
Lecture 14 
Spatial Normalization 

and Group Comparisons  
of DTI data
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Registration

1. Rigid Body registration: 6 DOF 
2. Affine registration: 12 DOF
3. Non-linear registration: DOF>12

DOF = “Degrees of Freedom”
The number of independent parameters



Rigid Body Registration

A rigid body in d dimensions has 
d(d + 1)/2 degrees of freedom:

 
d translations 

d(d −1)/2 rotations

Example:
In 3-dimensions,

3 translations (x,y,z)
3 rotations (Euler angles)



Rigid Body Registration

3 translations
(x,y,z)



Rigid Body Registration

3 rotations
(x,y,z)

D� = RDRt



Affine Registration

3 translations
(x,y,z)

3 rotations
(x,y,z)

FSL: http://www.fmrib.ox.ac.uk/fsl

Rigid Body Registration



Affine Registration

3 scalings
(x,y,z)

3 shears
(x,y,z)

FSL: http://www.fmrib.ox.ac.uk/fsl

FSL: FLIRT (affine registration)



Affine Transformation

3 scalings
(x,y,z)

3 shears
(x,y,z)

Shape of region changes, but tissue microstructure doesn’t.
Only the orientation changes, so want that part of the affine transformation



Non-linear Registration

FSL: http://www.fmrib.ox.ac.uk/fsl

Mean FA images are created using non-linear registration



Registration

1. Rigid body transformation  used for intra-
subject registration

2. Affine transformations used for subject-standard 
registration (e.g., Talairach) and for eddy current 
correction

3.  Non-linear transformation used for inter-
subject registration



AFNI’s 3dQwarp



S(W (X)) ⇡ B(X)
<latexit sha1_base64="9m29fj3JRCJznN5Luk8NNBSfICA=">AAACE3icbVDLTgIxFO34RHyNj52bRmICGzJjTNQdwY1LjI6QwIR0Sgca+pi0HSMSfsO1W/0GV8atH+An+BcWmIUCJ7nJ6Tn35vaeKGFUG8/7dpaWV1bX1nMb+c2t7Z1dd2//XstUYRJgyaRqREgTRgUJDDWMNBJFEI8YqUf9q7FffyBKUynuzCAhIUddQWOKkbFS2z28LdaLjVIJtlCSKPkIq/bVdgte2ZsAzhM/IwWQodZ2f1odiVNOhMEMad30vcSEQ6QMxYyM8q1UkwThPuqSpqUCcaLD4eT3I3hilQ6MpbIlDJyofyeGiGs94JHt5Mj09Kw3Fhd6EV8kN1MTX4RDKpLUEIGn++OUQSPhOCHYoYpgwwaWIKyoPQHiHlIIG5tj3mbjzyYxT4LT8mXZuzkrVKpZSDlwBI5BEfjgHFTANaiBAGDwBF7AK3hznp1358P5nLYuOdnMAfgH5+sXMJicPQ==</latexit><latexit sha1_base64="9m29fj3JRCJznN5Luk8NNBSfICA=">AAACE3icbVDLTgIxFO34RHyNj52bRmICGzJjTNQdwY1LjI6QwIR0Sgca+pi0HSMSfsO1W/0GV8atH+An+BcWmIUCJ7nJ6Tn35vaeKGFUG8/7dpaWV1bX1nMb+c2t7Z1dd2//XstUYRJgyaRqREgTRgUJDDWMNBJFEI8YqUf9q7FffyBKUynuzCAhIUddQWOKkbFS2z28LdaLjVIJtlCSKPkIq/bVdgte2ZsAzhM/IwWQodZ2f1odiVNOhMEMad30vcSEQ6QMxYyM8q1UkwThPuqSpqUCcaLD4eT3I3hilQ6MpbIlDJyofyeGiGs94JHt5Mj09Kw3Fhd6EV8kN1MTX4RDKpLUEIGn++OUQSPhOCHYoYpgwwaWIKyoPQHiHlIIG5tj3mbjzyYxT4LT8mXZuzkrVKpZSDlwBI5BEfjgHFTANaiBAGDwBF7AK3hznp1358P5nLYuOdnMAfgH5+sXMJicPQ==</latexit><latexit sha1_base64="9m29fj3JRCJznN5Luk8NNBSfICA=">AAACE3icbVDLTgIxFO34RHyNj52bRmICGzJjTNQdwY1LjI6QwIR0Sgca+pi0HSMSfsO1W/0GV8atH+An+BcWmIUCJ7nJ6Tn35vaeKGFUG8/7dpaWV1bX1nMb+c2t7Z1dd2//XstUYRJgyaRqREgTRgUJDDWMNBJFEI8YqUf9q7FffyBKUynuzCAhIUddQWOKkbFS2z28LdaLjVIJtlCSKPkIq/bVdgte2ZsAzhM/IwWQodZ2f1odiVNOhMEMad30vcSEQ6QMxYyM8q1UkwThPuqSpqUCcaLD4eT3I3hilQ6MpbIlDJyofyeGiGs94JHt5Mj09Kw3Fhd6EV8kN1MTX4RDKpLUEIGn++OUQSPhOCHYoYpgwwaWIKyoPQHiHlIIG5tj3mbjzyYxT4LT8mXZuzkrVKpZSDlwBI5BEfjgHFTANaiBAGDwBF7AK3hznp1358P5nLYuOdnMAfgH5+sXMJicPQ==</latexit>

S(x) = source image

<latexit sha1_base64="FWKgMdHXxPxr8QS4HXmrn6xdez4=">AAACGXicbVDLSgMxFM3UV62vUXe6CRahbspUBHUhFN24rOjYQjuUTJqxoXkMSUZahoIf4tqtfoMrcevKT/AvTNtZaNsDgcM5595wTxgzqo3nfTu5hcWl5ZX8amFtfWNzy93eudcyUZj4WDKpGiHShFFBfEMNI41YEcRDRuph72rk1x+J0lSKOzOIScDRg6ARxchYqe3u3Zb6R/ACtngo++lkLaQ2RIZtt+iVvTHgLKlkpAgy1NruT6sjccKJMJghrZsVLzZBipShmJFhoZVoEiPcs8ublgrEiQ7S8Q1DeGiVDoyksk8YOFb/TqSIaz3goU1yZLp62huJc72Qz5ObiYnOgpSKODFE4Mn/UcKgkXDUE+xQRbBhA0sQVtSeAHEXKYSNbbNgu6lMNzFL/OPyedm7OSlWL7OS8mAfHIASqIBTUAXXoAZ8gMETeAGv4M15dt6dD+dzEs052cwu+Afn6xf9eKAL</latexit><latexit sha1_base64="FWKgMdHXxPxr8QS4HXmrn6xdez4=">AAACGXicbVDLSgMxFM3UV62vUXe6CRahbspUBHUhFN24rOjYQjuUTJqxoXkMSUZahoIf4tqtfoMrcevKT/AvTNtZaNsDgcM5595wTxgzqo3nfTu5hcWl5ZX8amFtfWNzy93eudcyUZj4WDKpGiHShFFBfEMNI41YEcRDRuph72rk1x+J0lSKOzOIScDRg6ARxchYqe3u3Zb6R/ACtngo++lkLaQ2RIZtt+iVvTHgLKlkpAgy1NruT6sjccKJMJghrZsVLzZBipShmJFhoZVoEiPcs8ublgrEiQ7S8Q1DeGiVDoyksk8YOFb/TqSIaz3goU1yZLp62huJc72Qz5ObiYnOgpSKODFE4Mn/UcKgkXDUE+xQRbBhA0sQVtSeAHEXKYSNbbNgu6lMNzFL/OPyedm7OSlWL7OS8mAfHIASqIBTUAXXoAZ8gMETeAGv4M15dt6dD+dzEs052cwu+Afn6xf9eKAL</latexit><latexit sha1_base64="FWKgMdHXxPxr8QS4HXmrn6xdez4=">AAACGXicbVDLSgMxFM3UV62vUXe6CRahbspUBHUhFN24rOjYQjuUTJqxoXkMSUZahoIf4tqtfoMrcevKT/AvTNtZaNsDgcM5595wTxgzqo3nfTu5hcWl5ZX8amFtfWNzy93eudcyUZj4WDKpGiHShFFBfEMNI41YEcRDRuph72rk1x+J0lSKOzOIScDRg6ARxchYqe3u3Zb6R/ACtngo++lkLaQ2RIZtt+iVvTHgLKlkpAgy1NruT6sjccKJMJghrZsVLzZBipShmJFhoZVoEiPcs8ublgrEiQ7S8Q1DeGiVDoyksk8YOFb/TqSIaz3goU1yZLp62huJc72Qz5ObiYnOgpSKODFE4Mn/UcKgkXDUE+xQRbBhA0sQVtSeAHEXKYSNbbNgu6lMNzFL/OPyedm7OSlWL7OS8mAfHIASqIBTUAXXoAZ8gMETeAGv4M15dt6dD+dzEs052cwu+Afn6xf9eKAL</latexit>

B(x) = base image
<latexit sha1_base64="H/k3RY9PIZweFZdXMnNAaxGcx4E=">AAACF3icbVDNSgMxGMzWv1r/Vr0IXoJFqJeyK4J6EEq9eKzg2kK7lGyataHJZkmy0rLUB/HsVZ/Bk3j16CP4FmbbPWjbgcAwM98XvgliRpV2nG+rsLS8srpWXC9tbG5t79i7e/dKJBITDwsmZCtAijAaEU9TzUgrlgTxgJFmMLjO/OYjkYqK6E6PYuJz9BDRkGKkjdS1D+qV4Qm8gh0eiGGabYLURMi4a5edqjMBnCduTsogR6Nr/3R6AiecRBozpFTbdWLtp0hqihkZlzqJIjHCA7O8bWiEOFF+OrlgDI+N0oOhkOZFGk7UvxMp4kqNeGCSHOm+mvUycaEX8EVyO9HhhZ/SKE40ifD0/zBhUAuYtQR7VBKs2cgQhCU1J0DcRxJhbbosmW7c2SbmiXdavaw6t2flWj0vqQgOwRGoABecgxq4AQ3gAQyewAt4BW/Ws/VufVif02jBymf2wT9YX7/4wZ7w</latexit><latexit sha1_base64="H/k3RY9PIZweFZdXMnNAaxGcx4E=">AAACF3icbVDNSgMxGMzWv1r/Vr0IXoJFqJeyK4J6EEq9eKzg2kK7lGyataHJZkmy0rLUB/HsVZ/Bk3j16CP4FmbbPWjbgcAwM98XvgliRpV2nG+rsLS8srpWXC9tbG5t79i7e/dKJBITDwsmZCtAijAaEU9TzUgrlgTxgJFmMLjO/OYjkYqK6E6PYuJz9BDRkGKkjdS1D+qV4Qm8gh0eiGGabYLURMi4a5edqjMBnCduTsogR6Nr/3R6AiecRBozpFTbdWLtp0hqihkZlzqJIjHCA7O8bWiEOFF+OrlgDI+N0oOhkOZFGk7UvxMp4kqNeGCSHOm+mvUycaEX8EVyO9HhhZ/SKE40ifD0/zBhUAuYtQR7VBKs2cgQhCU1J0DcRxJhbbosmW7c2SbmiXdavaw6t2flWj0vqQgOwRGoABecgxq4AQ3gAQyewAt4BW/Ws/VufVif02jBymf2wT9YX7/4wZ7w</latexit><latexit sha1_base64="H/k3RY9PIZweFZdXMnNAaxGcx4E=">AAACF3icbVDNSgMxGMzWv1r/Vr0IXoJFqJeyK4J6EEq9eKzg2kK7lGyataHJZkmy0rLUB/HsVZ/Bk3j16CP4FmbbPWjbgcAwM98XvgliRpV2nG+rsLS8srpWXC9tbG5t79i7e/dKJBITDwsmZCtAijAaEU9TzUgrlgTxgJFmMLjO/OYjkYqK6E6PYuJz9BDRkGKkjdS1D+qV4Qm8gh0eiGGabYLURMi4a5edqjMBnCduTsogR6Nr/3R6AiecRBozpFTbdWLtp0hqihkZlzqJIjHCA7O8bWiEOFF+OrlgDI+N0oOhkOZFGk7UvxMp4kqNeGCSHOm+mvUycaEX8EVyO9HhhZ/SKE40ifD0/zBhUAuYtQR7VBKs2cgQhCU1J0DcRxJhbbosmW7c2SbmiXdavaw6t2flWj0vqQgOwRGoABecgxq4AQ3gAQyewAt4BW/Ws/VufVif02jBymf2wT9YX7/4wZ7w</latexit>

W (x) = warp function

<latexit sha1_base64="9n+j6GUuSo6pkV+sZzN0MxTt0Mk=">AAACGnicbZDNSgMxFIUz/tb6N+qym2AR6qbMiKAuhKIblxUcW2iHkkkzbWiSGZKMtgxd+CCu3eozuBK3bnwE38JMOwtteyDwcc69hHuCmFGlHefbWlpeWV1bL2wUN7e2d3btvf17FSUSEw9HLJLNACnCqCCeppqRZiwJ4gEjjWBwneWNByIVjcSdHsXE56gnaEgx0sbq2KVGZXgML2GbB9EwfUQyhmEicBaOO3bZqToTwXlwcyiDXPWO/dPuRjjhRGjMkFIt14m1nyKpKWZkXGwnisQID1CPtAwKxIny08kRY3hknC4MI2me0HDi/t1IEVdqxAMzyZHuq9ksMxdmAV9ktxIdnvspFXGiicDT/8OEQR3BrCjYpZJgzUYGEJbUnABxH0mEtamzaLpxZ5uYB++kelF1bk/Ltau8pAIogUNQAS44AzVwA+rAAxg8gRfwCt6sZ+vd+rA+p6NLVr5zAP7J+voFEtqgpQ==</latexit><latexit sha1_base64="9n+j6GUuSo6pkV+sZzN0MxTt0Mk=">AAACGnicbZDNSgMxFIUz/tb6N+qym2AR6qbMiKAuhKIblxUcW2iHkkkzbWiSGZKMtgxd+CCu3eozuBK3bnwE38JMOwtteyDwcc69hHuCmFGlHefbWlpeWV1bL2wUN7e2d3btvf17FSUSEw9HLJLNACnCqCCeppqRZiwJ4gEjjWBwneWNByIVjcSdHsXE56gnaEgx0sbq2KVGZXgML2GbB9EwfUQyhmEicBaOO3bZqToTwXlwcyiDXPWO/dPuRjjhRGjMkFIt14m1nyKpKWZkXGwnisQID1CPtAwKxIny08kRY3hknC4MI2me0HDi/t1IEVdqxAMzyZHuq9ksMxdmAV9ktxIdnvspFXGiicDT/8OEQR3BrCjYpZJgzUYGEJbUnABxH0mEtamzaLpxZ5uYB++kelF1bk/Ltau8pAIogUNQAS44AzVwA+rAAxg8gRfwCt6sZ+vd+rA+p6NLVr5zAP7J+voFEtqgpQ==</latexit><latexit sha1_base64="9n+j6GUuSo6pkV+sZzN0MxTt0Mk=">AAACGnicbZDNSgMxFIUz/tb6N+qym2AR6qbMiKAuhKIblxUcW2iHkkkzbWiSGZKMtgxd+CCu3eozuBK3bnwE38JMOwtteyDwcc69hHuCmFGlHefbWlpeWV1bL2wUN7e2d3btvf17FSUSEw9HLJLNACnCqCCeppqRZiwJ4gEjjWBwneWNByIVjcSdHsXE56gnaEgx0sbq2KVGZXgML2GbB9EwfUQyhmEicBaOO3bZqToTwXlwcyiDXPWO/dPuRjjhRGjMkFIt14m1nyKpKWZkXGwnisQID1CPtAwKxIny08kRY3hknC4MI2me0HDi/t1IEVdqxAMzyZHuq9ksMxdmAV9ktxIdnvspFXGiicDT/8OEQR3BrCjYpZJgzUYGEJbUnABxH0mEtamzaLpxZ5uYB++kelF1bk/Ltau8pAIogUNQAS44AzVwA+rAAxg8gRfwCt6sZ+vd+rA+p6NLVr5zAP7J+voFEtqgpQ==</latexit>

AFNI’s 3dQwarp



AFNI’s 3dAllineate

W (x) = Mx

<latexit sha1_base64="DnJDq+8abGkL1EkUkeIy376rx5Q=">AAACEnicbVDLSsNAFJ3UV62vaJduBotQNyUVQV0IRTduhArGFtpQJtNJO3RmEmYm0hD6Ga7d6je4Erf+gJ/gXzhps9C2By4czrmXe+/xI0aVdpxvq7Cyura+UdwsbW3v7O7Z+wePKowlJi4OWSjbPlKEUUFcTTUj7UgSxH1GWv7oJvNbT0QqGooHnUTE42ggaEAx0kbq2eVWdXwCr2CXIz30g/RuAsc9u+LUnCngIqnnpAJyNHv2T7cf4pgToTFDSnXqTqS9FElNMSOTUjdWJEJ4hAakY6hAnCgvnR4/gcdG6cMglKaEhlP170SKuFIJ901ndqOa9zJxqefzZXIn1sGFl1IRxZoIPNsfxAzqEGYBwT6VBGuWGIKwpOYFiIdIIqxNjCWTTX0+iUXintYua879WaVxnYdUBIfgCFRBHZyDBrgFTeACDBLwAl7Bm/VsvVsf1uestWDlM2XwD9bXL9sWnLY=</latexit><latexit sha1_base64="DnJDq+8abGkL1EkUkeIy376rx5Q=">AAACEnicbVDLSsNAFJ3UV62vaJduBotQNyUVQV0IRTduhArGFtpQJtNJO3RmEmYm0hD6Ga7d6je4Erf+gJ/gXzhps9C2By4czrmXe+/xI0aVdpxvq7Cyura+UdwsbW3v7O7Z+wePKowlJi4OWSjbPlKEUUFcTTUj7UgSxH1GWv7oJvNbT0QqGooHnUTE42ggaEAx0kbq2eVWdXwCr2CXIz30g/RuAsc9u+LUnCngIqnnpAJyNHv2T7cf4pgToTFDSnXqTqS9FElNMSOTUjdWJEJ4hAakY6hAnCgvnR4/gcdG6cMglKaEhlP170SKuFIJ901ndqOa9zJxqefzZXIn1sGFl1IRxZoIPNsfxAzqEGYBwT6VBGuWGIKwpOYFiIdIIqxNjCWTTX0+iUXintYua879WaVxnYdUBIfgCFRBHZyDBrgFTeACDBLwAl7Bm/VsvVsf1uestWDlM2XwD9bXL9sWnLY=</latexit><latexit sha1_base64="DnJDq+8abGkL1EkUkeIy376rx5Q=">AAACEnicbVDLSsNAFJ3UV62vaJduBotQNyUVQV0IRTduhArGFtpQJtNJO3RmEmYm0hD6Ga7d6je4Erf+gJ/gXzhps9C2By4czrmXe+/xI0aVdpxvq7Cyura+UdwsbW3v7O7Z+wePKowlJi4OWSjbPlKEUUFcTTUj7UgSxH1GWv7oJvNbT0QqGooHnUTE42ggaEAx0kbq2eVWdXwCr2CXIz30g/RuAsc9u+LUnCngIqnnpAJyNHv2T7cf4pgToTFDSnXqTqS9FElNMSOTUjdWJEJ4hAakY6hAnCgvnR4/gcdG6cMglKaEhlP170SKuFIJ901ndqOa9zJxqefzZXIn1sGFl1IRxZoIPNsfxAzqEGYBwT6VBGuWGIKwpOYFiIdIIqxNjCWTTX0+iUXintYua879WaVxnYdUBIfgCFRBHZyDBrgFTeACDBLwAl7Bm/VsvVsf1uestWDlM2XwD9bXL9sWnLY=</latexit>

M = 4⇥ 3 matrix

<latexit sha1_base64="ViQWT9DNt9dgLsriiHRcMnPeff0=">AAACKXicbVDLSsNAFJ3UV62vqEs3g0UQKSXVgroQim7cCBWMLTShTKaTduhMEmYm0hLyD36Ia7f6Da7UrSv/wkmbhbYeuHA451wu93gRo1JZ1odRWFhcWl4prpbW1jc2t8ztnXsZxgITG4csFG0PScJoQGxFFSPtSBDEPUZa3vAq81sPREgaBndqHBGXo35AfYqR0lLXPHI4UgPPT25SeAHr0FGUEwlPoFNxKtDhXjhKdELQUdo1y1bVmgDOk1pOyiBHs2t+O70Qx5wECjMkZadmRcpNkFAUM5KWnFiSCOEh6pOOpgHSl91k8lMKD7TSg34o9AQKTtTfGwniUo65p5PZB3LWy8R/PY//J3di5Z+5CQ2iWJEAT+/7MYMqhFlvsEcFwYqNNUFYUP0CxAMkEFa63ZLupjbbxDyxj6vnVeu2Xm5c5iUVwR7YB4egBk5BA1yDJrABBo/gGbyAV+PJeDPejc9ptGDkO7vgD4yvH4iypfg=</latexit><latexit sha1_base64="ViQWT9DNt9dgLsriiHRcMnPeff0=">AAACKXicbVDLSsNAFJ3UV62vqEs3g0UQKSXVgroQim7cCBWMLTShTKaTduhMEmYm0hLyD36Ia7f6Da7UrSv/wkmbhbYeuHA451wu93gRo1JZ1odRWFhcWl4prpbW1jc2t8ztnXsZxgITG4csFG0PScJoQGxFFSPtSBDEPUZa3vAq81sPREgaBndqHBGXo35AfYqR0lLXPHI4UgPPT25SeAHr0FGUEwlPoFNxKtDhXjhKdELQUdo1y1bVmgDOk1pOyiBHs2t+O70Qx5wECjMkZadmRcpNkFAUM5KWnFiSCOEh6pOOpgHSl91k8lMKD7TSg34o9AQKTtTfGwniUo65p5PZB3LWy8R/PY//J3di5Z+5CQ2iWJEAT+/7MYMqhFlvsEcFwYqNNUFYUP0CxAMkEFa63ZLupjbbxDyxj6vnVeu2Xm5c5iUVwR7YB4egBk5BA1yDJrABBo/gGbyAV+PJeDPejc9ptGDkO7vgD4yvH4iypfg=</latexit><latexit sha1_base64="ViQWT9DNt9dgLsriiHRcMnPeff0=">AAACKXicbVDLSsNAFJ3UV62vqEs3g0UQKSXVgroQim7cCBWMLTShTKaTduhMEmYm0hLyD36Ia7f6Da7UrSv/wkmbhbYeuHA451wu93gRo1JZ1odRWFhcWl4prpbW1jc2t8ztnXsZxgITG4csFG0PScJoQGxFFSPtSBDEPUZa3vAq81sPREgaBndqHBGXo35AfYqR0lLXPHI4UgPPT25SeAHr0FGUEwlPoFNxKtDhXjhKdELQUdo1y1bVmgDOk1pOyiBHs2t+O70Qx5wECjMkZadmRcpNkFAUM5KWnFiSCOEh6pOOpgHSl91k8lMKD7TSg34o9AQKTtTfGwniUo65p5PZB3LWy8R/PY//J3di5Z+5CQ2iWJEAT+/7MYMqhFlvsEcFwYqNNUFYUP0CxAMkEFa63ZLupjbbxDyxj6vnVeu2Xm5c5iUVwR7YB4egBk5BA1yDJrABBo/gGbyAV+PJeDPejc9ptGDkO7vgD4yvH4iypfg=</latexit>

M has 12 parameters to optimize

<latexit sha1_base64="Cek3El9cirB8bs8sGkDKOZ932Ls="></latexit><latexit sha1_base64="Cek3El9cirB8bs8sGkDKOZ932Ls="></latexit><latexit sha1_base64="Cek3El9cirB8bs8sGkDKOZ932Ls="></latexit>



AFNI’s 3dQwarp

W (x) = W1(W2(. . .Wn�1(Wn))) . . .))
<latexit sha1_base64="Yr/OD/KWmMfgZL2tNDh6LQI30OM=">AAACMnicbZDNSsNAFIUn9a/Wv6hLN4NFSBaWpArqQii6cVnBmEJbymQ6bYdOJmFmIpaQB/FBXLvVRxBX4krwIZy0XWjbCzMcvnMvl3uCmFGpHOfdKCwtr6yuFddLG5tb2zvm7t69jBKBiYcjFolGgCRhlBNPUcVIIxYEhQEjfjC8zn3/gQhJI36nRjFph6jPaY9ipDTqmCe+9WjDS+h3Ujez9F/NrBbrRkrmiB9PIM9s24YTbtsds+xUnHHBeeFORRlMq94xv1vdCCch4QozJGXTdWLVTpFQFDOSlVqJJDHCQ9QnTS05Colsp+PjMnikSRf2IqEfV3BM/06kKJRyFAa6M0RqIGe9HC70gnARbiaqd95OKY8TRTie7O8lDKoI5gHCLhUEKzbSAmFB9QkQD5BAWOmYSzobdzaJeeFVKxcV5/a0XLuahlQEB+AQWMAFZ6AGbkAdeACDJ/ACXsGb8Wx8GJ/G16S1YExn9sG/Mn5+AT9LqCk=</latexit><latexit sha1_base64="Yr/OD/KWmMfgZL2tNDh6LQI30OM=">AAACMnicbZDNSsNAFIUn9a/Wv6hLN4NFSBaWpArqQii6cVnBmEJbymQ6bYdOJmFmIpaQB/FBXLvVRxBX4krwIZy0XWjbCzMcvnMvl3uCmFGpHOfdKCwtr6yuFddLG5tb2zvm7t69jBKBiYcjFolGgCRhlBNPUcVIIxYEhQEjfjC8zn3/gQhJI36nRjFph6jPaY9ipDTqmCe+9WjDS+h3Ujez9F/NrBbrRkrmiB9PIM9s24YTbtsds+xUnHHBeeFORRlMq94xv1vdCCch4QozJGXTdWLVTpFQFDOSlVqJJDHCQ9QnTS05Colsp+PjMnikSRf2IqEfV3BM/06kKJRyFAa6M0RqIGe9HC70gnARbiaqd95OKY8TRTie7O8lDKoI5gHCLhUEKzbSAmFB9QkQD5BAWOmYSzobdzaJeeFVKxcV5/a0XLuahlQEB+AQWMAFZ6AGbkAdeACDJ/ACXsGb8Wx8GJ/G16S1YExn9sG/Mn5+AT9LqCk=</latexit><latexit sha1_base64="Yr/OD/KWmMfgZL2tNDh6LQI30OM=">AAACMnicbZDNSsNAFIUn9a/Wv6hLN4NFSBaWpArqQii6cVnBmEJbymQ6bYdOJmFmIpaQB/FBXLvVRxBX4krwIZy0XWjbCzMcvnMvl3uCmFGpHOfdKCwtr6yuFddLG5tb2zvm7t69jBKBiYcjFolGgCRhlBNPUcVIIxYEhQEjfjC8zn3/gQhJI36nRjFph6jPaY9ipDTqmCe+9WjDS+h3Ujez9F/NrBbrRkrmiB9PIM9s24YTbtsds+xUnHHBeeFORRlMq94xv1vdCCch4QozJGXTdWLVTpFQFDOSlVqJJDHCQ9QnTS05Colsp+PjMnikSRf2IqEfV3BM/06kKJRyFAa6M0RqIGe9HC70gnARbiaqd95OKY8TRTie7O8lDKoI5gHCLhUEKzbSAmFB9QkQD5BAWOmYSzobdzaJeeFVKxcV5/a0XLuahlQEB+AQWMAFZ6AGbkAdeACDJ/ACXsGb8Wx8GJ/G16S1YExn9sG/Mn5+AT9LqCk=</latexit>

- Each Wk(x) a polynomial warp over a “patch”

<latexit sha1_base64="k90qAccWH29jkPcIoL317YZFDuE="></latexit><latexit sha1_base64="k90qAccWH29jkPcIoL317YZFDuE="></latexit><latexit sha1_base64="k90qAccWH29jkPcIoL317YZFDuE="></latexit>

- Patches start with big W1(x) and shrink
<latexit sha1_base64="8D/zMJy9hppPxkPfdwDmwqNbrQI=">AAACLnicbVC7TgJBFJ3FF+ILtbSZCCZYiLs0ake0scREhAQImR0GdsLs7Gbmrko2fIYfYm2r32AsjK3+hbOwhQInucnJOffm5B43FFyDbX9YmaXlldW17HpuY3Nreye/u3eng0hRVqeBCFTTJZoJLlkdOAjWDBUjvitYwx1eJX7jninNA3kLo5B1fDKQvM8pASN186cnuEaAekxjDUQBfuDgYZcPcLHRjZ1x6fG4iInsYe0pLoe5br5gl+0J8DxxUlJAKWrd/E+7F9DIZxKoIFq3HDuETmyiOBVsnGtHmoWEDsmAtQyVxGe6E08eG+Mjo/RwP1BmJOCJ+vciJr7WI981mz4BT896ibjQc/1FciuC/nkn5jKMgEk6ze9HAkOAk/JwjytGQYwMIVRx8wKmHlGEgqk46caZbWKe1Cvli7J9UylUL9OSsugAHaISctAZqqJrVEN1RNETekGv6M16tt6tT+trupqx0pt99A/W9y83G6cx</latexit><latexit sha1_base64="8D/zMJy9hppPxkPfdwDmwqNbrQI=">AAACLnicbVC7TgJBFJ3FF+ILtbSZCCZYiLs0ake0scREhAQImR0GdsLs7Gbmrko2fIYfYm2r32AsjK3+hbOwhQInucnJOffm5B43FFyDbX9YmaXlldW17HpuY3Nreye/u3eng0hRVqeBCFTTJZoJLlkdOAjWDBUjvitYwx1eJX7jninNA3kLo5B1fDKQvM8pASN186cnuEaAekxjDUQBfuDgYZcPcLHRjZ1x6fG4iInsYe0pLoe5br5gl+0J8DxxUlJAKWrd/E+7F9DIZxKoIFq3HDuETmyiOBVsnGtHmoWEDsmAtQyVxGe6E08eG+Mjo/RwP1BmJOCJ+vciJr7WI981mz4BT896ibjQc/1FciuC/nkn5jKMgEk6ze9HAkOAk/JwjytGQYwMIVRx8wKmHlGEgqk46caZbWKe1Cvli7J9UylUL9OSsugAHaISctAZqqJrVEN1RNETekGv6M16tt6tT+trupqx0pt99A/W9y83G6cx</latexit><latexit sha1_base64="8D/zMJy9hppPxkPfdwDmwqNbrQI=">AAACLnicbVC7TgJBFJ3FF+ILtbSZCCZYiLs0ake0scREhAQImR0GdsLs7Gbmrko2fIYfYm2r32AsjK3+hbOwhQInucnJOffm5B43FFyDbX9YmaXlldW17HpuY3Nreye/u3eng0hRVqeBCFTTJZoJLlkdOAjWDBUjvitYwx1eJX7jninNA3kLo5B1fDKQvM8pASN186cnuEaAekxjDUQBfuDgYZcPcLHRjZ1x6fG4iInsYe0pLoe5br5gl+0J8DxxUlJAKWrd/E+7F9DIZxKoIFq3HDuETmyiOBVsnGtHmoWEDsmAtQyVxGe6E08eG+Mjo/RwP1BmJOCJ+vciJr7WI981mz4BT896ibjQc/1FciuC/nkn5jKMgEk6ze9HAkOAk/JwjytGQYwMIVRx8wKmHlGEgqk46caZbWKe1Cvli7J9UylUL9OSsugAHaISctAZqqJrVEN1RNETekGv6M16tt6tT+trupqx0pt99A/W9y83G6cx</latexit>

- Cubic patch = 24 parameters ; Quintic = 81 params
<latexit sha1_base64="ee4T4KBl/Gwie1Aef4Vuhz0kXlo=">AAACNHicbZDLSgMxFIYzXmu9jbp0EyyCG8tMUaxIodiNyxYcW2iHkknTNjSTGXIRytAn8UFcu9UncOFKXLjxGcy0s9C2BwI//39OTvIFMaNSOc67tbK6tr6xmdvKb+/s7u3bB4cPMtICEw9HLBKtAEnCKCeeooqRViwICgNGmsGolubNRyIkjfi9GsfED9GA0z7FSBmra1+ew5oOKIYxUngIK7B0YaRAIVFmCt7AhqZcmbwCy+4skTDftQtO0ZkWXBRuJgogq3rX/u70IqxDwhVmSMq268TKT5AwVzMyyXe0JDHCIzQgbSO52S/9ZPq9CTw1Tg/2I2EOV3Dq/p1IzJvkOAxMZ4jUUM5nqbk0C8JldlurftlPKI+1IhzP9vc1gyqCKULYo4JgxcZGICxoSgcPDRmcIkvZuPMkFoVXKl4XnUapUL3NIOXAMTgBZ8AFV6AK7kAdeACDJ/ACXsGb9Wx9WJ/W16x1xcpmjsC/sn5+Ae34qGY=</latexit><latexit sha1_base64="ee4T4KBl/Gwie1Aef4Vuhz0kXlo=">AAACNHicbZDLSgMxFIYzXmu9jbp0EyyCG8tMUaxIodiNyxYcW2iHkknTNjSTGXIRytAn8UFcu9UncOFKXLjxGcy0s9C2BwI//39OTvIFMaNSOc67tbK6tr6xmdvKb+/s7u3bB4cPMtICEw9HLBKtAEnCKCeeooqRViwICgNGmsGolubNRyIkjfi9GsfED9GA0z7FSBmra1+ew5oOKIYxUngIK7B0YaRAIVFmCt7AhqZcmbwCy+4skTDftQtO0ZkWXBRuJgogq3rX/u70IqxDwhVmSMq268TKT5AwVzMyyXe0JDHCIzQgbSO52S/9ZPq9CTw1Tg/2I2EOV3Dq/p1IzJvkOAxMZ4jUUM5nqbk0C8JldlurftlPKI+1IhzP9vc1gyqCKULYo4JgxcZGICxoSgcPDRmcIkvZuPMkFoVXKl4XnUapUL3NIOXAMTgBZ8AFV6AK7kAdeACDJ/ACXsGb9Wx9WJ/W16x1xcpmjsC/sn5+Ae34qGY=</latexit><latexit sha1_base64="ee4T4KBl/Gwie1Aef4Vuhz0kXlo=">AAACNHicbZDLSgMxFIYzXmu9jbp0EyyCG8tMUaxIodiNyxYcW2iHkknTNjSTGXIRytAn8UFcu9UncOFKXLjxGcy0s9C2BwI//39OTvIFMaNSOc67tbK6tr6xmdvKb+/s7u3bB4cPMtICEw9HLBKtAEnCKCeeooqRViwICgNGmsGolubNRyIkjfi9GsfED9GA0z7FSBmra1+ew5oOKIYxUngIK7B0YaRAIVFmCt7AhqZcmbwCy+4skTDftQtO0ZkWXBRuJgogq3rX/u70IqxDwhVmSMq268TKT5AwVzMyyXe0JDHCIzQgbSO52S/9ZPq9CTw1Tg/2I2EOV3Dq/p1IzJvkOAxMZ4jUUM5nqbk0C8JldlurftlPKI+1IhzP9vc1gyqCKULYo4JgxcZGICxoSgcPDRmcIkvZuPMkFoVXKl4XnUapUL3NIOXAMTgBZ8AFV6AK7kAdeACDJ/ACXsGb9Wx9WJ/W16x1xcpmjsC/sn5+Ae34qGY=</latexit>

- By the end, 1000’s of parameters have been used

<latexit sha1_base64="s6BssE7PIpV9fjPIJpTjnDc2IgM=">AAACMnicbVDLSgMxFM34rPVVdenmYhFdaMnUhbordeOygrVCW0omvdOGZjJDkhFK8UP8ENdu9RPElbgS/AgzbRdaPRA4nHNPLvcEiRTGUvrqzc0vLC4t51byq2vrG5uFre0bE6eaY53HMta3ATMohcK6FVbibaKRRYHERjC4yPzGHWojYnVthwm2I9ZTIhScWSd1CifHUB2C7SOg6h6BTyk9MBCHkDDNIrQuCn12hxAgKkgNdiHfKRRpiY4Bf4k/JUUyRa1T+Gx1Y55GqCyXzJimTxPbHjFtBZd4n2+5fxPGB6yHTUeVW2zao/Fx97A/XhrG2j1lYaz+TIxYZMwwCtxkxGzfzHqZ+K8XRP/JzdSGZ+2RUElqUfHJ/jCVYGPICoSu0MitHDrCuBbuBOB9VxbPusq68Web+Evq5dJ5iV6Vi5XqtKQc2SV75JD45JRUyCWpkTrh5IE8kWfy4j16b9679zEZnfOmmR3yC97XN6mDp9U=</latexit><latexit sha1_base64="s6BssE7PIpV9fjPIJpTjnDc2IgM=">AAACMnicbVDLSgMxFM34rPVVdenmYhFdaMnUhbordeOygrVCW0omvdOGZjJDkhFK8UP8ENdu9RPElbgS/AgzbRdaPRA4nHNPLvcEiRTGUvrqzc0vLC4t51byq2vrG5uFre0bE6eaY53HMta3ATMohcK6FVbibaKRRYHERjC4yPzGHWojYnVthwm2I9ZTIhScWSd1CifHUB2C7SOg6h6BTyk9MBCHkDDNIrQuCn12hxAgKkgNdiHfKRRpiY4Bf4k/JUUyRa1T+Gx1Y55GqCyXzJimTxPbHjFtBZd4n2+5fxPGB6yHTUeVW2zao/Fx97A/XhrG2j1lYaz+TIxYZMwwCtxkxGzfzHqZ+K8XRP/JzdSGZ+2RUElqUfHJ/jCVYGPICoSu0MitHDrCuBbuBOB9VxbPusq68Web+Evq5dJ5iV6Vi5XqtKQc2SV75JD45JRUyCWpkTrh5IE8kWfy4j16b9679zEZnfOmmR3yC97XN6mDp9U=</latexit><latexit sha1_base64="s6BssE7PIpV9fjPIJpTjnDc2IgM=">AAACMnicbVDLSgMxFM34rPVVdenmYhFdaMnUhbordeOygrVCW0omvdOGZjJDkhFK8UP8ENdu9RPElbgS/AgzbRdaPRA4nHNPLvcEiRTGUvrqzc0vLC4t51byq2vrG5uFre0bE6eaY53HMta3ATMohcK6FVbibaKRRYHERjC4yPzGHWojYnVthwm2I9ZTIhScWSd1CifHUB2C7SOg6h6BTyk9MBCHkDDNIrQuCn12hxAgKkgNdiHfKRRpiY4Bf4k/JUUyRa1T+Gx1Y55GqCyXzJimTxPbHjFtBZd4n2+5fxPGB6yHTUeVW2zao/Fx97A/XhrG2j1lYaz+TIxYZMwwCtxkxGzfzHqZ+K8XRP/JzdSGZ+2RUElqUfHJ/jCVYGPICoSu0MitHDrCuBbuBOB9VxbPusq68Web+Evq5dJ5iV6Vi5XqtKQc2SV75JD45JRUyCWpkTrh5IE8kWfy4j16b9679zEZnfOmmR3yC97XN6mDp9U=</latexit>



AFNI’s 3dQwarp
Pros and Cons

•Nonlinear warping can match anatomical 
structures between subjects more closely 
than linear transformation

• Can also be used for intra-subject 
warping for high accuracy matching (e.g., 
pre- and post-surgery) 

Pros:



AFNI’s 3dQwarp
Pros and Cons

• Nonlinear warping can seriously distort 
when it tries to match in regions that don’t 
really “fit together” (e.g., 2 gyri in one 
person, 1 gyrus in another) 

• Extraneous small features can drive 
warping in strange ways (unlike linear 
transformation)  

• Partial brain coverage is a problem  

Cons:



AFNI’s 3dQwarp

Good!Matches!to!Anatomical!Labels!
Align!MindBoggle!101!T1!Datasets!to!Separate!Template:!
Overlap!Probability!Maps!for!3!of!the!Labeled!Regions!

ANTS% DARTEL/SPM% FNIRT/FSL% 3dQwarp%

%3dQwarp!distribuDon!of!overlap!
probabiliDes!is!2nd!order!stochasDcally!

dominant!in!a!majority!of!62!labeled!regions!

LH:!lateral!orbital!frontal!
RH:!caudal!anterior!cingulate!
RH:!insula!

ANTS!&!DARTEL!
&!FNIRT3

run!with!default!
se9ngs!

Good match to anatomical labels



DTI warping

In order to compare DTI data across individuals,
brains must be co-registered to a common coordinate,

or template, space.

This is called spatial normalization



The problem

This requires:

1. Voxels are moved to the correct 
 location in template space

2. Diffusion tensor is moved to be 
 consistent with voxel displacement 
 while retaining its shape and orientation



The problem

Zhang, et. al., Med. Image Analysis 10,764:2008

Original image Rotated image
w/o reorienting tensors

Rotated image
with tensors reoriented



Tensor Warping

Xu, et. al., IEEE TMI 27(3):2008

original
image

tensor moved
but not reoriented

tensor moved
and reoriented

along fiber direction



Tensor Warping

Xu, et. al., IEEE TMI 27(3):2008

original image image warping incorrectly
scales the tensors

correct warping with 
tensor shape preserved



Affine Transformation

Affine transformation F of tensor can be written

D� = FDF t

but this is incorrect because of the aforementioned problem:
only want the rotational component of F 



Affine Transformation

However, F can be decomposed into 

F = UR

R = rotation
U = deformation

The rotation can be found from

R = (FF t)�
1
2 F



Affine Transformation

Then just rotate the tensor according to the usual

D� = RDRt

R is constant across the entire image,
and just needs to be computed once

However, shearing and stretching transformations 
change the orientation and we’ve thrown that part of F away!



Affine Transformation

Alexander, et. al., IEEE TMI 20(11):2001
Reorientation depends on image structure



Tensor Warping

shearing

Incorrect:  shearing parallel to orientation 
should have no effect, but introduces rotation if 

not done properly
Xu, et. al., IEEE TMI 27(3):2008

non-rigid registration methods produce this



Tensor Warping

shearing

Correct:  shearing parallel to orientation 
has no effect Xu, et. al., IEEE TMI 27(3):2008



Preservation of Principal Direction (PPD)

Alexander, et. al., IEEE TMI 20(11):2001

Change in fiber direction therefore depends upon its original
direction within the image

One method to take into account effect of affine transformation is
Preservation of Principal Direction (PPD)



Anisotropy Indices

prolate oblate

�1 � �2 = �3
�1 = �2 � �3



Prolate

n1 =
Fe1

|Fe1|

Apply affine transformation to principle 
eigenvector, which rotates it, and define unit 

vector in rotated direction



Oblate

Plane spanned by e1 and e2 transformed
to plane spanned by Fe1 and Fe2 so need
to find rotation that rotates D so that its

new e1 and e2 are in this plane.



PPD algorithm

n1 =
Fe1

|Fe1|

Compute

Then find rotation that maps

n2 =
Fe2

|Fe2|

e2 � n2e1 � n1

A separate R is computed for each voxel



Group Comparisons

1. Tract-Based Spatial Statistics (TBSS) 
Smith, et. al., Neuroimage 31(4),1487:2006

2.  Structure-specific statistical mapping (SSSM) 
Yushkevich, et. al., Neuroimage 41,448:2008

These methods used the previously discussed
image co-registration methods to generate

“average” parameter maps from which to work

Structure specific techniques



Tract-Based Spatial Statistics (TBSS)

Smith, et. al., Neuroimage 31(4),1487:2006

Structure is represented by a “skeleton” derived
from the FA and which forms the backbone 

for the statistical analysis



Tract-Based Spatial Statistics (TBSS)

Smith, et. al., Neuroimage 31(4),1487:2006

Maniega and Bastin



TBSS Skeletonization Stages

Smith, et. al., Neuroimage 31(4),1487:2006

original mean FA image
and final skeleton local FA center of gravity

to find tract perpendiculars



TBSS Skeletonization Stages

Smith, et. al., Neuroimage 31(4),1487:2006

stage 2:
FA second derivative to find 

remaining perpendiculars

stage 3:
Smoothing of perpendicular

direction vector image



TBSS surface orientation determination

Smith, et. al., Neuroimage 31(4),1487:2006

1. Voxel CoG points in the local tract perpendicular direction
2. Voxel lies direction on tract center



TBSS: Projecting subjects’ FA onto skeleton

Smith, et. al., Neuroimage 31(4),1487:2006

Red-yellow encodes how far voxels are from nearest skeleton voxel.
This is used in projecting individual FA maps to ensure only

voxels close to skeleton are used



Tract-Based Spatial Statistics (TBSS)

Smith, et. al., Neuroimage 31(4),1487:2006

Overlay of mean FA map from 33 subjects



Tract-Based Spatial Statistics (TBSS)

Smith, et. al., Neuroimage 31(4),1487:2006

Mean FA map from 69 subjects thresholded into 3 ranges

green: 0 � FA � 0.2

red: 0.2 � FA � 0.3

blue: 0.3 � FA � 1.0



Tract-Based Spatial Statistics (TBSS)

This can lead to fasciculi that have different 
orientation but similar anisotropy 

being combined together into a single structure

TBSS ignores orientation information
since it uses a mean FA image.

Thus TBSS skeleton may not correspond to the
skeletons of the individual fasciculi in these locations



Structure-specific statistical mapping (SSSM)

Yushkevich, et. al., Neuroimage 41,448:2008

Segment major tracts then fit them with 
deformable geometric medial models

i.e., continuous medial representation (CM-Reps)

Structure is represented by a parametric surface
which allows manifold-based statistical analysis
similar to what is used in cortical flat-mapping

Motivated by sheet-like structure of many brain organs



Structure-specific statistical mapping (SSSM)

Basic procedure:

1. Spatially normalize all DTI data to a single
 “average” data set using deformable DTI registration (Zhang, 2006).
2. Since orientation information is preserved,
fiber tract mapping can be done on the “average” brain
3. Segment fiber tracts from individual regions to create a 
representation of that region.
4. Create CM representation of that region (skeleton and boundary)
5. Generate statistics over volume along spokes to skeleton for each 
subject.
6. Map statistics onto boundary  surface and now can compare 
amongst subjects



SSSM: Medial Geometry

Yushkevich, et. al., Neuroimage 41,448:2008

Red curve is medial surface (skeleton)
Blue boundaries

“b” vectors are called “spokes”



Structure-specific statistical mapping (SSSM)

Yushkevich, et. al., Neuroimage 41,448:2008

a) Boundary and pruned 
skeleton.  Color is 

distance to skeleton

b) Continuous medial 
representation following 

triangulation, and 
boundary surface (right)

c) Fit of CM-Rep model 
to binary segmentation 

(skeleton and boundary)



SSSM: Model fits for 6 tracks

Yushkevich, et. al., Neuroimage 41,448:2008

Colors mark different regions (except in Column 3, which is a t-map)



SSSM:  Combined model fits

Yushkevich, et. al., Neuroimage 41,448:2008

Fiber tracts CM-Rep skeletons



SSSM: Cluster analysis of ADC

Yushkevich, et. al., Neuroimage 41,448:2008

Max FA strategy Tensor averaging strategy

Color represents t-score for hypothesis ADC(control)>ADC(abnormal)

Tensors in volume summarized along spokes according to two strategies



SSSM: Statistical Analysis of ADC

Yushkevich, et. al., Neuroimage 41,448:2008

Max FA strategy Tensor averaging strategy

Color represents t-score for hypothesis ADC(control)>ADC(abnormal)



Max FA strategy Tensor averaging strategy
Color represents t-score for hypothesis ADC(control)>ADC(abnormal)

Thresholded at t+- 3.4

SSSM: Statistical Analysis of ADC

Yushkevich, et. al., Neuroimage 41,448:2008



 Galinsky and Frank, NI TMI 2016 (submitted)

New Method:  
Symplectomorphic Registration (Sym-Reg)

Fast and Accurate Registration of 
multi-modality  
Neuro-MRI data



Standard Warping Tools



Standard Warping Tools
Ideal Result

Warping Results (slow and failed)

Ants 1 
10 min

Ants 2 
1 hr 20 min

FSL 
12 min

AFNI 
45 min



Sym-Reg

Sym-Reg 
38 secActual object
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Galinsky and Frank (in review)

Symplectomorphic Registration with ESP

Anatomical 
(average of 10)

DTI 
(anisotropy)

FMRI 
(EFD mode power)
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