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Quick Recap: 

ܵ ݐ ൌ Λ ⋅ ߱଴ ⋅ ୄߚ න݀ଷݎ ⋅ ୄܯ ,Ԧݎ 0 ⋅ ݁௜ ஐିఠ ௥Ԧ,௧ ௧

ܵ ݐ ൌ න݀ଷݎ ⋅ ߩ Ԧݎ ⋅ ݁௜ ஐିఠ ௥Ԧ,௧ ௧

ߩ Ԧݎ ൌ Λ ⋅ ߱଴ ⋅ ୄߚ ⋅ ଴ܯ Ԧݎ ൌ Λ ⋅ ߱଴ ⋅ ୄߚ ⋅ ଴ߩ Ԧݎ
ଶߛ ⋅ ԰ଶ ⋅ ଴ܤ
4 ⋅ ݇ ⋅ ܶ

… the effective spin density

ܤ ݖ ൌ ଴ܤ ൅ ܩ ⋅ ݖ

߱ ݖ ൌ ߱଴ ൅ ߛ ⋅ ܩ ⋅ ݖ

߶ሺݎԦ, ሻݐ ൌ න Ω െ ߱ ,Ԧݎ ᇱݐ ⋅ ᇱݐ݀
௧

଴

߮ሺݎԦ, ሻݐ ൌ න െΔ߱ሺݎԦ, ሻ′ݐ ⋅ ᇱݐ݀
௧

଴

Ω ൌ ߱଴ ߱ ,Ԧݎ ݐ ൌ ߱଴ ൅ Δ߱ሺݎԦ, ሻݐ ߱ ݖ ൌ ߱଴ ൅ ߛ ⋅ ܩ ⋅ ݖ

߶ሺݖ, ሻݐ ൌ න െߛ ⋅ ܩ ⋅ ݖ ⋅ ᇱݐ݀
௧

଴

⇒ ߶ ,ݖ ݐ ൌ െߛ ⋅ ܩ ⋅ ݖ ⋅ ݐ

ܵ ݐ ൌ න݀ݖ ⋅ ߩ ݖ ⋅ ݁ି௜⋅ఊ⋅ீ⋅௭⋅௧ 



ܵ ݐ ൌ න݀ݖ ⋅ ߩ ݖ ⋅ ݁ି௜⋅ఊ⋅ீ⋅௭⋅௧ 

ܵ ݐ ൌ ܵሺ݇ሻ ൌ න݀ݖ ⋅ ߩ ݖ ⋅ ݁ି௜⋅ଶగ⋅௞⋅௭ 

… the 1D imaging equation

߶ ,ݖ ݐ ൌ ߨ2 ⋅ ݇ ⋅ ݐ ݇ ൌ
ߛ
ߨ2 ⋅ ܩ ⋅ ݐ ݇ ൌ ߛ̅ ⋅ ܩ ⋅ ݐ ߛ̅ ≡ ߛ

Quick Recap: 

Units of ݇ variable…

Image space ݇-space

݇ ݐ ൌ න ߛ̅ ⋅ ሻݐሺܩ ⋅ ᇱݐ݀
௧

଴
߶ ,ݖ ݐ ൌ െ2ߨ ⋅ ݇ ݐ ⋅ ݖ

݀ܽݎ
ܿ݁ݏ ⋅ ݈ܽݏ݁ܶ ⋅

1
݀ܽݎ ⋅

݈ܽݏ݁ܶ
ݎ݁ݐ݁݉ ⋅ ܿ݁ݏ ≡

1
ݎ݁ݐ݁݉



Quick Recap: 

ܵ ݐ ൌ ܵሺ݇ሻ ൌ න ݖ݀ ⋅ ߩ ݖ ⋅
ାஶ

ିஶ
݁ି௜⋅ଶగ⋅௞⋅௭ 

ሻݖሺߩ ൌ න ݀݇ ⋅ ܵሺ݇ሻ ⋅
ାஶ

ିஶ
݁ା௜⋅ଶగ⋅௞⋅௭ 

Inverse Fourier Transform…

Fourier Transform Pair

1D imaging experiment with Gradient Echo



Quick Recap: 
1D imaging experiment using a Gradient Echo 

coinciding with the Spin Echo

Sampling time was denoted as  ௦ܶ



Slice Selection and 
Multidimensional Imaging

• Slice excitation and Bandwidth

• Phase encoding (2D imaging)

• 3D imaging

• ݇-space trajectories



Imaging Equation
ܵ ݐ ൌ න݀ݖ ⋅ ߩ ݖ ⋅ ݁ି௜⋅ఊ⋅ீ೥⋅௭⋅௧ 

ܵ ݐ ൌ ܵሺ݇௭ሻ ൌ න݀ݖ ⋅ ߩ ݖ ⋅ ݁ି௜⋅ଶగ⋅ࢠ࢑⋅௭ 
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௧

଴
߶ ,ݖ ݐ ൌ െ2ߨ ⋅ ݇௭ ݐ ⋅ ݖ

߶ ,Ԧݎ ݐ ൌ െݎߛԦ ⋅ න Ԧܩᇱݐ݀ ᇱݐ
௧

଴
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Imaging Equation

ݔ → റݎ ൌ ሺݔ, ,ݕ ሻݖ

1) All dimensions are 
equivalent

2ሻ ݇ along each direction is 
determined by the gradient 
in that direction

1D: ݏ ݇௫ ൌ න݀ݔ ⋅ ߩ ݔ ⋅ ݁ି௜⋅ଶ⋅గ⋅௞⋅௫

3D: ݏ ݇ ൌ න݀ଷݎ ⋅ ߩ ݎ ⋅ ݁ି௜ଶగሺ௥Ԧ⋅௞ሻ

ݏ ݇௫, ݇௬, ݇௭
ൌම݀ݔ ⋅ ݕ݀ ⋅ ݖ݀ ⋅ ߩ ,ݔ ,ݕ ݖ ⋅ ݁ି௜ଶగሺ௞ೣ௫ା௞೤௬ା௞೥௭ሻ



Imaging Equation

Image space ݇-space

Filling up the corresponding 2D/3D ݇-space to obtain 
the image



Multidimensional Spatial 
Encoding (2D/3D imaging)

݇௬ ൌ ߛ̅ ⋅ ௬ܩ ⋅ ߬௬



Multidimensional Spatial 
Encoding (2D/3D imaging)

݇௬ ൌ ߛ̅ ⋅ ௬ܩ ⋅ ߬௬



Phase encoding

Frequency encoding

Encoding phase is accumulated 
with the progression of time

݇௫ ൌ ߛ	 ⋅ ௫ܩ ⋅ ݐ ൌ ߛ ⋅ ௫ܩ ⋅ Δt

Phase encoding

Δ݇௬ ൌ െ̅ߛ ⋅ Δܩ௬ ⋅ ߬

Encoding phase is accumulated 
in steps of the phase encoding 
gradient



kx

ky

Phase 
encoding

݇௬ ൌ ߛ	 ⋅ ௬ܩ ⋅ ݐ
ൌ ߛ ⋅ Δܩ௬ ⋅ ߬



Slice Selection
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Slice selection

RF center 
frequency

RF pulse bandwidth

Spatial distribution of 
frequency with gradient 



Slice selection
Slice selection
ࢌ࢘ࢃ࡮ ൌ ࢽ ⋅ ࢙࢙ࡳ ⋅ ࡴࢀ

ࢌ࢘ࢃ࡮ ൌ ઢࢌ ൌ ࢽ ⋅ ࢙࢙ࡳ ⋅ ࡴࢀ

૚
ઢࢌ

߬௥௙ ൌ ݊௭௖ ⋅
1

ܤ ௥ܹ௙

Δ݂ ൌ ܤ ௥ܹ௙



Slice selection gradient refocusing

Spin dephasing during excitation

Spins are considered instantaneously tipped at the center of RF pulse. 
So, they start getting dephased under the influence of  Gss (1/2) 



2D Imaging sequence

݇௥௘௔ௗ_௠௜௡ ൌ ߛ̅ ⋅ െܩ௥௘௔ௗ ⋅
௦ܶ
2



2D Imaging sequence

݇௥௘௔ௗ_௠௜௡ ൌ ߛ̅ ⋅ െܩ௥௘௔ௗ ⋅
௦ܶ
2



2D imaging: K-space trajectory
Typical Gradient 
Echo sequence

RF
Gz

Gx

Acq.

Gy

TE
TR

Sampling of the signal line by line forming the image in 
Spatial frequency domain

ky

kx

Total imaging time for a single slice –Ny x TR



2D imaging: acquiring line by line

RF
Gz

Gx

Acq.

Gy

Typical Gradient 
Echo sequence

TE
TR

Sampling of the signal line by line forming the image in 
Spatial frequency domain

Total imaging time for a single slice –Ny x TR

k-space Image space



Phase encoding order 
(Cartesian)

Ascending Center-out

Center-in



Phase Encoding vs. Frequency Encoding

• Acquisition: Discrete vs continuous accrual of phase

• Time-distance between every adjacent points along phase vs 
frequency encoding is different (Δݐ	vs	TR)

• Difference in time between position encoding and data 
acquisition

• Spatial/k direction



Acquiring the data… line by line

RF

Gz

Gx

Data 
Sampling

Gy

Typical Spin Echo sequence

TE – Echo time
TR – Repeat Time



Multi-slice 2D imaging

• Using the dead time to 
acquire data from multiple 
slices within the same TR

• Same Gss but varying RF 
center frequency

• Slice gap is usually needed 
due to imperfect RF 
frequency profiles



Multi-slice 2D imaging

૚
ઢࢌ

௦௦ܩߛ ܪܶ ൅ ݀ ൌ Δ߱௦௟௜௖௘

݀ ൌ
Δ߱௦௟௜௖௘ െ ܤߨ2 ௥ܹ௙

௦ܩߛ
Slice interleaved acquisition - Odd/Even 



3D volumetric  imaging

RF
Gz

Gx

Acq.

Gy

3D GRE - with slab excitation and partition 
encoding

TE
TR

Slab Excitation and partition encoding in the z direction.

Total Imaging time – Nz x Ny x TR

ky

kx

kz



3D imaging

• Additional PE along slice 
selection 

• Volumetric excitation (slab 
instead of slice)

• 3D iFFT
• Pros (vs. multi-slice 2D):
▫ High resolution on SS dimension
▫ High SNR 

• Cons (vs. multi-slice 2D):
▫ Longer scan time
▫ Min slice# per slab for FFT
▫ Sensitive to motion 



Homework

Chapter 11 and 12.1-12.2
Next Session

• Probs. 10.1 - 10.4, 10.7 



kx

ky

Multidimensional Spatial 
Encoding (2D/3D imaging)

ܵ ݇௫ ൌ න݀ݔ ⋅ ߩ ݔ ⋅ ݁ି௜⋅థೣ 

߶௫ ൌ ߛ ⋅ ௫ܩ ⋅ Δݐ ⋅ ݔ ൌ െ2ߨ ⋅ Δ݇௫ ⋅ ݔ


