
SUPPLEMENT  

I. Statistical Modeling of Lobe Effects of Resting CBF 

 

We included lobe effects on the three coefficients of nonlinear mixed effect model to test if the change of 

resting gray matter CBF values with age differed significantly among the four lobes. 

The model can be written as follows: 

𝐶𝐵𝐹𝑖𝑗 = 𝛽0 + 𝑏1 ∗ 𝐼(𝑙𝑜𝑏𝑒 = 𝐹𝑟𝑜𝑛𝑡𝑎𝑙) + 𝑏2 ∗ 𝐼(𝑙𝑜𝑏𝑒 = 𝑇𝑒𝑚𝑝𝑜𝑟𝑎𝑙) + 𝑏3 ∗ 𝐼(𝑙𝑜𝑏𝑒 = 𝑃𝑎𝑟𝑖𝑒𝑡𝑎𝑙)

+ (𝛽1 + 𝑏4 ∗ 𝐼(𝑙𝑜𝑏𝑒 = 𝐹𝑟𝑜𝑛𝑡𝑎𝑙) + 𝑏5 ∗ 𝐼(𝑙𝑜𝑏𝑒 = 𝑇𝑒𝑚𝑝𝑜𝑟𝑎𝑙) + 𝑏6

∗  𝐼(𝑙𝑜𝑏𝑒 = 𝑃𝑎𝑟𝑖𝑒𝑡𝑎𝑙))

∗ exp (−𝛽2 ∗ (𝑎𝑔𝑒𝑖𝑗 − 6) − 𝑏7 ∗ 𝐼(𝑙𝑜𝑏𝑒 = 𝐹𝑟𝑜𝑛𝑡𝑎𝑙) ∗ (𝑎𝑔𝑒𝑖𝑗 − 6) − 𝑏8

∗ 𝐼(𝑙𝑜𝑏𝑒 = 𝑇𝑒𝑚𝑝𝑜𝑟𝑎𝑙) ∗ (𝑎𝑔𝑒𝑖𝑗 − 6) − 𝑏9 ∗ 𝐼(𝑙𝑜𝑏𝑒 = 𝑃𝑎𝑟𝑖𝑒𝑡𝑎𝑙) ∗ (𝑎𝑔𝑒𝑖𝑗 − 6))

+ 𝑢𝑖 + 𝑒𝑖𝑗 

𝑤ℎ𝑒𝑟𝑒 𝑢𝑖~𝑁(0, 𝜎𝑢
2), 𝑒𝑖𝑗~𝑁(0, 𝜎𝑒

2)   

and 

      𝐼(𝑙𝑜𝑏𝑒 = 𝐹𝑟𝑜𝑛𝑡𝑎𝑙) = {
1             𝑖𝑓 𝑙𝑜𝑏𝑒 = 𝐹𝑟𝑜𝑛𝑡𝑎𝑙
0                           𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

       𝐼(𝑙𝑜𝑏𝑒 = 𝑇𝑒𝑚𝑝𝑜𝑟𝑎𝑙) = {
1             𝑖𝑓 𝑙𝑜𝑏𝑒 = 𝑇𝑒𝑚𝑝𝑜𝑟𝑎𝑙
0                               𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

       𝐼(𝑙𝑜𝑏𝑒 = 𝑃𝑎𝑟𝑖𝑒𝑡𝑎𝑙) = {
1             𝑖𝑓 𝑙𝑜𝑏𝑒 = 𝑃𝑎𝑟𝑖𝑒𝑡𝑎𝑙
0                             𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

 

 

Coefficients  𝛽0, 𝛽1, 𝑎𝑛𝑑 𝛽2 reflect the mature value, change over the age range (6 to 27 years), and 

exponential rate constant for the occipital lobe.   

Parameters b1 to b3  model the 3 lobe effects on the 𝛽0,  parameters b4 to b6  model the 3 lobe effects on 

the 𝛽1, parameters b7 to b9 model the 3 lobe effects on the 𝛽2 

 

1) When we fit lobe effects on all three coefficients:  𝛽0, 𝛽1, 𝑎𝑛𝑑 𝛽2,   only the Lobe effects on 𝛽0  

are significant (p ≤ 0.0001 for all the lobes), i.e., all the other lobes had significant different 𝛽0 

than occipital lobe,  but 𝛽1 𝑎𝑛𝑑 𝛽2  were not significantly different among the lobes.   

 

2) Since no significant model effects were detected with 𝛽1 𝑎𝑛𝑑 𝛽2 , we dropped the lobe effects on 

𝛽1,  and fitted the model with lobe effects on  𝛽0 𝑎𝑛𝑑 𝛽2 only.  With this reduced model, i.e. 

without parameters b4, b5, and b6, the lobe effects were significant on both coefficients 



𝛽0 𝑎𝑛𝑑 𝛽1 (for 𝛽0,  p < 0.0001 for all the lobes; for 𝛽2, p = 0.0088, p = 0.0273, and p = 0.0001 

for Frontal, Temporal, and Parietal, respectively).   

 

3) Then we dropped the lobe effects parameters on 𝛽2 ,  and fitted the model with lobe effects on  

𝛽0 𝑎𝑛𝑑 𝛽1 only.  With this reduced model, i.e. without parameters b7, b9,  and b9, the lobe 

effects were significant on both coefficients 𝛽0 𝑎𝑛𝑑 𝛽1 (for 𝛽0,  p < 0.0001 for all the lobes;  for 

𝛽2, p = 0.0241, p = 0.0317, and p = 0.0017 for Frontal, Temporal, and Parietal, respectively).   

 

II. Statistical Modeling with Gender Effects 

For the linear mixed-effect age models, the gender effects were added as: 

 

𝑦𝑖𝑗 = 𝛽0 + 𝛽1 ∗ 𝑎𝑔𝑒𝑖𝑗+𝑏1 ∗ 𝑔𝑒𝑛𝑑𝑒𝑟𝑖+𝑏2 ∗ (𝑔𝑒𝑛𝑑𝑒𝑟𝑖 ∗ 𝑎𝑔𝑒𝑖𝑗) + 𝑢𝑖 + 𝑒𝑖𝑗        

 

where gender = 0 (female) or 1 (male),   𝑢𝑖~𝑁(0, 𝜎𝑢
2), 𝑒𝑖𝑗~𝑁(0, 𝜎𝑒

2),  𝑖 denotes the 𝑖𝑡ℎ 

subject and 𝑗 denoted the 𝑗𝑡ℎ  measurement for the 𝑖𝑡ℎ subject.   

 

Coefficients β1 is the age effect; parameter b1 reflects the gender effect, and b2 reflects 

age gender interaction effect.  

 

 

For the nonlinear mixed-effect age models, the gender effects were added as: 

 

𝑦𝑖𝑗 = 𝛽0 + 𝑏0 ∗ 𝑔𝑒𝑛𝑑𝑒𝑟 + (𝛽1 +  𝑏1 ∗ 𝑔𝑒𝑛𝑑𝑒𝑟)

∗ exp(−(𝑎𝑔𝑒𝑖𝑗 − 6)/𝛽2 − 𝑏2 ∗ 𝑔𝑒𝑛𝑑𝑒𝑟 − 𝑏3 ∗ 𝑎𝑔𝑒𝑖𝑗 ∗ 𝑔𝑒𝑛𝑑𝑒𝑟) + 𝑢𝑖

+ 𝑒𝑖𝑗 

 

where gender = 0 (female) or 1 (male),   𝑢𝑖~𝑁(0, 𝜎𝑢
2), 𝑒𝑖𝑗~𝑁(0, 𝜎𝑒

2),  𝑖 denotes the 𝑖𝑡ℎ 

subject and 𝑗 denoted the 𝑗𝑡ℎ  measurement for the 𝑖𝑡ℎ subject.   

 

Coefficients β0, β1, and β2, reflect the mature value, total change over the age range (6 to 

27 years), and exponential rate constant (rate of change per year).  Parameters b0, b1, and 

b2 are the gender effects on β0, β1, and β2; parameter b3 is the age gender interaction 

effect for the model.   

 

 

 

  



III. Estimate of the Coupling Parameter k 

 

A heuristic model (Simon et. al., 2013) links changes in CBF ( f ) to changes in BOLD 

signal ( b ) as:  

  
𝑏(𝑡)−𝑏0

𝑏0
= 𝑀(1 − 𝛼𝑣 − 𝜆) (1 −

𝑓0

𝑓(𝑡)
) = 𝑘(1 −

𝑓0

𝑓(𝑡)
)      

 where M is a scaling factor related to imaging parameters and baseline physiological 

factors; 𝛼𝑣 , is the power law exponent (Grubb’s constant) relating CBV (V) to CBF  (𝑉 = 𝑓𝛼𝑣); 

and 𝜆 is the CMRO2/CBF coupling ratio ( 𝜆 =  
𝛥𝐶𝑀𝑅𝑂2 𝐶𝑀𝑅𝑂20

⁄

𝛥𝐶𝐵𝐹 𝐶𝐵𝐹0⁄
 ) . These 3 unknown parameters 

can be combined into a single factor k, which is an apparent coupling parameter that scales 

BOLD signal to a nonlinear function of CBF change. We estimated the k parameter using the 

complete time courses of CBF and BOLD for each subject and tested age-effects on k with a 

linear mixed-effect model:   

𝑘𝑖𝑗 = 𝛽0 + 𝛽1 ∗ 𝑎𝑔𝑒𝑖𝑗 + 𝑢𝑖 + 𝑒𝑖𝑗 

where 𝑢𝑖~𝑁(0, 𝜎𝑢
2), 𝑒𝑖𝑗~𝑁(0, 𝜎𝑒

2),  𝑖 denoted the 𝑖𝑡ℎ subject and 𝑗 denoted the 𝑗𝑡ℎ  

measurement for the 𝑖𝑡ℎ subject.   

 

 

The estimated k values and its relation to age are plotted below.  



 

 (A)        (B) 

 

 (A) Scatter plot of peak BOLD (%) signal vs. fractional CBF changes. Data were color 

coded to reflect age groups for each participant.  (B) Fitted k values vs. age. No 

significant age effect (p = 0.84) was detected for k. 
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