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Table 1. Sociodemographic, neural indices and neuropsychological characteristics of the HC, MCI and AD groups.  Key: TIV, total intracranial volume; BrainPAD, Brain predicted age discrepancy (biological maintenance index); TMT-A. trail making test part A time in seconds. (* p < .05; **p < .01; ***p < .001 Bonferroni correction)




	
	
	Sociodemographic
	
	Neural indices
	
	Neuropsychological
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	Gender
	Age***
	Education***
	Occupation*
	
	TIV
	BrainPAD***
	
	TMT-A***
	

	
	groups
	M
	F
	mean
	SD
	mean
	SD
	mean
	SD
	
	mean
	SD
	mean
	SD
	
	mean
	SD
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	HC (n=395)
	168
	227
	73,45
	7,21
	16,96
	2,21
	6,21
	1,72
	
	1408,16
	146,28
	1,59
	7,69
	
	30,64
	8,85
	

	
	MCI (n=156)
	90
	66
	75,51
	8,10
	15,98
	2,76
	5,78
	1,85
	
	1426,12
	142,78
	5,45
	9,00
	
	39,07
	17,86
	

	
	AD (n=135)
	74
	61
	76,61
	8,43
	15,64
	2,54
	5,93
	1,84
	
	1385,79
	167,47
	13,32
	9,13
	
	61,61
	36,59
	


Table 2. VBM multivariate linear regression analyses for the six ROIs across the 3 groups (HC n=395; MCI n=156; AD n=135). The results are adjusted for total intracranial volume (TIV), age and education entered as continuous variable. TMT-A time in second was treated as continuous dependent variable and the structural scans as the independent variable. For a statistical threshold of p<0.001 the table reports the number of significant voxels negatively related to TMT-A time in seconds. 


	[bookmark: _Hlk51354785]Brain Regions
	side
	MNI coordinates
	
	peak 
T valuea
	peak
Z-scoreb
	 peak cluster Kec
	p value uncorrd
	FWEe
	FDRf
	total number of voxels p 0.001 thresholdg
	

	
	
	x
	y
	Z
	
	
	
	
	
	
	
	
	

	HC (n. 395)
	
	
	
	
	
	
	
	
	
	
	
	
	

	Locus Coeruleus
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Dorsal Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Median Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Ventral Tegmental Area
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Nucleus Basalis of Meynert
	right
	14
	-4
	-12
	
	3.35
	3.32
	3
	0.000
	1.000
	0.571
	3
	

	Control Pontine ROI
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	MCI (n. 156)
	
	
	
	
	
	
	
	
	
	
	
	
	

	Locus Coeruleus
	left
	-4
	-40
	-28
	
	3.57
	3.49
	7
	0.000
	1.000
	0.639
	21
	

	Dorsal Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Median Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Ventral Tegmental Area
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Nucleus Basalis of Meynert
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Control Pontine ROI
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	AD (n. 135)
	
	
	
	
	
	
	
	
	
	
	
	
	

	Locus Coeruleus
	right
	6
	-36
	-20
	
	4.41
	4.25
	8
	0.000
	0.992
	0.463
	9
	

	Dorsal Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Median Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Ventral Tegmental Area
	left
	-4
	-22
	-16
	
	3.78
	3.68
	13
	0.000
	1.000
	0.618
	14
	

	Nucleus Basalis of Meynert
	right
	14
	-4
	-12
	
	3.83
	3.72
	19
	0.000
	1.000
	0.583
	19
	

	Control Pontine ROI
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	


a) Peak T value: T value of the most significant cluster of contiguous voxels
b) Peak Z-score: Z-score of the most significant cluster of contiguous voxels
c) Peak cluster Ke: number of voxels of the most significant cluster of contiguous voxels
d) FWE = family wise error correction value
e) FDR = false discovery rate correction value (q)
g) Total number of voxels outcoming in the ROI including all clusters of contiguous voxels






Table 3. VBM multivariate linear regression analyses for the six ROIs across the 3 groups (HC n=395; MCI n=156; AD n=135). The results are adjusted for total intracranial volume (TIV), while age and education entered as continuous variables. BrainPAD values were treated as continuous dependent variable and the structural scans as independent variable. For a statistical threshold of p<0.001 FWE corrected (HC) and p<0.001 (MCI and AD) the table reports the significant voxels negatively related to BrainPAD. 

a) Peak T value: T value of the most significant cluster of contiguous voxels
b) Peak Z-score: Z-score of the most significant cluster of contiguous voxels
c) Peak cluster Ke: number of voxels of the most significant cluster of contiguous voxels
d) FWE = family wise error correction value
e) FDR = false discovery rate correction value (q)
g) Total number of voxels outcoming in the ROI including all clusters of contiguous voxels

	Brain Regions
	side
	MNI coordinates
	
	peak 
T valuea
	peak
 Zscoreb
	 peak cluster Kec
	p value uncorrd
	FWEe
	FDRf
	total number of voxels 
p 0.001 FWE thresholdg

	
	
	x
	y
	Z
	
	
	
	
	
	
	
	

	HC (n. 395)
	
	
	
	
	
	
	
	
	
	
	
	

	Locus Coeruleus
	left
	-2
	-38
	-22
	
	9.10
	inf
	106
	0.000
	0.000
	0.000
	153

	Dorsal Raphe
	right
	2
	-32
	-12
	
	8.14
	7.81
	71
	0.000
	0.000
	0.000
	71

	Median Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/

	Ventral Tegmental Area
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/

	Nucleus Basalis of Meynert
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/

	Control Pontine ROI
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/

	
	
	
	
	
	
	
	
	
	
	
	
	

	MCI (n. 156)
	
	
	
	
	
	
	
	
	
	
	
	total number of voxels 
for p 0.001 threshold g

	Locus Coeruleus
	left
	-2
	-34
	-14
	
	4.16
	4.04
	16
	0.000
	1.000
	0.125
	59

	Dorsal Raphe
	right
	2
	-30
	-8
	
	5.78
	5.48
	109
	0.000
	0.021
	0.563
	109

	Median Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/

	Ventral Tegmental Area
	left
	-2
	-16
	-14
	
	3.22
	3.16
	1
	0.001
	1.000
	0.369
	2

	Nucleus Basalis of Meynert
	right
	14
	-8
	-10
	
	4.15
	4.03
	12
	0.000
	0.999
	0.093
	12

	Control Pontine ROI
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/

	
	
	
	
	
	
	
	
	
	
	
	
	

	AD (n. 135)
	
	
	
	
	
	
	
	
	
	
	
	

	Locus Coeruleus
	left
	-4
	-36
	-16
	
	5.56
	5.25
	94
	0.000
	0.065
	0.005
	192

	Dorsal Raphe
	left
	-2
	-32
	-12
	
	4.74
	4.54
	90
	0.000
	0.786
	0.037
	90

	Median Raphe
	/
	0
	-34
	-22
	
	4.19
	4.05
	20
	0.000
	1.000
	0.135
	20

	Ventral Tegmental Area
	left
	-4
	-22
	-16
	
	4.49
	4.32
	9
	0.000
	0.976
	0.067
	9

	Nucleus Basalis of Meynert
	right
	14
	-6
	-12
	
	3.41
	3.33
	5
	0.000
	1.000
	0.655
	5

	Control Pontine ROI
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/

	
	
	
	
	
	
	
	
	
	
	
	
	



























Table 4. VBM full-factorial statistical model investigating the volume reduction of the six ROIs across the factor “condition” (HC, MCI, AD). The upper table shows the regions of significant reduced volume in MCI compared with HC for a statistical threshold of p<0.001. The lower portion shows the regions of significant reduced volume in AD compared with MCI. The results are adjusted for total intracranial volume (TIV), age and education.


Table 5. VBM full-factorial statistical model investigating the volume reduction of the 6 ROIs across the factor “condition” (HC, MCI, AD). In the table are shown the ROIs of reduced volume due the main effect of condition for a statistical threshold of p<0.001 FWE corrected. The results are adjusted for total intracranial volume (TIV), age and education.

	Brain Regions
	side
	MNI coordinates
	
	peak
 F value a
	peak 
Z-score b
	 peak cluster Ke c
	p value uncorr d
	FWE e
	FDR f
	

	
	
	x
	y
	z
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	

	Nucleus Basalis of Meynert
	left
	-16
	-4
	-10
	
	33.89
	7.66
	4
	0.000
	0.000
	0.000
	

	Dorsal Raphe
	right
	2
	-28
	-6
	
	28.66
	7.02
	48
	0.000
	0.000
	0.000
	

	Ventral Tegmental Area
	left
	-2
	-18
	-14
	
	23.79
	6.36
	6
	0.000
	0.000
	0.006
	

	Nucleus Basalis of Meynert
	left
	-8
	-4
	-10
	
	22.05
	6.10
	2
	0.000
	0.001
	0.023
	

	Locus Coeruleus
	right
	4
	-36
	-18
	
	21.46
	6.01
	2
	0.000
	0.001
	0.037
	

	Ventral Tegmental Area
	right
	4
	-22
	-16
	
	20.43
	5.85
	6
	0.000
	0.003
	0.085
	



a) Peak T value: T value of the most significant cluster of contiguous voxels
b) Peak Z-score: Z-score of the most significant cluster of contiguous voxels
c) Peak cluster Ke: number of voxels of the most significant cluster of contiguous voxels
d) p value uncorrected
e) FWE = family wise error correction value
f) FDR = false discovery rate correction value (q)

	Brain Regions
	side
	MNI coordinates
	
	peak
 T value a
	peak 
Z-score b
	 peak cluster Ke c
	p value uncorr d
	FWE e
	FDR f
	

	
	
	x
	y
	z
	
	
	
	
	
	
	
	

	HC>MCI
	
	
	
	
	
	
	
	
	
	
	
	

	Ventral Tegmental Area
	right
	4
	-22
	-16
	
	  4.04
	4.02
	6
	0.000
	1.000
	0.168
	

	Control Pontine
	right
	2
	-24
	-34
	
	  3.78
	3.76
	18
	0.000
	1.000
	0.298
	

	Dorsal Raphe
	left
	-2
	-28
	-6
	
	  3.75
	3.72
	66
	0.000
	1.000
	0.318
	

	Ventral Tegmental Area
	left
	2
	24
	-24
	
	  3.48
	3.46
	8
	0.000
	1.000
	0.537
	

	
MCI>AD
	
	
	
	 
	
	
	
	
	

	Locus Coeruleus
	right
	4
	-36
	-18
	
	  4.75
	4.71
	30
	0.000
	0.537
	0.014

	Locus Coeruleus
	left
	-4
	-36
	-18
	
	  4.45
	4.42
	12
	0.000
	0.921
	0.037

	Locus Coeruleus
	right
	8
	-40
	-30
	
	  4.25
	4.22
	20
	0.000
	0.995
	0.068

	Ventral Tegmental Area
	left
	4
	-18
	-14
	
	  4.23
	4.20
	4
	0.000
	0.997
	0.071

	Ventral Tegmental Area
	left
	-2
	-18
	-14
	
	  4.19
	4.16
	8
	0.000
	0.999
	0.082

	Dorsal Raphe
	right
	4
	-28
	-6
	
	  3.84
	3.82
	5
	0.000
	1.000
	0.212

	Nucleus Basalis of Meynert
	right
	14
	-6
	-10
	
	  3.57
	3.55
	1
	0.000
	1.000
	0.396

	Dorsal Raphe
	left
	-2
	-32
	-8
	
	  3.53
	3.51
	6
	0.000
	1.000
	0.435

	Dorsal Raphe
	right
	2
	-32
	-8
	
	  3.45
	3.43
	2
	0.000
	1.000
	0.514

	

	
	
	
	
	
	 
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	











Table 6 reporting the VBM results predicting the Education score for each of the 6 ROI across the 3 groups (HC, MCI, AD). The results from the multiple regression models are covaried for age, education and total intracranial volume. The table shows the significant voxels for a statistical threshold of p 0.01. 

	
Brain Regions
	side
	      MNI coordinates
	
	peak
 T value a
	peak 
Z-score b
	 peak cluster Ke c
	p value uncorr d
	FWE e
	FDR f
	total number of voxels 
for p 0.01 threshold g
	

	
	
	x
	y
	z
	
	
	
	
	
	
	
	
	

	HC (n. 395)
	
	
	
	
	
	
	
	
	
	
	
	
	

	Locus Coeruleus
	left
	10
	-40
	-36
	
	2.57
	2.56
	3
	0.005
	1.000
	0.999
	3
	

	Dorsal Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Median Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Ventral Tegmental Area
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Nucleus Basalis of Meynert
	left
	-16
	-6
	-10
	
	2.50
	2.49
	2
	0.006
	1.000
	0.999
	2
	

	Control Pontine ROI
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	MCI (n. 156)
	
	
	
	
	
	
	
	
	
	
	
	
	

	Locus Coeruleus
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Dorsal Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Median Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Ventral Tegmental Area
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Nucleus Basalis of Meynert
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Control Pontine ROI
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	AD (n. 135)
	
	
	
	
	
	
	
	
	
	
	
	
	

	Locus Coeruleus
	left
	-8
	-38
	-34
	
	2.79
	2.75
	4
	0.003
	1.000
	0.999
	5
	

	Dorsal Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Median Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Ventral Tegmental Area
	left
	-2
	-26
	-22
	
	2.52
	2.48
	2
	0.007
	1.000
	0.999
	2
	

	Nucleus Basalis of Meynert
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Control Pontine ROI
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	






Table 7 reporting the VBM results predicting the Occupation score for each of the 6 ROI across the 3 groups (HC, MCI, AD). The results from the multiple regression models are covaried for age, education and total intracranial volume. The table shows the significant voxels for a statistical threshold of p 0.01. 

	Brain Regions
	side
	      MNI coordinates
	
	peak
 T value a
	   peak 
Z-score b

	 peak cluster Ke c
	p value uncorr d
	FWE e
	FDR f
	total number of voxels 
for p 0.01 threshold g
	

	
	
	x
	y
	z
	
	
	
	
	
	
	
	
	

	HC (n. 395)
	
	
	
	
	
	
	
	
	
	
	
	
	

	Locus Coeruleus
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Dorsal Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Median Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Ventral Tegmental Area
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Nucleus Basalis of Meynert
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Control Pontine ROI
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	MCI (n. 156)
	
	
	
	
	
	
	
	
	
	
	
	
	

	Locus Coeruleus
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Dorsal Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Median Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Ventral Tegmental Area
	right
	6
	-20
	-18
	
	2.80
	2.56
	2
	0.005
	1.000
	0.997
	7
	

	Nucleus Basalis of Meynert
	left
	16
	-2
	-12
	
	2.59
	2.76
	7
	0.003
	1.000
	0.997
	7
	

	Control Pontine ROI
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	

	AD (n. 135)
	
	
	
	
	
	
	
	
	
	
	
	
	

	Locus Coeruleus
	left
	8
	-40
	-34
	
	2.86
	2.81
	19
	0.002
	1.000
	0.995
	19
	

	Dorsal Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Median Raphe
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Ventral Tegmental Area
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	Nucleus Basalis of Meynert
	right
	18
	-2
	-10
	
	2.97
	2.92
	5
	0.002
	1.000
	0.997
	6
	

	Control Pontine ROI
	/
	/
	/
	/
	
	/
	/
	/
	/
	/
	/
	/
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	







a) Peak T value: T value of the most significant cluster of contiguous voxels
b) Peak Z-score: Z-score of the most significant cluster of contiguous voxels
c) Peak cluster Ke: number of voxels of the most significant cluster of contiguous voxels
d) P value uncorrected
e) FWE = family wise error correction value
f) FDR = false discovery rate correction value
g)  Total number of voxels outcoming in the ROI including all clusters of contiguous voxels


Figure 1 – Shows the five neuromodulators’ seeds and the neuromodulator free control region investigated in the VBM analyses. Blue: Locus Coeruleus (LC) – Noradrenaline (NA) – (714 voxels). Red: Dorsal Raphe Nuclei (DR) – Serotonin (5HT) – (174 voxels). Orange: Median Raphe Nuclei (MR) – Serotonin (5HT) – (108 voxels). Green: Ventral Tegmental Area (VTA) – Dopamine (DA) – (252 voxels). Purple: Nucleus Basalis of Meynert (NBM) – Acethylcholine (Ach) – (492 voxels). White: Control Pontine ROI (“neurotransmitter free” region) – (906 voxels). All the ROI binary masks were symmetrical and 1mm3 isotropic voxel size and there were no overlapping boundaries between the masks. Image a) displays the anatomical localization of the six ROIs in sagittal view of the Cerebellum, Brainstem and Diencephalon. Image b) displays the coronal view. Image c) shows a fronto-lateral view of the whole brain and the anatomical localization of the six ROIs.
[image: ]




Figure 1b – Comparisons between the previously published Locus Coeruleus probabilistic atlases and the Locus Coeruleus mask created for the current study (shown in grey on a 3d reconstruction of the Midbrain, Pons and Medulla). The new LC mask was manually drawn merging the regions of MNI space defined by the atlases. The new mask was corrected it in order to do not encroach other pontine structures (Raphe Nuclei and cerebellar WM). In orange is shown the probabilistic area of Tona et al. 2017, in Red the 2sd mask of Keren et al. 2009, in Green the probabilistic map provided by Betts et al. 2017 and in White the 7T probabilistic map by Rong Ye et al. 2020. 

[image: ]
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Figure 2 – Results from the three VBM multivariate linear regression analyses performed in CAT12 for the three groups (HC, MCI, AD). The results are thresholded for a p<0.001. The results are covaried for total intracranial volume (TIV), age and education. The scatterplot displays the relationship between Locus Coeruleus (LC) volume (y axis) and TMT-A time in seconds (x axis) for the three groups: green (HC, n.395), orange (MCI, n.156), red (AD, n.135). On the x axis (TMT-A) are shown the second required to complete TMT-A. More seconds spent in completing TMT-A mirror a slower cognitive processing related to the LC decline. The systematic decline of the LC volume across the three groups is related to a slower visuo-motor attentional performance. On the left portion of the figure, the 3D reconstruction of the LC results (in blue) is compared with a) the 3D reconstruction of 7T LC atlas made by Rong Ye et al. 2021(in white), b)  with the 3D reconstruction of the LC atlas of Betts et al. 2017 (in green). In c) the LC result  is shown in the 3D view of the LC mask created for the current study. On the right portion of the figure the LC results are shown in a 3D  fronto-lateral view of the Brainstem and the Diencephalon. 
[image: ]

























Figure 3 – Result from the three VBM multivariate linear regression analyses performed in CAT12 for the three groups (HC, MCI, AD). The results are thresholded for a p<0.001 for AD and MCI and p<0.001 FWE for HC. The results are covaried for total intracranial volume (TIV), age and education. The scatterplot displays the relationship between Locus Coeruleus (LC) volume (y axis) and BrainPAD (x axis) for the three groups: green (HC, n.395), orange (MCI, n.156), red (AD, n.135). On the x axis (BrainPAD) are shown the years of discrepancy between chronological age and the actual biological brain age based on the degree of Grey Matter deterioration. Negative values of BrainPAD mirror a better GM brain maintenance corresponding to a “younger brain age” than the chronological age. Positive values of BrainPAD mirror the accelerated brain’s GM deterioration. Namely, positive values correspond to a worse biological maintenance, and to an older brain than the chronological age. The systematic decline of the LC volume across the three groups is related to a progressive accelerated GM deterioration. Indeed, HC are more shifted towards the upper-left portion of the graph (negative values of BrainPAD and greater LC volume), whereas MCI and AD are more shifted towards the lower-right portion of the graph (positive values of BrainPAD and lower LC volume). On the left portion of the figure, the 3D reconstruction of the LC results (in blue) is compared with a) the 3D reconstruction of 7T LC atlas made by Rong Ye et al. 2021(in white), b)  with the 3D reconstruction of the LC atlas of Betts et al. 2017 (in green). In c) the LC result is shown in the 3D view of the LC mask created for the current study. On the right portion of the figure the LC results are shown in a 3D fronto-lateral view of the Brainstem and the Diencephalon. 
[image: ]
















Figure 4 - Statistical diagram of the parallel mediation model (model n.4) testing the relation between BrainPAD (biological measure of brain maintenance) and TMT-A (attentional visuo-motor speed processing) in MCI group (n= 156). The average volumes of the six ROIs were treated as parallel mediators in order to test the noradrenergic theory of cognitive reserve versus the other main neuromodulator’s seeds: Serotoninergic (Dorsal and Median Raphe), Dopaminergic (Ventral Tegmental Area), Cholinergic (Nucleus Basalis of Meynert) and additionally with a brainstem control region neuromodulator free (control pontine ROI). In the MCI group, the only significant mediator of the relation between brain maintenance and cognitive performance was the volume of the LC (Noradrenaline); all the other five ROIs were not significantly mediating the relation. The model was covaried for age and total intracranial volume (TIV).
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Figure 2b – Comparisons between the previously published Locus Coeruleus probabilistic atlases and the Locus Coeruleus mask drawn for the current study. Within the LC mask is shown the average result across the three groups predicting BrainPAD. The new mask was corrected it in order to do not encroach other pontine structures (Raphe Nuclei and cerebellar WM). In orange is shown the probabilistic area of Tona et al. 2017, in Red the 2sd mask of Keren et al. 2009, in Green the probabilistic map provided by Betts et al. 2017 and in White the 7T probabilistic map by Rong Ye et al. 2020. Results localization within the LC mask for the negative relationship between LC volume and TMT-A time in seconds. Results are covaried for age, education and total intracranial volume. HC showed no results. In MCI and AD 142 and 122 voxels respectively predicted TMT-A for a statistical threshold of P>0.01. Peak clusters are reported in table n.2. The LC area predicting TMT-A overlaps the four atlases previously published. 
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Results localization within the LC mask for the negative relationship between LC volume and BrainPAD. Results are covaried for age, education and total intracranial volume. In HC group, in the probabilistic area of the LC 153 voxels predicted BrainPAD for a statistical threshold of P> 0.001 FWE. In MCI and in AD 59 and 192 voxels respectively predicted BrainPAD for a statistical threshold of p>0.001. Peak clusters are reported in table n.3. The LC area predicting BrainPAD overlaps the four atlases previously published.
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Comparisons between the previously published Locus Coeruleus probabilistic atlases and the Locus Coeruleus mask drawn for the
current study. Within the LC mask is shown the average result across the three groups predicting BrainPAD. The LC mask was
manually drawn merging the common regions of MNI space defined by the atlases and correcting it in order to do not encroach other
pontine structures as the Raphe nuclei and the cerebellar white matter.
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LC mask drawn for the current study

@ Significant region of the LC mask predicting biological brain maintenance (BrainPAD) across 686 subjects. The result for the
statistical threshold of P> 0.00001 FWE is covaried for age, education and total intracranial volume.
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Results localization within the LC mask for the negative relationship between LC volume and BrainPAD. Results are covaried for age,
education and total intracranial volume. In HC group, in the probabilistic area of the LC 153 voxels predicted BrainPAD for a
statistical threshold of P> 0.001 FWE. In MCI and in AD 59 and 192 voxels respectively predicted BrainPAD for a statistical threshold
of p>0.001. Peak clusters are reported in table n.3. The LC area predicting BrainPAD overlaps the four atlases previously published.
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Comparisons between the previously published Locus Coeruleus probabilistic atlases and the Locus Coeruleus mask created for the
current study. The new LC mask was manually drawn merging the regions of MNI space defined by the atlases. The new mask was
corrected it in order to do not encroach other pontine structures (Raphe Nuclei and cerebellar WM).
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LC mask created for the current study
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Comparisons between the previously published Locus Coeruleus probabilistic atlases and the Locus Coeruleus mask drawn for the
current study. Within the LC mask is shown the average result across the three groups predicting TMT-A time in seconds. The LC
mask was manually drawn merging the common regions of MNI space defined by the atlases and correcting it in order to do not
encroach other pontine structures as the Raphe nuclei and the cerebellar white matter.
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LC mask drawn for the current study

@ Significant region of the LC mask predicting TMT-A (visuo-motor speed processing) across 686 subjects. The result for the
statistical threshold of P> 0.001 is covaried for age, education and total intracranial volume.
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Results localization within the LC mask for the negative relationship between LC volume and TMT-A time in seconds. Results are
covaried for age, education and total intracranial volume. HC showed no results. In MCI and AD 142 and 122 voxels respectively
predicted TMT-A for a statistical threshold of P>0.01. Peak clusters are reported in table n.2. The LC area predicting TMT-A overlaps
the four atlases previously published.




