has been considered
as one of the core pathological features of AD. In addition,
the increased mI may affect the phosphorylation of membrane
proteins or cause changes in phospholipid metabolism, affecting
the formation of AP, and thus leading to the deposition of
amyloid plaques. In addition, the increased deposition of AP also
induced the formation of nutritionally impaired synapses, and
the astrocytes wrapped and phagocytosed the diseased synapses
to remove the aberrations in the synapses. However, with the
development of the disease, the deposition intensified, and this
pathological change promoted the increase of inflammatory
response, which would disrupt the normal form of synapses
(Gomez-Arboledas et al., 2018). Studies have found that the
change in the ratio of mI/Cr in PC was closely related to the
early decline of cerebrospinal fluid AB42, and the decrease in
the level of CSF AB42 can be detected 10-20 years before the
onset of cognitive impairment (Bateman et al., 2012). Studies
have found in the brain of Down’s syndrome and other dementia
patients, the ratio of mI/Cr was also significantly increased before
significant manifestations of cognitive dysfunction (Voevodskaya
etal,, 2016). Therefore, these results suggested that the change in
the level of mI may precede the onset of cognitive impairment,
which had the potential to be applied to early diagnosis of AD.

Moreover, it is worth noting that this study showed that the
concentration of Cr was significantly lower in the hippocampus
of AD and MCI patients than that of healthy people, but there
was no significant change in other brain regions such as PC.
Interestingly, it is generally believed that the concentration of Cr
is basically constant and uniformly distributed throughout the
brain and is not changed with age or various diseases. Therefore,
the level of Cr is often used as a reference value to indicate the
level of other neurochemical substances. Some studies have also
found that the concentration of Cr was relatively reduced in the
late stage of AD as well as subcortical ischemic vascular dementia,
which may be due to the fact that Cr existed in neurons and glial
cells at the same time, and was affected by the density of brain
tissue (Shiino et al., 2012).

Studies have regarded the ratio of mI/NAA a standard method
to determine the severity of AD, as the sensitivity and specificity
of the ratio of mI/NAA in the diagnosis for AD patients were 83
and 98%, respectively, and was consistent with the MMSE score
(Shiino et al., 2012). This meta-analysis found that the ratio of
mI/NAA increased during the progression from MCI to AD in
PC, and the same result was also observed in the hippocampus.
But since only 3 studies were included and a large heterogeneity
was observed, this result should be interpreted cautiously. In
addition, there was no meta-analysis results in the procession
from MCI to AD in the hippocampus. Therefore, the change of
ml/NAA is consistent in the progression from MCI to AD, but
whether it can be used as markers in early diagnosis of AD is
still questionable.
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Different Metabolic Changes of

Neurochemicals Between MCI and AD

The findings with respect to changes in the levels of Cho
and GIx in MCI and AD were less consistent. As discussed
above, the ratio of Cho/Cr was significantly higher in the PC
of AD patients than that of HC, but there was a downward
trend in MCI subjects. In addition, the concentration of Cho
was found to be raised in the PC of AD patients compared
with healthy controls, and no differences were seen in the
MCI subjects. In contrast, the concentration of Cho was found
to be reduced in the hippocampus of AD patients and MCI
patients compared with healthy controls. It had been reported
that a cholinergic lesion emerged as early as the MCI state
and primarily in the presynaptic membrane, which may affect
the long-term potentiation (Nordberg and Winblad, 1986). Cho
plays an important role in the formation of cell membranes,
and the change of concentration directly reflects the synthesis
and degradation of membranes. Cho could be converted into
acetylcholine (AchE) by choline acetyltransferase (ChAT) to play
a neuroregulatory role, and the Cho signal may be closely related
to the activity of ChAT (Klein, 2000). A clinical autopsy study
found increased ChAT activity in the hippocampus of patients
with MCI, which could explain that the decrease of Cho in
the MCI stage is due to the increased activity of ChAT and
the utilization of more choline substrates, thus resisting the
damaging effect of cholinergic neurons (Ikonomovic et al., 2003).
This compensatory activity may increase with the progression of
the disease. Meanwhile, neuronal death will lead to an increase
in membrane turnover, which will increase the ratio of Cho/Cr
in AD patients. Recent investigations reported that the increase
in the level of Cho in PC of AD patients may be the result of cell
membrane rupture providing free Cho, which was in response
to a decrease in the release of acetylcholine from cholinergic
neurons in the brain of AD patients (Watanabe et al., 2010). In
frontotemporal dementia and dementia with Lewy bodies, the
increase in the ratio of Cho/Cr in the PC can also be detected.
Interestingly, there was no significant change in the early stage
of AD disease. In MCI patients, the concentration of Cho in
PC remained basically the same with healthy controls, while
the ratio of Cho/Cr had an upward trend, which may be due
to the gradual aggravation of cholinergic neuron damage with
the progression of the disease. Currently, cholinergic inhibitors
such as donepezil, rivastigmine, and galanthamine are clinically
used to treat AD. A meta-analysis showed that these drugs had
modest but clinically significant overall benefits in stabilizing
cognition, function, behavior, and overall clinical changes (Tan
etal., 2014). Therefore, the change of Cho may reflect the severity
of AD and was considered as a potential target for early detection
and interventions.

In recent years, more research has focused on the change
of Glx in patients with MCI and AD. Glx is a class of
excitatory amino acid, including glutamate (Glu) and glutamine
(GIln) (Bleich et al, 2003). In the brain, Glu and GIn
are in dynamic equilibrium, and they can maintain and
regulate synaptic information transmission through mutual
transformation. In addition, Glu plays a crucial role in
mitochondrial metabolism, neurotransmission of pyramidal

cells, cerebral cortex function, and glutamate/ GABA-glutamine
cycle. And Glu-mediated synaptic transmission is critical for
brain functions. However, excessive and continuous excitatory
glutamatergic stimulation can lead to the death of neurons
(Fayed et al., 2011). Interestingly, our results showed that
compared with HC, the concentrations of Glx and Glu in
PC of AD patients were lower, while the ratio of Glx/Cr was
relatively higher, and the ratio of Glx/Cr in the PC of MCI
patients was higher, while the concentration of Glu had a
downward trend. In animal experiments, it was also found that
the Glu/Cr was decreased in AD model mice (Liang et al,
2017). Studies have reported that the AP can induce several
changes in nerve cells including the loss of neuronal viability
and synaptic activity, leading to the reduction in glutamate
levels. Meanwhile, the decrease of Glu content will affect the A-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARs), which play a key role in synaptic function and
cognition. In addition, this decrease in AMPARs may be the
reason for the loss of synaptic and the decrease of cognitive
function in AD (Liu et al, 2010). Consequently, Glx/Cr
and Glu may be seen as signs of cognitive deterioration
in AD.

Limitations

Several limitations to the current meta-analysis should be pointed
out. First, the number of longitudinal studies to investigate the
changes of metabolites between MCI-converter and MCI-stable
patients was limited, so the sample size for analysis was relatively
small. Therefore, more longitudinal studies are required to
observe and explain the metabolite changes during the progress
of MCI to AD. In addition, a significant effect of heterogeneity
was found in many studies, and we were temporarily unable
to do any moderating analysis to detect systematic influence
on heterogeneity. Additionally, the detection results of MRS are
affected by multiple parameters such as TR, TE, and ROL This
meta-analysis did not unify these parameters, which may lead to
heterogeneity and affect the results.

CONCLUSION

In conclusion, the main findings of our meta-analysis revealed
robust metabolite changes in the PC and the hippocampus
during the development from MCI to AD, especially the levels of
NAA and mlI show high accuracy in the discrimination between
healthy controls, MCI, and AD, but were also able to predict the
possible progression from MCI to AD.
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