


 

 

 

 

 

 

 

Table ‎4.1 Statistics Table of the Susceptibility Comparisons between the Left and Right Hemispheres in RII for Difference Intervals. 

Decade  Hemisphere/p-value CN GP PUT THA PT RN SN 

20-30 yr 

(32 cases) 

Left (ppb) 69.1±5.2 208.8±6.6 76.7±5.6 32.4±3.4 69.7±2.3 123.0±9.7 177.2±12.9 

Right (ppb) 69.8±4.7 206.2±9.0 77.6±5.9 27.3±3.3 68.4±2.7 121.2±4.5 170.1±16.5 

p 0.22 0.02 0.09 <0.001 0.01 0.09 <0.001 

31-40 yr 

(38 cases) 

Left (ppb) 76.9±6.5 213.3±8.9 96.9±10.5 36.2±6.4 75.8±6.5 140.7±13.5 187.7±15.2 

Right (ppb) 78.2±5.8 211.5±6.9 100.8±11.3 31.1±6.5 74.9±6.6 139.8±12.3 178.9±13.9 

p 0.16 0.05 <0.01 <0.001 0.17 0.44 <0.001 

41-50 yr 

(32 cases) 

Left (ppb) 86.5±6.9 218.8±9.8 118.1±11.9 37.5±9.1 80.3±9.4 164.4±13.7 197.5±15.4 

Right (ppb) 90.8±7.5 219.7±9.9 123.6±13.4 34.1±9.9 80.7±10.2 161.7±15.1 188.8±15.1 

p <0.001 0.33 <0.01 <0.001 0.64 0.2 <0.001 

51-60 yr 

(45 cases) 

Left (ppb) 94.4±8.9 220.5±7.1 133.8±14.7 35.7±7.7 81.1±7.3 172.1±15.4 201.5±14.7 

Right (ppb) 98.7±9.0 223.8±7.0 142.3±13.7 30.4±6.6 79.3±7.4 170.1±15.1 187.5±15.8 

p <0.01 <0.01 <0.001 <0.001 <0.01 0.08 <0.001 

61-70 yr 

(27 cases) 

Left (ppb) 101.6±10.8 224.4±8.6 146.3±16.9 33.4±6.8 83.2±7.9 181.1±12.9 201.8±10.1 

Right (ppb) 105.5±9.5 228.9±8.2 159.2±18.1 29.1±9.0 82.5±9.6 177.3±14.2 195.5±11.2 

p 0.01 <0.001 <0.001 <0.001 0.62 0.17 <0.01 

Susceptibility values are quoted as mean ± standard deviation for each decade. Left: left hemisphere. Right: right hemisphere: P-value of the paired t-tests. CN: caudate nucleus. GP: globus 

pallidus. PUT: putamen. SN: substantia nigra. RN: red nucleus. PT: pulvinar thalamus. THA: thalamus. Bold numbers highlight the structures and decades which showed significant 

differences between the left and right hemispheres, even after taking the systematic error into account. 
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Figure  4.3 shows the susceptibility changes as a function of age in the right hemisphere 

GM nuclei from the whole region analysis (the plots for the left hemisphere are shown in 

APPENDIX A). Linear regression parameters for this region are also shown in Table  4.3. In 

the PUT, CN, and RN the magnetic susceptibility appears to be linearly correlated with age (R 

> 0.5, P < 0.05). The susceptibility distributions across ages are quite scattered in the GP, SN, 

and PT, with limited age dependency (R < 0.25). In the THA, the susceptibility decreases with 

age (R = –0.31, P < 0.05). According to the slopes of the whole-region analysis, the 

susceptibility of the PUT shows the most rapid increase as a function of age with a changing 

rate of 1.29 ± 0.10 ppb/year, and then followed by the RN (1.24 ± 0.14 ppb/year), CN (0.48 ± 

0.06 ppb/ year), SN (0.45 ± 0.14 ppb/year), PT (0.24 ± 0.09 ppb/ year), and GP (0.17 ± 0.10 

ppb/year). The THA shows decreased susceptibility with age, with -0.16 ± 0.04 ppb/year. 

Also, the correlations between brain iron deposition and age reported in our study are 

consistent with other published studies as shown in Table  4.2 



 

 

 

 

 

 

 

Figure ‎4.3 Whole-region magnetic susceptibility changes with age in different GM nuclei. The susceptibility values reported in this study are highly 

consistent with Li et al.’s study (Li et al. 2014). Strong positive linear correlations are found in PUT, CN, and RN. Mild positive linear correlations 

are shown in GP, SN, and PT and weak negative linear correlation in THA. Black circles: current study data. Blue dots: values published by Li et al. 

Black line: linear regression fitting for the current study data. 
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Table ‎4.2 Linear Correlations between Iron-Related Parameters (Susceptibility, R2*, Phase) and Age. 

Structures Authors/Method PCC (R) 

(20 yr and up) 

Field 

(Tesla) 

Subject age 

range 

Sample 

size 

PUT Susceptibility/This study 0.69 (L), 0.71 (R) 1.5 20-69 175 

R2*/Aquino et al. (2009) Strong
*
 1.5 1-80 80 

R2*/Cherubini et al. (2009) Strong
**

 3 20-70 100 

R2*/Peran et al. (2009) 0.73(L), 0.60(R) 3 20-41 30 

∆R2*/Haacke et al. (2010) 0.73(L), 0.72(R) 1.5 20-69 100 

R2*/Li et al. (2013) Strong
*
 3 7-83 174 

Phase/Xu et al. (2008) 0.67 1.5 22-78 78 

Phase/Haacke et al. (2010) 0.60(L), 0.59(R) 1.5 20-69 100 

Susceptibility/Li et al. (2013) 0.64 3 20-83 160 

Cadaveric/Hallgren & Sourander 

(1958) 

 

0.42 N/A 20-70 47 

CN Susceptibility/This study 0.50 (L), 0.55 (R) 1.5 20-69 175 

R2*/Aquino et al. (2009) Weak
*
 1.5 1-80 80 

R2*/Cherubini et al. (2009) Strong
**

 3 20-70 100 

R2*/Peran et al. (2009) 0.47(L), 0.44(R) 3 20-41 30 

∆R2*/Haacke et al. (2010) 0.76(L), 0.66(R) 1.5 20-69 100 

R2*/Li et al. (2013) Strong
*
 3 7-83 174 

Phase/Haacke et al. (2010) 0.46(L), 0.32(R) 1.5 20-69 100 

Susceptibility/Li et al. (2013) 

 

0.19 3 20-83 160 

RN Susceptibility/This study 0.59 (L), 0.57 (R) 1.5 20-69 175 

∆R2*/Haacke et al. (2010) 0.72(L), 0.67(R) 1.5 20-69 100 

R2*/Li et al. (2013) Weak
*
 3 7-83 174 

Phase/Haacke et al. (2010) 0.55(L), 0.56(R) 1.5 20-69 100 

Susceptibility/Li et al. (2013) 

 

0.17 3 1-83 160 

GP Susceptibility/This study 0.07 (L), 0.13 (R) 1.5 20-69 175 

R2*/Aquino et al. (2009) Good
*
 1.5 1-80 80 

R2*/Peran et al. (2009) 0.25(L), 0.23(R) 3 20-41 30 

∆R2*/Haacke et al. (2010) 0.52(L), 0.51(R) 1.5 20-69 100 

R2*/Li et al. (2013) Weak
*
 3 7-83 174 

Phase/Haacke et al. (2010) 0.03(L), 0.03(R) 1.5 20-69 100 

Susceptibility/Li et al. (2013) 0.25 3 20-83 160 

Cadaveric/Hallgren & Sourander 

(1958) 

0.14 N/A 20-70 47 



 

 

 

 

 

Table ‎4.3 Parameters of the Linear Fitting Equations for Susceptibility vs. Age for Both the Whole Region Analysis and Two-Region Analysis. 

 𝛘 = 𝐀 × 𝐚𝐠𝐞 + 𝐁 

                          Total Region                                                                                    High Iron Region 

  A 

(ppb/year) 

B 

 (ppb) 

PCC 

 (R) 

         A  

(ppb/year) 

B 

 (ppb) 

PCC 

 (R) 

CN Left 0.40±0.05 20.55±2.48 0.50±0.07  0.80±0.04 49.47±1.87 0.84±0.04 

 Right 0.48±0.06 19.59±2.65 0.55±0.06  0.89±0.04 48.14±1.83 0.87±0.04 

         

GP Left 0.10±0.10 121.13±4.92 0.07±0.08  0.37±0.04 200.20±2.09 0.55±0.07 

Right 0.17±0.10 116.55±4.84 0.13±0.08  0.56±0.04 192.47±2.07 0.71±0.06 

         

PUT Left 1.15±0.09 8.36±4.37 0.69±0.06  1.75±0.06 35.57±2.94 0.91±0.03 

 Right 1.29±0.10 4.14±4.65 0.71±0.05  2.02±0.06 29.45±2.93 0.93±0.03 

         

SN Left 0.57±0.15 78.75±7.08 0.28±0.07  0.62±0.08 165.13±3.68 0.54±0.07 

 Right 0.45±0.14 71.95±6.66 0.24±0.08  0.56±0.09 158.90±4.04 0.47±0.07 

         

RN Left 1.38±0.14 20.27±6.77 0.59±0.06  1.47±0.09 89.88±4.18 0.83±0.05 

Right 1.24±0.14 22.57±6.59 0.57±0.06  1.44±0.09 89.37±4.31 0.81±0.05 

         

PT Left 0.20±0.08 34.28±3.73 0.19±0.08  0.32±0.04 63.46±1.82 0.54±0.06 

 Right 0.24±0.09 29.99±4.23 0.20±0.07  0.32±0.04 62.79±2.07 0.49±0.07 

         

THA Left -0.14±0.04 12.12±1.76 -0.28±0.07  0.03±0.04    3.83±1.82 0.06±0.08 

Right -0.16±0.04 8.87±1.79 -0.30±0.07  0.04±0.04 28.74±1.92 0.07±0.08 

Left: left hemisphere. Right: right hemisphere. PCC: Pearson correlation coefficients in bold represent the regression P-value < 0.05. 
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APPENDIX B 

The following first three tables were used to test the robustness of RII analysis against 

systematic error and also using a different method to define the high iron content region.
1
 The 

first two tables describe the changes in hemispherical difference of different decades due to 

exclusion of one slice from the top and bottom section of all structures, respectively. The third 

table shows similar changes as a result of using 99% prediction intervals of the global 

analysis, instead of 95% prediction intervals, to define RII region. 

The last table shows hemispherical differences of the regional analysis in all seven 

structures separated by gender groups for each decade.  

 

                                                 

1
 The logic behind these tables is the same as what was used in Table  4.1. 



 

 

 

 

 

Table ‎0.1 Statistics table of hemispherical RII susceptibility differences after excluding the top slice from each structure. 

Decade Left/Right (ppb) CN GP PUT THA PT RN SN 

20-30  

(32 cases) 

Left 71.0±5.9 208.9±6.8 76.8±5.7 32.9±3.6 69.7±2.4 124.7±9.3 178.4±13.0 

Right 71.0±5.2 206.3±9.0 77.7±6.0 28.0±3.8 68.5±2.8 121.5±7.5 170.2±16.4 

p 0.96 0.02 0.11 <0.001 0.03 0.09 <0.001 

31-40 

 (38 cases) 

Left 79.1±7.7 213.3±8.8 97.3±10.8 37.0±7.2 76.2±7.0 141.5±14.2 190.9±13.0 

Right 80.1±6.8 211.5±6.8 101.1±11.5 32.3±7.2 75.0±7.0 141.4±13.5 180.1±13.5 

p 0.31 0.05 0.002 <0.001 0.11 0.95 <0.001 

41-50 

(32 cases) 

Left 89.7±8.4 218.8±10.1 118.9±12.4 39.2±10.4 80.9±9.9 166.0±15.0 198.2±16.6 

Right 94.5±9.6 220.0±10.1 124.2±14.2 36.0±11.3 81.0±11.2 162.1±15.2 189.4±15.8 

p 0.001 0.19 <0.01 <0.001 0.98 0.06 <0.001 

51-60 

(45 cases) 

Left 97.3±9.8 220.7±7.2 134.8±15.6 36.9±8.2 81.0±7.1 174.7±16.0 202.0±14.9 

Right 101.2±9.8 224.0±7.2 143.0±14.5 32.0±7.2 79.6±7.6 171.6±15.6 187.9±15.9 

p 0.002 0.002 <0.001 <0.001 0.04 0.1 <0.001 

61-70 

(27 cases) 

Left 105.9±12.4 224.5±8.7 147.3±17.8 34.4±7.8 83.5±8.5 179.8±12.8 203.2±10.6 

Right 108.9±10.3 229.2±8.6 160.1±19.2 30.5±10.1 82.7±9.5 176.7±14.1 196.3±11.7 

p 0.09 <0.001 <0.001 <0.001 0.57 0.2 <0.01 

Bold numbers show significant difference between the two hemispheres. (p<0.05) 
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Table ‎0.2 Statistics table of hemispherical RII susceptibility differences after excluding the bottom slice from each structure. 

Decade Left/Right (ppb) CN GP PUT THA PT RN SN 

20-30  

(32 cases) 

Left 68.1±6.9 209.7±7.8 78.0±10.2 31.4±3.1 69.1±3.3 128.0±21 179.5±15.3 

Right 68.9±6.3 207.0±10.0 79.4±13.4 26.1±2.9 68.0±2.8 126.1±17.6 171.4±18.0 

p 0.07 0.02 0.1 <0.001 0.11 0.45 <0.001 

31-40 

 (38 cases) 

Left 74.4±6.8 213.0±9.1 96.6±10.3 34.9±5.7 74.4±6.9 143.3±13.2 191.0±13.6 

Right 77.1±5.0 211.4±7.5 99.6±10.3 29.2±5.7 73.3±5.5 141.7±12.6 180.7±13.8 

p 0.01 0.1 <0.01 <0.001 0.2 0.52 <0.001 

41-50 

(32 cases) 

Left 83.0±6.2 218.5±10.5 117.7±11.7 35.7±8.0 79.5±9.2 163.8±14.5 198.5±15.8 

Right 87.2±7.4 219.4±10.4 122.4±13.6 32.0±8.9 79.9±10.0 162.5±17.0 189.2±15.4 

p 0.002 0.33 0.01 <0.001 0.69 0.54 <0.001 

51-60 

(45 cases) 

Left 89.8±7.9 220.2±7.2 132.8±13.8 34.6±7.5 79.9±7.0 174.8±16.9 202.6±16.0 

Right 95.6±7.6 223.9±7.0 140.7±13.5 28.7±6.5 78.5±7.2 171.6±15.7 188.0±16.9 

p <0.001 <0.001 <0.001 <0.001 0.01 0.11 <0.001 

61-70 

(27 cases) 

Left 98.0±11.6 224.0±8.5 145.4±17.0 32.6±6.2 82.2±7.5 185.4±16.9 202.6±11.0 

Right 
103.0±10.

6 
228.7±8.7 157.8±18.4 27.6±8.5 81.5±8.7 183.7±16.9 195.9±11.8 

p <0.001 0.002 <0.001 <0.001 0.63 0.061 <0.01 

Bold numbers show significant difference between the two hemispheres. (p<0.05) 
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Table ‎0.3 Statistics table of hemispherical RII susceptibility differences after applying 99% prediction intervals instead of 95%. 

Decade Left/Right (ppb) CN GP PUT THA PT RN SN 

20-30  

(32 cases) 

Left 80.5±7.0 229.5±7.5 89.7±5.8 36.7±3.2 81.7±3.0 151.7±8.6 197.9±14.0 

Right 81.1±6.2 228.0±9.4 91.9±5.9 31.7±3.2 81.1±4.0 146.7±9.3 191.4±15.0 

p 0.44 0.2 <0.01 <0.001 0.35 0.28 0.001 

31-40 

 (38 

cases) 

Left 88.8±7.2 234.2±8.3 110.2±11.1 40.8±6.8 87.2±6.4 163.1±11.2 211.5±12.8 

Right 90.5±7.5 233.1±7.5 115.7±11.3 35.7±6.6 87.3±6.4 162.3±11.5 201.0±11.7 

p 0.12 0.19 <0.001 <0.001 0.97 0.61 <0.001 

41-50 

(32 cases) 

Left 98.6±7.8 239.8±9.0 130.4±11.5 42.0±9.4 92.5±8.6 182.9±13.3 217.6±17.8 

Right 103.8±9.3 242.0±8.2 137.6±12.6 38.7±10.3 92.1±9.1 181.2±12.4 208.6±14.4 

p <0.001 0.01 <0.001 <0.001 0.78 0.34 <0.001 

51-60 

(45 cases) 

Left 105.7±9.3 241.7±7.1 145.4±13.4 40.3±7.8 92.9±7.1 191.2±13.5 223.9±13.2 

Right 110.3±9.5 246.6±7.6 154.7±12.4 35.0±6.9 91.9±7.7 188.3±11.8 212.6±12.6 

p <0.001 <0.001 <0.001 <0.001 0.29 0.09 <0.001 

61-70 

(27 cases) 

Left 113.7±11.3 246.4±9.0 157.8±16.1 38.1±6.9 95.3±6.9 199.0±13.1 221.3±12.9 

Right 117.7±10.1 251.4±8.2 171.2±17.2 34.1±9.1 95.3±9.8 198.7±11.6 215.5±11.3 

p 0.03 0.001 <0.001 <0.001 0.99 0.89 0.04 

Bold numbers show significant difference between the two hemispheres. (p<0.05) 
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Table ‎0.4 Statistics table of hemispherical RII susceptibility differences in each decade separated by gender. 

Decade 
Gender 

(#Cases) 
Hemisphere (ppb) CN GP PUT THA PT RN SN 

20-30 yr 

F(14) 

Left 66.8±4.2 209.5±7.1 75±5.8 33.8±3.7 70±2.2 122.1±10.7 182±9.6 

Right 68.7±3.8 207.1±9.1 77±7.2 27.1±2.8 68±2.7 120.6±8.4 172.8±17.3 

p 0.019 0.153 0.047 <0.001 0.075 0.436 0.014 

M(18) 

Left 70.8±5.3 208.2±6.3 78±5.3 31.4±2.9 69.4±2.5 123.9±9.3 173.8±14.1 

Right 70.6±5.3 205.4±9.1 78.1±4.8 27.5±3.7 68.7±2.7 121.7±7.2 168.1±16.1 

p 0.8 0.058 0.811 <0.001 0.077 0.125 <0.001 

31-40 yr 

F(16) 

Left 76±6.7 212±6.8 96.1±9.5 36.4±7 76.2±8.2 141.5±11.9 190.5±15.5 

Right 78±6.1 210±5.3 98.4±9.4 30.6±6.2 73.6±6.7 138.8±10.2 182.3±15.9 

p 0.079 0.16 0.182 <0.001 0.06 0.199 <0.001 

M(22) 

Left 77.5±6.4 214.3±10.2 97.4±11.3 36.1±6.1 75.4±5.1 140.2±14.6 185.2±15 

Right 78.3±5.8 212.6±7.8 102.5±12.5 31.6±6.9 75.8±6.6 140.4±13.8 176.1±11.8 

p 0.561 0.172 <0.01 <0.001 0.701 0.899 <0.01 

41-50 yr 

F(18) 

Left 84.4±6 216.3±7.9 117±9.7 36.3±10 79.2±10.4 162.7±11.8 194.1±12.1 

Right 88.5±5.5 216.7±9.9 123.9±14.6 32.9±10.6 78.8±10.3 159.2±13.9 184.8±14.1 

p 0.013 0.728 0.021 <0.01 0.789 0.14 <0.001 

M(14) 

Left 89.1±7.2 222.1±11.4 119.6±14.5 39.2±8 81.7±8.1 166.5±15.9 201.8±18.2 

Right 93.8±8.9 223.5±8.8 123.1±12.2 35.7±9 83.2±10 165±16.6 193.7±15.4 

p 0.019 0.257 0.145 0.01 0.214 0.646 <0.01 

51-60 yr 

F(24) 

Left 91.8±5.9 219.3±7.5 128.6±12.2 33.5±6.4 79.3±6.2 174±18.2 199.8±14.5 

Right 96.7±9 223.7±7.5 138.4±12.5 28.4±5.5 77.2±6 171.3±17.3 185±17.5 

p <0.01 <0.01 <0.001 <0.001 <0.01 0.195 <0.001 

M(21) 

Left 95.4±10.2 222±6.5 139.7±15.3 38.3±8.4 83±8.1 170±11.7 203.8±15.1 

Right 99.7±7.4 224±6.7 146.6±14.1 32.7±7.2 81.6±8.1 168.7±12.4 190.7±13 

p 0.026 0.212 <0.001 <0.001 0.09 0.257 <0.001 

61-70 yr 

F(13) 

Left 100.4±9.7 223±7.9 148.9±18.7 32.6±6.9 82.4±8.9 181.4±9.3 204.9±9.9 

Right 103.1±7.5 226.1±7.5 160.1±18.9 28.5±9.9 79.7±8.1 179.6±17.5 197.2±10.5 

p 0.244 0.062 <0.01 <0.01 <0.01 0.558 <0.01 

M(14) 

Left 102.8±11.9 225.7±9.3 143.8±15.3 34.3±6.8 84±7.1 180.8±16.4 198.7±9.7 

Right 107.8±10.9 231.4±8.2 158.3±18 29.8±8.5 85.4±10.4 175.5±11.3 194±12 

p 0.018 <0.01 <0.001 <0.01 0.598 0.183 0.167 

Bold numbers show significant difference between the two hemispheres. (p<0.05) 
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ABSTRACT 

QUANTITATIVE ASSESSMENT OF BRAIN IRON CONTENT AS A 

FUNCTION OF AGE USING MAGNETIC RESONANCE IMAGING 
 

by 

KIARASH GHASSABAN 

August 2016 

Advisor: Prof. E. Mark Haacke 

Major: Biomedical Engineering 

Degree: Master of Science 

As the most abundant transition metal in the brain, iron is known to play a key role in a 

variety of functional and cellular processes. Recent in vivo and post-mortem studies have shown 

that the levels of iron deposition in the brain, particularly in deep gray matter nuclei, vary as a 

function of age. On the other hand, elevated iron has also been associated with some 

neurodegenerative diseases such as Multiple Sclerosis (MS) and Parkinson’s disease (PD) among 

others.  

Magnetic Resonance Imaging (MRI) is a widely used non-invasive and non-ionizing imaging 

modality which is sensitive to magnetic properties of materials through their magnetic 

susceptibilities. This makes it particularly useful in imaging as iron (which is paramagnetic) and 

calcium (which is diamagnetic). Recent developments in magnetic susceptibility mapping have 

made it possible to track iron changes in the brain. In this thesis, Quantitative Susceptibility 

Mapping (QSM) is used to establish a baseline of iron content in the basal ganglia, midbrain, and 
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cerebellar major nuclei as a function of age in healthy controls using both global (whole 3D 

structural region) and regional (high iron content region) analyses. 

In agreement with previous studies, we found that in the global analysis a positive linear 

susceptibility-age correlation was observed in the putamen, caudate nucleus, and red nucleus 

while the susceptibility distributions across the lifespan were quite scattered in the globus 

pallidus, substantia nigra, thalamus, pulvinar thalamus and dentate nucleus. All structures, with 

the exception of the thalamus, showed increasing susceptibility trend as a function of age in the 

whole-region analysis. However, in the high iron content region, strong and considerably less 

scattered correlations were shown between age and magnetic susceptibility in most of the 

structures, except for the thalamus. These sensitive and robust regional susceptibility-age 

correlations have the potential to be utilized as a new baseline to investigate abnormal iron 

content in neurological diseases. 
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