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ABSTRACT
Purpose: To develop and test an inexpensive optical motion monitor to track patient or
participant movement for training prior to scan time and to reduce the repeat rate of longer
acquisition scans.
Methods: The motion monitor utilizes an optical system to track movement. The components are
fiber optic cables, a light source, a light detector and an analog-to-digital converter. A movable
cylindrical agar gel phantom with inserts for geometric distortion and spatial resolution was
constructed. Movement magnitude and direction were varied during testing on the phantom and
human participants. Dynamic echo-planar imaging (EPI) scans were acquired concurrently to
compare retrospectively calculated motion to the monitor signal. Anatomical images were
acquired to measure the effects of motion. Images were acquired at rest and with discrete
movements at distinct times during each scans.
Results: Motion monitor tests demonstrated sensitivity smaller than 2 mm, similar to the motion
derived from simultaneous EPI scans. Motion near to the center of k-space resulted in higher
image distortion.
Conclusions: The motion monitor developed was sensitive to movements as small as 2mm. The
motion monitor could be used to train patients or participants to hold still and to truncate scans
when movements are observed during MRI scanning.
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Chapter 1
Introduction
Magnetic resonance imaging (MRI) has risen since the 1970s, since the first 2D MR
image by Paul Lauterbur, to be a fixture in medical and research imaging throughout medical and
research institutions across the world. Beginning as a technique used to identify compounds in
chemistry, MRI developed as an application of nuclear magnetic resonance (NMR) in a combined
feat of collaboration between physical chemistry and x-ray technology1. Unlike its predecessor, xray, MRI offers a high tissue-contrast imaging modality that does not expose patients to ionizing
radiation. However, MRI had the fortune of being able to refer to x-ray (included computer
tomography) as guidance for its own development. The technology grew quickly and steadily,
switching from using the classic technique of projection reconstruction for image formulation, to
k-space formulation and utilization of Fourier transforms1. MRI has since expanded to include
functional imaging, vessel imaging, and other niches. Today, over 30 million MRI scans2 are
administered annually, cementing its place in human body imaging and encouraging the need to
continually improve the imaging modality in research.

Nuclear Magnetic Resonance3
Nuclear magnetic resonance was discovered by Rabi in 1938 and was developed further
throughout the 1940s in condensed matter through the work of Felix Bloch and Edward Purcell.
NMR exploits the nuclear spin properties of hydrogen atoms (also referred to as protons) under a
strong magnetic field to elicit signal. The spin angular momentum of the atoms can represented as
the vector

2
𝑺 = ℏ𝑰

(Eq. 1)

Where is ℏ Planck’s constant divided by and 𝑰 is the spin operator. The magnetic dipole
moment 𝝁 of the atoms can be calculated from 𝑺,
𝝁 = 𝛾𝑺

(Eq. 2)

In a static magnetic field 𝐵! in the positive z direction, the potential energy 𝐸 is,
𝐸 =    −𝝁 ∙ 𝑩 =    −𝜇𝑧 𝐵! =    −𝛾ℏ𝐼𝑧 𝐵!

(Eq. 3)

Quantum mechanically, 𝑆𝑧 for hydrogens is equal to ±1/2, thus leading to a split energy
state separated by,
𝛥𝐸 = 𝛾ℏ𝐵!

(Eq. 4)

Because of the inherent thermal energy of the hydrogen atoms, not all align with the
preferential state along 𝐵! . The ratio of the parallel spins (𝑛! ) to the antiparallel spins (𝑛! )
follows the Boltzmann distribution,
!!
𝛾ℏ 𝐵 !
𝑛!
= e! !" = 𝑒! 𝑘𝑇   
𝑛!

(Eq. 5)

Where k is the Boltzmann constant and T is the temperature in Kelvin. From this, a
higher field strength 𝐵!   will result in a higher ratio of aligned hydrogen atoms, a necessity for
maximizing signal and minimizing contrast.
If 𝝁 is not initially aligned with 𝑩, it undergoes torque 𝝉,
𝝉=

𝑑𝑺
= 𝝁  ×  𝑩
𝑑𝑡

(Eq. 6)

From above, multiplying both sides by the gyromagnetic ratio 𝛾 gives,
𝑑𝝁
= 𝝁  ×  𝛾𝑩
𝑑𝑡
Expanded over the entire volume of spins (to give the magnetization M),

(Eq. 7)
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𝑑𝑴
= 𝑴  ×  𝛾𝑩
𝑑𝑡

(Eq. 8)

Solving this equation gives a precession frequency about B,
𝑟𝑎𝑑
𝑠

(Eq. 9)

𝛾𝐵
  𝐻𝑧
2𝜋

(Eq. 10)

𝜔 = 𝛾𝐵  
𝑓=

The quantity  𝑓 represents the Larmor frequency, the well-defined frequency at which the
magnetization M exhibits resonance. This is exploited in MRI, as radiofrequency (RF) pulses are
tuned to this frequency to excite the hydrogen atoms. After excitation, the nuclei undergo
longitudinal and transverse relaxation, precessing at frequency 𝑓 back to an overall equilibrium
state. The time signal attained from this transition is called free induction decay, which can be
reconstructed into an image in object-space. Smaller gradient fields G are overlaid the main field,
providing spatial information about the image within the signal.
Longitudinal relaxation, in the Mz direction, follows this relationship,
𝑑𝑀𝑧
𝑀𝑧 − 𝑀!
=    −
𝑑𝑡
𝑇!

(Eq. 11)

Where T_1 is the spin-lattice constant, a material specific value that indicates the
relaxation rate at which the nuclei return to equilibrium along B0 in the z-direction. Accordingly,
T1 increases with slower relaxation rates, resulting in higher contrast when measuring T1
relaxation. The solution is,
𝑀𝑧 = 𝑀! + 𝑀𝑧 0 −    𝑀! 𝑒

𝑡

!𝑇

!

(Eq. 12)

Longitudinal relaxation, on a microscopic level, is a result of energy transferal between
fluctuating dipoles; thus, T1 is dependent on the strength of B0 as the energy quantity need to be
exchanged at higher field strengths is much larger.
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Transverse relaxation is the overall decoherence of the magnetization vector in the x-y
plane, resulting in a weaker signal over time. It decays as follows:
𝑑𝑀𝑥𝑦
𝑀𝑥𝑦
=    −
𝑑𝑡
𝑇!

(Eq. 13)

T2 represents the spin-spin constant, representing the decay of the transverse component
of M. Transverse relaxation manifests through both xy-component field fluctuations and zcomponent fluctuations, the latter dominating the process. The spin-spin relaxations occur on a
much faster time scale than the spin-lattice relaxations so they are the predominant contributors to
the line width. Because the z-component fluctuates (in the direction of B0), there is a broader
range of resonant frequencies; thereby, on a macroscopic scale, a net phase decoherence results as
the transverse components precess at different frequencies. The z-component fluctuations of most
interest are those that result in frequencies closest to zero, which also have little dependence on
the field strength B0 (unlike T1 relaxation). Thus, solids and molecules with hydrogen nuclei with
slow fluctuations (which result in a large spectrum of frequencies) have very short T2 relaxation
times, while fluids with mobile hydrogen atoms (hence a small range of frequencies) have an
appreciable T2.
Combining the equations for alignment with the B0 (Eq. Z), T1 relaxation (Eq. Z), and T2
relaxation (Eq. Z), we obtain the Bloch Equation:
𝑀𝑥 𝒊 + 𝑀𝑦 𝒋
𝑑𝑴
𝑀𝑧 − 𝑀! 𝒌
= 𝑴  ×  𝛾𝑩 −
−
𝑑𝑡
𝑇!
𝑇!

(Eq. 14)

Where M is the net magnetization vector, 𝛾 is the gyromagnetic ratio, B is the main
magnetic field, T1 is the spin-lattice decay constant, and T2 is the spin-spin decay constant. When
the Bloch Equation is solved for a homogeneous object in a homogeneous field, it results in,
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𝑴=𝑒

𝑡

!𝑇

!

(𝑀𝑜𝑥 𝑐𝑜𝑠 𝜔! 𝑡 − sin 𝜔! 𝑡

+ 𝑀𝑜𝑦 sin 𝜔! 𝑡 + cos 𝜔! 𝑡
+  𝑒

𝑡

!𝑇

!

𝑀𝑜𝑧 + 𝑀𝑜 (1 − 𝑒

𝜔! = 𝛾𝐵!

𝑡

!𝑇

!

(Eq. 15)
)
(Eq. 16)

Where 𝑀𝑜   is the initial magnetization. This can be simplified by defining,
𝑴! = 𝑀𝑥 + 𝑖𝑀𝑦

(Eq. 17)

𝑴𝒐! = 𝑀𝑜𝑥 + 𝑖𝑀𝑜𝑦

(Eq. 18)

Solving the Bloch Equation (Eq. 14) with this new formulation,
𝑑𝑴!
1
=−
+ 𝑖𝜔! 𝑴!
𝑑𝑡
𝑇!

(Eq. 19)

𝑑𝑀!,𝑧
𝑀!,𝑧 − 𝑴𝒐!   
=    −
𝑑𝑡
𝑇!

(Eq. 20)

With the solution being,
𝑴! = 𝑴𝒐! 𝑒

𝑡

!𝑇

!

𝑀!,𝑧 =

𝑒!𝑖𝜔! 𝑡 =    𝑴𝒐! 𝑒
𝑡

!
𝑀𝑜!,𝑧 𝑒 𝑇!

𝑡

!𝑇

!

𝑴𝒐!   
+
𝑡
𝑇!

𝑒!𝑖!𝜋𝑓! 𝑡

(Eq. 21)
(Eq. 22)

Eq. 21 shows the solution for the transverse x-y component, while Eq. 22 demonstrates the
behavior of the longitudinal z-component. The frequency f0 indicates the decaying complex
exponential.
Using this solution, it is possible to expand the case to an inhomogeneous object in an
inhomogeneous field, which must account for extra parameters of position r and time t. The
magnetic field shall be formulated by adding a gradient field that changes based on the position
(and over time),
𝑩 𝒓, 𝑡 = 𝐵! + 𝛥𝑩(𝒓, 𝑡) 𝑘̂
From Eq. 9, 𝜔 now becomes,

(Eq. 23)
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𝜔 =    𝜔! + 𝛥𝜔(𝒓, 𝑡) = 𝛾𝐵! + 𝛾𝛥𝑩(𝒓, 𝑡))
Inserted into the Bloch equation for the transverse component (Eq. 21) with M representing M+,
𝑑𝑴
1
=−
+ 𝑖(𝜔! + 𝛥𝜔 𝒓, 𝑡 ) 𝑴
𝑑𝑡
𝑇!

(Eq. 24)

The general solution to an inhomogeneous object in an inhomogeneous field is,
𝒐

𝑴(𝒓, 𝑡) =    𝑴 𝒓 𝑒

𝑡

!𝑇 𝒓
!

𝑒

!𝑖𝜔! 𝑡

exp  (−𝑖

𝑡
!

𝛥𝝎 𝒓, 𝜏 𝑑𝜏)

(Eq. 25)

To enable spatial localization, gradient fields are activated for periods of time to slightly
alter the net magnetic field at a given point, resulting in a different Larmor frequency and thus
different signal being emitted during relaxation following an RF pulse. Most often, time-varying
gradients are used during the pulse sequences. To account for these time-variant gradient fields
(in an arbitrary orientation), the Bloch Equation is modified as follows,
𝑩 𝒓, 𝑡 = 𝐵! + 𝑮 𝒕 ⋅ 𝒓 𝑘̂

(Eq. 26)

Which carries the solution of,
𝑴(𝒓, 𝑡) =    𝑴𝒐 𝒓 𝑒

𝑡

!𝑇 𝒓
!

𝑒!𝑖𝜔! 𝑡 exp  (−𝑖𝛾

𝑡
!

𝑮 𝜏 ⋅ 𝒓𝑑𝜏)

(Eq. 27)

The solution represents the general solution for magnetization within time-varying gradient fields
of an inhomogeneous object.

Magnetic Resonance Imaging for Humans3
To manipulate the hydrogen nuclei and attain the resulting signal in an analytical form,
an MRI scanner must incorporate three basic hardware components: a main magnet with a strong
magnetic field, radiofrequency-emitting coils, and gradient field magnets.
The main field magnet – which is responsible for the B0 field – can come in many forms:
a permanent magnet, a resistive magnet, and a superconducting magnet. All carry pros and cons,
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though superconducting magnets have become the standard for most medical MRI scanning.
Permanent magnets, which continuously maintain a magnetic field, require the least maintenance
without needing cryogens or electricity. However, the field strength is very low (less than 0.4 T),
with rather inhomogeneous fields and poor temporal stability. Resistive magnets are similarly
weak, but they can be turned on and off easily and have low fringe fields. They also carry the
drawbacks of inhomogeneity and temporal instability also seen with permanent magnets, in
addition to needing a water-cooling system during operation. Superconducting magnets carry
much higher field strengths (1.5 T and higher), resulting in significantly improved signal-to-noise
ratio and enabling faster imaging. Homogeneity is much improved with superconducting
magnets, though it is generally augmented by shimming coils, reducing overall image artifact.
They must, however, be under constant supercooling via liquid hydrogen. Because the field
strengths are so powerful, the fringe fields permeate a sizable portion of the surrounding area.
Thus, the scanner is in an area separate from personnel running the scan and the electronic control
mechanisms for safety purposes, to minimize the introduction of metallic and electronic
components into the magnetic field.
The RF coils usually serve the dual purpose of emitting the initial radiofrequency wave
pulses and receiving the energy discharged by the relaxing protons (via inductance), though some
image sequences utilize separate RF coils (one for transmission and one for reception). As one of
the main sources of image noise in MRI, the receptor RF coil must be optimized to minimize loss
of signal through inductance. This entails maximizing the quality factor,
𝝁 = 𝛾𝑺
𝑄=

(Eq. 1)

𝜔𝐿𝑐𝑜𝑖𝑙
≫1
𝑅𝑐𝑜𝑖𝑙

by reducing the coil resistance Rcoil and maintaining frequency 𝜔 and coil inductance Lcoil.
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In some cases, separate surface coils closer to the imaged patient are used in receiving the
signal, in order to enhance the SNR by focusing the field of view onto the patients. Surface coils
are effective for imaging the superficial parts of the body, but are not suitable for regions of
interest deeper within the body (because of large sensitivity loss with depth). In imaging larger
regions of the body, different groups of the surface coils can be combined to form a coil array, in
which the signal acquisition from each group can be pieced together using image reconstruction
methods to form a picture with higher overall resolution.
The orthogonal gradient fields arise from the superposition of magnetic fields from
additional coils. For example, to produce a simple unidirectional gradient, coils with reverse
currents will result in a gradual cancellation of fields with a null point at the midpoint between
the coils. These gradient fields are driven by amplifiers when engaged, resulting in fields with
gradients of less than 50 mT/m.
The signal from the imaged object is simply the entire magnetization over the volume of
interest.
  

𝒔𝒓 𝑡 =   

𝑣𝑜𝑙

𝑴 𝒓, 𝑡 𝑑𝑉 =     

  
𝑥

  
𝑦

  
𝑧

𝑴 𝑥, 𝑦, 𝑧, 𝑡 𝑑𝑥  𝑑𝑦  𝑑𝑧

(Eq. 28)

From Eq. 27,
𝒔𝒓 𝑡 =   

  
𝑥

  
𝑦

  
𝑧

𝑴𝒐 𝑥, 𝑦, 𝑧 𝑒

𝑡

!𝑇 𝒓
!

𝑒!𝑖𝜔! 𝑡 exp  (−𝑖𝛾

𝑡
!

𝑮 𝜏 ⋅ 𝒓𝑑𝜏)𝑑𝑥  𝑑𝑦  𝑑𝑧

(Eq. 29)

Because the imaging will be done in 2D with slices in the z-axis, M0 can be simplified:
𝑧! !𝛥𝑧/!

𝒎 𝑥, 𝑦 =   

𝑧! !𝛥𝑧/!

𝑀𝑜 𝑥, 𝑦, 𝑧 𝑑𝑧

(Eq. 30)

And thus resulting in the equation for the baseband signal,
𝒔𝒓 𝑡 =   

  
𝑥

  
𝑦

𝒎 𝑥, 𝑦 𝑒

𝑡

!𝑇 𝒓
!

𝑒!𝑖𝜔! 𝑡 exp(−𝑖𝛾

𝑡
!

𝑮 𝜏 ⋅ 𝒓𝑑𝜏)𝑑𝑥  𝑑𝑦

(Eq. 31)
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Current techniques can account for the exponential phase term (through phase sensitive
detection):
𝒔 𝑡 =    𝒔𝒓 𝑡 𝑒𝑖𝜔! 𝑡 =   

  
𝑥

  

𝒎 𝑥, 𝑦 𝑒

𝑦

𝑡

!𝑇 𝒓
!

𝑡

exp(−𝑖𝛾

!

𝑮 𝜏 ⋅ 𝒓𝑑𝜏)𝑑𝑥  𝑑𝑦

(Eq. 32)

Because the image is done in the transverse x-y planes, the focus is on the gradient planes in the x
and y planes:
𝒔 𝑡 =   

  
𝑥

  
𝑦

𝑡

𝒎(𝑥, 𝑦)exp(−𝑖𝛾

!

𝑮𝒙 𝜏 𝑑𝜏 𝑥)exp(−𝑖𝛾

𝑡
!

𝑮𝒚 𝜏 𝑑𝜏 𝑦)𝑑𝑥  𝑑𝑦

(Eq. 33)

Substituting for the exponential terms,
𝒔 𝑡 =   

  
𝑥

  
𝑦

𝒎 𝑥, 𝑦 e!𝑖!𝜋

𝑘𝑥 𝑡 𝑥!𝑘𝑦 (𝑡)𝑦

𝑑𝑥  𝑑𝑦

(Eq. 34)

Where,
𝑘𝑥 𝑡 =
𝑘𝑦 𝑡 =

𝛾
2𝜋
𝛾
2𝜋

𝑡
!

𝑮𝒙 𝜏 𝑑𝜏

𝑡
!

(Eq. 35)
𝑮𝒚 𝜏 𝑑𝜏

Equation 34 is the signal equation, a cornerstone of MR. The values k in Eq. 35 represent the
“phase-space” values, often referred to as k-space (relative to the x and y dimensions).
The utility of the signal equation lies with its relationship with Fourier transforms. When
transformed, Eq. 34 is now
𝓜 𝑘𝑥 , 𝑘𝑦 =   

  
𝑥

  
𝑦

𝒎 𝑥, 𝑦 e!𝑖!𝜋

𝑘𝑥 𝑥!𝑘𝑦 𝑦

𝑑𝑥  𝑑𝑦

(Eq. 36)

As a result,
𝒔 𝑡 = 𝓜 𝑘𝑥 (𝑡), 𝑘𝑦 (𝑡)

(Eq. 37)

10
𝛾
𝒔 𝑡 =𝓜
2𝜋

𝑡

𝛾
𝑮𝒙 𝜏 𝑑𝜏 ,
2𝜋
!

𝑡
!

𝑮𝒚 𝜏 𝑑𝜏

(Eq. 38)

Simply put, at any time t, the total recorded signal s(t) is the Fourier transform of m(x, y) at some
spatial frequency. The total signal maps directly to a trajectory through k-space, which is
determined by the time integrals of the applied gradient waveforms of Gx(t) and Gy(t). Utilizing
the 2D Fourier transform method of analyzing the signal greatly facilitates the mapping of timevarying gradients, mapping temporal frequency-spatial position in k-space rather than the more
cumbersome object-space.

Image Quality: Noise, Artifacts, and Spatial Resolution
To reconstruct the image, k-space must be sampled during image acquisition process.
𝛥𝑘𝑥 and 𝛥𝑘𝑦 are the sampling periods, reaching maximum frequencies at 𝑘𝑥𝑚𝑎𝑥 and 𝑘𝑦𝑚𝑎𝑥 . The
widths W of the sampled k-space region is then,
𝑊𝑘 𝑥 = 2 𝑘𝑥𝑚𝑎𝑥 +
𝑊𝑘 𝑦

𝛥𝑘𝑥
2

𝛥𝑘𝑦
= 2(𝑘𝑦𝑚𝑎𝑥 +
)
2

(Eq. 39)

With a half sampling period interval extending past the maximum frequencies. The field of view
(FOV) can be calculated from the sampling periods,
𝐹𝑂𝑉𝑥 =

1
𝛥𝑘𝑥

(Eq. 40)

1
𝐹𝑂𝑉𝑦 =
𝛥𝑘𝑦
With,
𝛥𝑘𝑥 =

𝛾
𝐺 𝛥𝑡
2𝜋 𝑥𝑟

(Eq. 41)
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𝛥𝑘𝑦 =

𝛾
𝐺 𝜏
2𝜋 𝑦𝑖 𝑦

(Eq. 42)

The sampling period along the 𝑘𝑥 direction, known as the readout direction, is based on the
readout gradient amplitude 𝐺𝑥𝑟 and sampling period 𝛥𝑡 of the A/D converter. On the other hand,
the phase-encoding (in the 𝑘𝑦 direction), is based on the incremental phase-encoding gradient
amplitude 𝐺𝑦𝑖 and the phase-encode sampling period 𝜏𝑦 . Combining Eqs. 40-42, the result is:
𝛾𝐺𝑥𝑟 𝛥𝑡 𝐹𝑂𝑉𝑥 =   2𝜋

(Eq. 43)

𝛾𝐺𝑦𝑖 𝜏 𝐹𝑂𝑉𝑦 =   2𝜋

(Eq. 44)

Each phase-encode step involves another cycle of phase warp over the field of view, which
causes varying levels of aliasing (a replication of image in real space due to phase warp).
Minimizing aliasing is done through increasing the FOV. In the phase-encode direction,
increasing FOV can only be done by changing the number of phase-encoding steps for a fixed
scan time (determined by 𝐺𝑦𝑖 𝜏). However, decreasing the phase-encode step count decreases the
spatial resolution of the y-direction, a trade-off for minimizing aliasing. In the readout direction,
if x > FOVx then aliasing occurs. Unlike 𝜏 for FOVy, mechanically improving the A/D sampling
rate (𝛥𝑡) increases the FOVx while maintaining the same scan time and readout times. Also, it is
possible to reduce aliasing through the use of an anti-alias bandwidth filter corresponding to the
sampling frequency.
Truncation artifact manifests with low sampling extent, from cutting out the frequencies
before reaching an appropriate kmax for either of the directions. Gibb’s ringing artifact, which
shows as a rings of slight contrast throughout the material, often occurs as a result of cutting out
the higher frequencies from k-space sampling. Reducing this phenomenon can be done by
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multiplying raw data with the apodization function, or by increasing the number of phaseencoding steps.
From these two image distortion events, it is evident that extracting an MR image is a
balancing act between taking an optimum set of parameters to emphasize aspects important for
the intended use. Increasing one parameter to improve a certain type of image distortion can lead
to other unwanted effects, so it is nearly impossible to attain a “perfect” image because of the
inherent properties of MR.
Spatial resolution of MRI can be defined as,
𝛿𝑥 =

𝐹𝑂𝑉𝑥
1
1
=
=
𝑁𝑟𝑒𝑎𝑑 𝛥𝑘𝑥 𝑁𝑟𝑒𝑎𝑑 𝑊𝑘 𝑥

(Eq. 45)

𝐹𝑂𝑉𝑦
1
1
=
=
𝑁𝑝𝑒
𝛥𝑘𝑦 𝑁𝑝𝑒 𝑊𝑘 𝑦

(Eq. 46)

𝛿𝑦 =

Where Nread is the number of readout samples and Npe is the number of phase encodes. Here, it is
clear that a small width in k-space results in higher spatial resolution. Using the gradient fields
𝐺𝑥𝑟   and 𝐺𝑦𝑝 , the readout sampling period 𝜏𝑥 , and phase-encode sampling period 𝜏𝑦 ,
𝑘𝑥𝑚𝑎𝑥 =

𝛾
𝜏𝑥
𝐺𝑥𝑟
2𝜋
2

(Eq. 47)

𝑘𝑦𝑚𝑎𝑥 =

𝛾
𝐺 𝜏
2𝜋 𝑦𝑝 𝑦

(Eq. 48)

Thus, the spatial resolutions can be described as,
𝛿𝑥 =

𝛿𝑦 =
Generally, Nread and Npe > 100, so,

1
=
𝑊 𝑘𝑥

1
=
𝑊 𝑘𝑦

𝛾
!𝜋

𝛾
!𝜋

1
𝐺𝑥𝑟 (𝜏𝑥 + 𝛥𝑡)

(Eq. 49)

1
(2𝐺𝑦𝑝 + 𝐺𝑦𝑖 )𝜏𝑦

(Eq. 50)
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𝑊𝑘𝑥 ≈ 2𝑘𝑥𝑚𝑎𝑥

(Eq. 51)

𝑊𝑘𝑦 ≈ 2𝑘𝑦𝑚𝑎𝑥
Thereby,
𝛿𝑥 ≈

𝛿𝑦 ≈

1
2𝑘𝑥𝑚𝑎𝑥

=

1
=
2𝑘𝑦𝑚𝑎𝑥

𝛾
!𝜋

𝛾
!𝜋

1
𝐺𝑥𝑟 𝜏𝑥

(Eq. 52)

1
𝐺𝑦𝑝 𝜏𝑦

(Eq. 53)

And,
𝛾𝐺𝑥𝑟

  𝜏𝑥
𝛿 = 𝜋        
2 𝑥

𝛾𝐺𝑦𝑝 𝜏𝑦 𝛿𝑦 = 𝜋    

(Eq. 54)
(Eq. 55)

𝛿 is then a half cycle width of the highest spatial frequency in each direction.
Noise:
Assessing the quality of images is often done by quantitative measures like the signal-tonoise ratio and the contrast-to-noise ratio. They are defined as:
𝑆𝑁𝑅 =

𝑠𝑖𝑔𝑛𝑎𝑙  𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑  𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛  𝑜𝑓  𝑛𝑜𝑖𝑠𝑒

𝐶𝑁𝑅 =

𝑠𝑖𝑔𝑛𝑎𝑙  𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑  𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛  𝑜𝑓  𝑛𝑜𝑖𝑠𝑒

As mentioned previously, SNR can be affected by the signal acquisition process; however, much
of the noise inherent in images are also from mechanical instrumental parameters.
The physical process of signal excitation, emission, and recording can have major
implications on the noise. The “resistance noise” – sometimes referred to as “Johnson noise,” is
noise from the internal resistance of the receiver coil and the sample being imaged. If the magnet
is not well-designed and shielded, there can be additional noise from the imaged sample due to
dielectric coupling as a result of stray electric fields going through the body. The coil resistance is
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a function of its resistivity, geometry, and skin depth (depending on the radiofrequency pulse).
The pre-amplifier, which initially amplifies the low signals, also introduces noise.
Similarly, the image acquisition process inevitably affects the SNR of the image. Both
the averaged sampling count Nave (related to the acquisition time), readout time 𝜏𝑟𝑒𝑎𝑑 (to collect
the samples), and phase-encode count Npe increase SNR by a square-root factor. Together,
𝑆𝑁𝑅 ∝    𝑁𝑎𝑣𝑒 𝑁𝑝𝑒 𝜏𝑟𝑒𝑎𝑑
Spatial resolution is generally determined by the size of the voxel; that is to say, the
larger the voxel, the higher the resolution.
𝑆𝑁𝑅 ∝ (𝛿𝑥 )(𝛿𝑦 )(𝛿𝑧 )
Imaging at a higher resolution to obtain a lower-resolution image (via averaging voxels) results in
much lower SNR gain than directly obtaining the low-resolution image with an initially higher
voxel size, which also has implications on scan time. Additionally, other factors that affect SNR
include proton density, relaxation times (T1 and T2), uniformity of k-space coverage, and the
specific pulse sequence used.
All together, there are a litany of factors that affect SNR and overall image quality.
Careful balance of each adjustable parameter to fit the need of the task at hand – whether it is
research or the clinic – is necessary. However, the amount of inherent image distortion relative to
that introduced by motion of the imaged subject is nearly negligible; hence, it is just as important
to address subject motion as it is to optimize these aspects.

Motion Correction
Improvement of image quality in magnetic resonance imaging (MRI) has been a constant
focus of research and development in the field. One of the most prevalent issues in MRI lies in
artifacts and distortions in the image, sometimes as a result of motion during the imaging process.
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The motion-induced reduction of precision can render a patient’s clinical scan non-diagnostic or a
participant research scan unusable, thus ushering the need for proper management of motion. The
most prevalent artifacts caused by motion in MRI images are ghosting and blurring. Ghosting
manifests as replicated edges along the phase-encoding direction, a result of movement between
phase-encoding steps during an image sequence4 and periodic motion during an image sequence.
This is particularly prevalent when acquiring data from the central lines of k-space. Blurring is a
consequence from smaller, slower movements that occur as the higher spatial frequency data are
collected and results in a decrease in spatial resolution that is particularly noticeable at edges5. In
functional MRI (fMRI), motion affects the image-to-image position, which sometimes causes
false positives and results and can lead erroneous conclusions6.
Motion can occur in either a periodic or random manner5. Most types of periodic motion
are unavoidable. They result from essential physiological processes, although methods have been
developed that can significantly reduce motion-related artifacts. However, in many types of
scanning the artifacts are still problematic5. Random motion stems from the patient’s involuntary
movements during the scan5. Because the imaging procedure spans an extended period of time, it
is difficult for the patient to remain perfectly still for the duration. Patient motion is always
present during a scan at various degrees of magnitude and speeds, affecting the quality and
usability of the final image. Thus, the impossibility of eliminating both periodic and random
motion necessitates the inclusion of motion correction techniques. Motion correction includes
both retrospective post-processing methods and prospective real-time methods, though the former
is utilized more often in research settings. Methods commonly used in the clinic are breath
holding, cardiac gating, and respiratory gating, navigated image acquisition, or motion-reducing
pulse sequences like PROPELLER8.
Post-processing algorithms were pioneered early in MRI for motion correction8,
drastically improving image quality above that of an unaltered data set9,10. Motion correction of a
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single image has progressed from simply rectifying artifacts from translation movement11 to a
variety of other retrospective methods, including automatic correction12-14, entropy focus
criterion15, and variable-density spiral trajectories16. Recent research has established motioncorrection algorithms that operate in k-space in both a single image acquisition17 and a sequence
of images18,19. Other studies using retrospective motion correction in time-series MRI introduce
algorithms for diffusion tensor imaging20, noise reduction in fMRI21, and physiological reduction
techniques like IMPACT22 and RETROICOR23. Retrospective motion artifact correction has been
utilized in animal imaging, with relative success18,24. Additionally, several algorithms can
determine the usability of data immediately after the scan, depending on preset thresholds25,26.
The introduction of navigator echoes ushered the inception of real-time (prospective)
motion correction, in both individual image acquisitions and sequences of images27-29. Navigator
echoes have been utilized for dynamically adjusting the shim and gradients based on head
movement30 in time-series image acquisition with PACE31. The PROPELLER sequence7,32
prospectively evaluates each image during an imaging sequence, reacquiring the image if quality
is unsatisfactory. In another method, the application of an affine respiratory model – using
multiple navigator echoes – to patients has allowed for free-breathing imaging33,34. To account for
motion in fMRI studies, utilizing an “event-related” paradigm when acquiring data significantly
reduced motion artifact seen in the “block-trial” paradigm image acquisition generally used in
blood oxygenation level dependent (BOLD)35. Other studies have explored the use an external
apparatus in prospective motion correction, including a spectrometer36 and optical tracking
devices37,38.
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Motion Prevention and Observation
It is important to note that with motion correction techniques, lesser degrees of motion
are usually easier to correct and also cause fewer artifacts. Also, motion correction can
unintentionally introduce spurious fMRI activation signals39. This problem can be mitigated by
combining motion correction techniques with additional algorithms40,41, but erroneous activation
signals may still occur. Thus, combining motion limitation and motion correction, instead of
solely depending on motion correction, is optimal for maximizing image quality.
However, despite efforts to minimize macroscopic patient movement, including verbal
instructions to “remain as still as possible” throughout the imaging process, the use of tape and/or
padding to immobilize a body part, and an inclusion of a head fixture for initial head alignment,
subjects still move. Although relaxed adults are usually able to remain relatively stationary, adults
in pain and children have difficulty doing so. Children are prone to anxiety and insecurity when
alone inside the MRI bore42. Sedation is a common approach to constrain children during
imaging, though its potential to have adverse effects on children has led to development of
alternative methods43. Adults are also susceptible to involuntary movements, particularly in
studies that require additional actions like speech44. Inclusion of a “bite bar,” a device that
patients bite during the scanning to remain stationary, had no significant difference than a
standard head fixture45. In this work, we introduce an alternative method of minimizing
movement, by way of informing the subject of their status of movement with the use of a motion
sensor. This method is similar to studies that have used breathing amplitude feedback to help
patients breathe in reproducible patterns46.
MRI-compatible motion sensing has been accomplished by various means in the past. In
very early MRI use, the radiofrequency coil was used to measure perturbations from the patient to
accomplish respiration gating46. Pressure-based sensing for respiratory-gating also became
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widespread, most commonly with a belt47,48. Use of a lever-coil was pursued with mice49. Other
studies have investigated the use of infrared sensors50,51 and cameras37,38. These optical sensors do
not make direct patient contact while retaining efficacy, making them ideal for monitoring
motion.
In this study, an MR-compatible motion monitor was tested outside the scanner then
tested and implemented during MRI. The long-term objective is motion minimization by
informing the patient or participant of any movement as an indicator of how well he/she is
remaining still. The motion detector is relatively simple and inexpensive to replicate51. With the
technical costs of MRI technical rising with falling reimbursements, efficient scanning becomes
more critical52. This method is similar to those that have used breathing amplitude feedback to
help patients breathe in reproducible patterns45. Direct contact with the participant is avoided by
incorporation of a light sensor; only a small disk of reflective material is placed on the
participant’s head to maximize signal. This study explores the functionality of an inexpensive
and simple white light motion monitor to observe movement, examining the lower limit of its
efficacy.

Motivation
In this study, an MR-compatible motion monitor was tested outside the scanner then
tested and implemented during MRI. The long-term objective is motion minimization by
informing the patient or participant of any movement as an indicator of how well he/she is
remaining still. The motion detector is relatively simple and inexpensive to replicate51. With the
technical costs of MRI technical rising with falling reimbursements, efficient scanning becomes
more critical53. This method is similar to those that have used breathing amplitude feedback to
help patients breathe in reproducible patterns45. Direct contact with the participant is avoided by
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incorporation of a light sensor; only a small disk of reflective material is placed on the
participant’s head to maximize signal. This study explores the functionality of an inexpensive
and simple white light motion monitor to observe movement, examining the lower limit of its
efficacy.
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Chapter 2
Materials and Methods
As described above, the aim of the study is to determine the minimal detectable
movement using the motion monitor, while observing the corresponding image distortion and
artifact for the motions detected. In the following sections, the development and testing of the
device are described. These tests were all performed on research participants so the term
“participant” is used here. However, there is no impediment to the clinical use of this motion
monitor.

MRI Motion Simulation
From the theoretical background described earlier, a simple MRI simulation was created
using MATLAB (Version 2009, 32-bit, MathWorks, Inc. Natick MA, USA). The MRI simulation
used a real MRI of the head of a participant within a 144x256x256 matrix (144 sagittal slices).
This 3D dataset was translated in any of the x-, y-, and z-axes, along with pitch, roll, and yaw
rotations. Because the axes of the matrix were rotated 90 degrees, the pitch was defined about the
x-axis and roll about the y-axis in this frame; yaw remained to be the rotation about the z-axis. In
the script, motions (any combination of translations and rotations) were done at specific time
points of the scan (relative to the total time of the scan).
To accomplish the simulation, the original real-space image first underwent a 2D Fourier
transform (2DFT). At each time point of motion, the lines of k-space past the given time point
were replaced by the 2DFT of the real-space image at the “new” position (after performing the
motion). The final k-space matrix, complete with substitution of sections of k-space at the periods
of each new position, had an inverse 2DFT performed to produce the final real-space image of the
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head after motion. A line profile of the dark space (where signal intensity is assumed to be
minimal) was traced, graphed, and compared to the original motionless image to measure the
fluctuation of signal where signal was not expected. The simulation was conducted with motions
of “straightening” (translation in the z-axis, in and out of the bore) and “nodding” (alteration of
head pitch) at varying degrees and compared to motion seen in the human trials.

Hardware & Software
The monitor used components in the scanner room and control room (Fig. 1). In the
scanner control room, a light detector was located at one end of a fiber optic cable, and a light
source (emitter) located at one end of another fiber optic cable (fiber optic cables custom built by
Fiberoptics Systems, Inc. SimiValley, CA, USA). These two cables terminated in the MRI
scanner room, where they were focused on the participant’s head at a distance of roughly 1 cm.
The emitted light was transmitted through the emitter cable and then reflected from the small
reflector placed on the participant’s temple. The reflector used was a 2 cm diameter yellow
reflective sticker (Fuelbelt Inc., Georgia, VT, USA). The reflected light was transmitted through
the receiving fiber optic cable to the detector. The emitter used white light (intensity 2000
lumens) that was visible on the temple reflector, facilitating positioning by a scanning technician.
The emitter and detector ends were firmly fixed on the MRI scanner head coil using a custom-fit
wooden block. Light was detected using a high-precision amplified silicon detector (Model
PDA520, Thorlabs Inc., Newton NJ, USA). The integrated detector amplifier was set at a gain of
10 dB. An MCC analog-to-digital converter (Model USB 1208FS, Measurement Computing
Corp., Norton MA, USA) translated the observed signal into digital signal analyzable by
MATLAB.
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Figure 1. Schematic of hardware setup. Components in the left region are MR-compatible, while components on
the right must remain outside the strong magnetic field. Light is shone through the fiber-optic cables, reflected
off of the phantom within the head coil and back through the fiber-optic cable, amplified, and converted to
digital signal.

Using InstaCal 6.10, supplied with the MCC unit and the Data Acquisition Toolbox
within MATLAB, the signal was continuously acquired for a predetermined length of time. The
data was sampled every 50 milliseconds. The acquired data were continuously compared to the
running mean of the overall data to detect changes; the data and resultant mean were visualized in
real-time by the program. The program allowed for variable time spans of image acquisition, and
the data were saved for later analysis.
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Phantom Design
The phantom was adapted from the American College of Radiology phantom design. The
acrylic cylindrical phantom included three 1/8-inch slides for measurement of low spatial
resolution, geometric distortion, and high spatial resolution. The low spatial resolution slide
included holes of eight different sizes: 1 mm, 2 mm, 3 mm, 4 mm, 5 mm, 6 mm, 8 mm, and 10
mm. The geometric distortion slide was a plastic mesh grid cut to fit the cylinder. The third slide
includes three identical patterns of different size holes - 1.1 mm, 1.0 mm, and .9 mm – to test high
spatial resolution. The 6-inch long cylinder measured 4 inches in diameter, incorporating three
rods inside to hold the slides in place. The device was filled with agarose gel following the fBIRN
recipe (synthesized using EZMIX L.B. Agar, Product Number L7533-1KG, Sigma-Aldrich, St.
Louis, MO, USA) (51).

Phantom Tests
To measure the response of the motion monitor to known movements, the motion
monitor and the phantom were positioned on a bench top in the laboratory as in the MRI head
coil. The phantom was placed on the headrest, with the light emitter and detector of the motion
monitor fixed 1 cm from the phantom. The light was directed at the phantom at a location that
would correspond to a person’s temple. The same reflectors as for the human participants were
used. The light was centered on the reflector prior to each trial.
Similar to the phantom trials in the MRI later described, the measurements were
performed for both the “nodding” and the “straightening” motions while running the motion
monitor. Continuously lifting and lowering one end of the phantom at heights of 0.5 cm and 1 cm
simulated nodding. Translating the phantom in and out along the axis at distances of 0.5 cm, 1
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cm, and 2 cm simulated straightening motions. From the data, motion occurrence was correlated
to changes in the magnitude of signal of the “nodding” and “straightening.”
Next, the motion monitor was tested in the MRI scanner using the custom phantom. A 2
cm wide circular yellow reflector was placed on the phantom to increase the reflected signal (Fig.
1). The phantom was placed in a head coil and padded in a manner similar to that a human head
would receive. A custom-made wooden block positioned the fiber-optic cables on the head coil,
with the ends directed at the reflective sticker. An 8-foot pole made of PVC pipe with a wooden
dowel insert was attached to the phantom to allow for manual control and movement during the
scan.
Two types of movements, “nodding” and “straightening” as described above were
executed during the MRI scans, to simulate common patient movements. The nodding motion
was achieved by gradually oscillating the pitch of the phantom over 1 second, such that the lower
end of the phantom was raised and lowered 1 cm. Straightening was carried out with 5 mm
translation of the phantom along its axis.
Trials involved performing nodding and straightening during an MRI scan at either the
middle of k-space, 2 minutes into the scan, or the edge of k-space, 30 seconds into the scan.
Motionless trials were also performed as a reference. For each movement, a 4 minute anatomical
MPRAGE scan and a 4 minute EPI scan were acquired. MPRAGE anatomical scans were used to
compare the amount of artifact caused by each movement. Each motion had an EPI time series
collected that was analyzed by AFNI software to retrospectively measure participant motion. The
AFNI motion plots were compared directly to the data recorded by the motion monitor during the
scan.
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Human Tests
A similar approach was followed for the human trials. Each participant had a 2 cm
diameter circular yellow reflective sticker placed on the temporal area of the face. The sensors
were placed accordingly. The two different motions executed were comparable to the phantom
trials: nodding and coughing. E-Prime software (Psychology Software Tools, Inc. Sharpsburg,
PA, USA) was used to inform participants when they were to move. Separate 4-minute EPI, with
TR=2 sec, and high resolution MPRAGE scans were performed for each movement, along with
scans of the participant remaining still. The motion monitor acquired data at a rate of 20Hz (every
0.05s) for every scan. The participants were instructed to move at either the edge of k-space (at
30 seconds into the scan) or in the middle of k-space (2 minutes into the scan). Participants were
to remain as still as possible otherwise.

Data Analysis
The MPRAGE scans were analyzed by measuring the signal intensity profile along the
central line of the images. The EPI scan, in conjunction with AFNI motion calculation software,
provided information of motion with a temporal resolution of 2 seconds. Motion monitor data
simultaneously acquired (rate of 20 Hz) were juxtaposed with the results of the AFNI motion
calculations to compare the sensitivity and effectiveness of the motion monitor for different
motions.
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Chapter 3
Results

MRI Motion Simulation
The motion simulation was used to predict the increased image artifact and noise as a
result of motion during the scan. This was done at the edge of k-space and the middle of k-space
for both straighten and nodding movements. A line profile of the signal intensity along the empty
space of the image (Fig. 2) was taken, with the average intensity and standard deviation
calculated for each motion.

Figure 2. Still image used for motion simulation. The red line is the image profile line used to measure noise.

Fig. 3 demonstrates that motions within 2 mm (for the straighten motion) and 2 degrees
(for the nod motion), regardless of timing, have average signal intensities that lie within the
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standard deviation of the average signal intensity of the still image. Thus, it is quantitatively
difficult to differentiate images with motion until the threshold of 2 (mm or degrees) is breached.

Figure 3. Motion was simulated at various magnitudes - in mm for straightening, degrees for nodding - and the
average signal intensity along a parallel line profile was measured. The black dotted lines represent the standard
deviation from the initial average signal intensity.

When comparing the signal intensities of the line profiles (Fig. 4), the movements
occurring during the middle of k-space exhibit higher magnitudes and variation of noise than that
at the edge of k-space. Even motions with a magnitude of 10 (mm or degrees) at the edge of kspace (Fig. 4b) result in less noise than those at 2 (mm or degrees) in the middle of k-space (Fig.
4a). Comparatively, the edge-timing graph profiles are similar to that of the line profile of the
original image without motion (Fig. 4c). The outputted MRI images display evidence of increased
artifact and blur with motions occurring in the middle of k-space (Fig. 5) than at the edge.
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Figure 4. Image profile graphs of motions. The magnitude of the motions graphed for a) middle of k-space
timing is 2 (mm or degrees), while the magnitude of b) the graphed edge timing is 10 (mm or degrees). These are
compared to c) the signal profile of the still image.
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Figure 5. Simulated images of motion-corrupted MRI images. At identical magnitudes, a) nod and b) straighten
motions exhibit greater image distortion at the middle of k-space (left) as compared to the edge of k-space
(right).
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Phantom Tests
The motion monitor bench tests demonstrated that the “nodding” and “straightening”
motions had consistent signal variations for each movement as shown in Fig. 2. The reflective
sticker provided most of the detected reflected signal, with the most severe drop-offs in signal due
to the light being focused and reflected off an area adjacent to the sticker. There is not a linear
relationship between motion magnitude and detector signal for this device.
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Figure 6. Phantom tests. Repeated a) nodding and b) translational motions were done at magnitudes of .5 cm
and 1.0 cm while running the motion monitor. The monitor is more sensitive to nodding than to translations.
Signal from the motion monitor was juxtaposed with the signal calculated using AFNI motion detection software
during trials involving c) “nodding” of 2 mm magnitude and d) “straightening” of 2 mm magnitude.

The phantom testing demonstrated real time sensitivities as low as 2 mm with a temporal
resolution of 50 ms, compared to the 2 sec temporal resolution of the AFNI motion postacquisition motion detection software. Both the “nodding” and “straightening” motions were
detected; in the results shown in Fig. 6, the motion monitor was superior for detecting the motion
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as it works in real-time and can detect the motion earlier because of its higher temporal
resolution. The change and magnitude of the motion monitor signal are representative of the
amount of reflected light; thusly, the higher levels of signal signify when the light is focused on
the reflective sticker. Conversely, the lowest levels of signal and corresponding signal drop-offs
reflect when the light is focused on areas of the subject that are adjacent to the reflective sticker.
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Human Tests

Figure 7. Results from human participants. The left column a) was a nod repeated twice at 2 minutes and the
right column b) was a cough repeated twice at 2 minutes. Top row: MRI images of the head acquired during
these motions. Middle row: comparison of motion detector signal to AFNI motion calculation during the 4
minute EPI scan. Bottom row: profiles of background noise through line anterior to eyes in MRI images as a
result of image artifact from motion.
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Similar to the phantom testing, motion sensitivity was recorded as low as 2 mm with the
same temporal resolution of 50 ms (Fig. 7). The “nodding” motion was observed as effectively as
in the phantom tests. However, the “coughing” motion elicited a smaller signal change on the
monitor; the cough was not detected for one of the three participants. As anticipated, the
MPRAGE images from the motions with varied timing demonstrated more image artifact when
the timing of similar motions occurred in the middle of k-space rather than at the edge of k-space
(Fig. 8).

Figure 8. Effect of timing of motion on image quality. Nodding was performed at a) 2 minutes into the 4 minute
scan and at b) 30 seconds into the four minute scan. Motion monitor data showed same magnitude of signal
change for nod, (not shown here).

Additionally, an unplanned result occurred during one participant’s scan. Although the
person was instructed to remain still and reported that they were not moving, motion was obvious
on the motion monitor display (Fig. 9) and motion artifact was present in the scan. The
unintended results from this participant demonstrated the effect that often occurs in clinical and
research settings.
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Figure 9. Example of unintended motion by a participant. Illustrated is a) the motion signal from the motion
monitor during image acquisition, where the participant was instructed to move only at 2 minutes, and b) the
corresponding anatomical MPRAGE image. Participant was “holding still”.
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Chapter 4
Discussion
The motion monitor developed in this study was able to reliably detect participant
motion, providing a steady stream of real-time data of the participant without being obtrusive.
The real-time data acquisition capability of the device, along with the high temporal resolution,
provides strong upsides: scan–independent intra-scan motion detection, inexpensive components,
and patient/participant comfort. Although not reported here, the system has been tested using
infrared LEDs. This carries the advantage of being invisible to the participant, which avoids
potential interference from the motion detecting light system in applications where a visual
display is used concurrently during the scan.
Useful subject specific calibrations were obtained immediately prior to scanning although
a universal calibration was not. Instructing the participant/patient to move their head slightly
(nodding, and side-to-side motions) allowed the MRI technologist to set an acceptable range of
motion. Display capabilities for this functionality are already inherent within the script (Appendix
B), providing a potential future direction in establishing these thresholds. During scanning, any
deviation outside this range of motion could be tracked to provide scanner-independent
information about participant head or body movement. This is particularly useful in a typical
scanning setting, which generally has a limited visibility into the bore and may lack MRI-scanner
provided tools such as an EPI real-time display.
Often, even if a person is instructed to remain still, they move unconsciously. This was
observed during this study; one participant was unable to remain still, which resulted in poor scan
quality (Fig. 9b) and was clearly shown by the motion monitor data (Fig. 9a). Developing a realtime feedback system for the participant for the monitor is in progress. Additionally, the feedback
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system may be used to train participants/patients to remain still in either the scanner or a mock
MRI bore.
The efficacy of the motion monitor to detect more troublesome movements like nodding
demonstrates its niche—to detect occurrences and frequencies of deleterious motion. The
sensitivity was validated down to 2 mm in the results; this threshold was suggested to be
satisfactory from the results of the MRI motion simulation, as the signal noise from motion less
than 2 mm remained within the standard deviation of the average signal noise seen in the still
image prior to motion-corruption.
As validated in this study, the motion monitor is safe to use in MRI with little or no
interference with the magnetic field and could potentially be transferred to another imaging
modality without difficulty. Use in either the clinical or research setting would offer an
inexpensive, simple, and unobtrusive manner of detecting motion in real-time. Observation of
detrimental amounts of motion through the motion monitor can validate the early truncation of an
image scan to initiate rescanning, saving both time and money and limiting patient impatience
and frustration.
Possible future direction of this work would include implementation of multiple channels,
improvement of the light source (for constant signal intensity), elimination of temporal variation
in data acquisition, and a comprehensive analytical method of deriving participant motion from
changes in signal intensity from the multiple channels. The latter would provide specificity (i.e.
how the participant is moving) to the data, though much would have to be done to maintain
consistency of derived motion with different facial topologies. A long-term potential for this
technology, if accuracy and precision were assured, may be that it could be used for live motion
detection and live assessment of whether the resultant image data will be usable.
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Appendix A
MRI Simulation Script
%This code simulates the output image of an MRI image that has the
sample
%moving within the image acquisition process. Motions include any
%combination within the x-, y-, and z-axes, along with the yaw, pitch,
and
%roll rotations. It is accomplished by replacing the lines of k-space
%corresponding to the timing of each unique position of the imaged
sample.
%assuming the following:
%resolution is 1 mm/px
%TR = 1000 ms
%matrix size assumed to be 144 x 256 x 256
%px/motion: assumed 1 px/1mm
clear all
close all
%MPRAGE anatomical scan to be include:
file = 'sagmprage0minB.nii';
mrimg = load_nii(file);
%input the pixels into a double format usable by FFT functions
%a matrix of pixels 144x256x256
pos_orig = double(mrimg.img);
% %use columns, 7 columns -> time, 3 translations, 3
% %t x y z roll pitch yaw
%-----------This code in case you wanted to import a 1D file from AFNI---% file = input('File name? Input zero for default file \n', 's');
% if file == '0'
%
file = 'axepi2mmiso5min.1D';
% end
%
% k = importdata(file);
% k = [0 0 0 0 0 0; k];
% [r, c] = size(k);
% dk = diff(k);
% fin = [dk(:, 5:6) dk(:,4) dk(:, 1) dk(:, 2) dk(:, 3)];
% times = 1:(r-1);
% times = round(times'/180*256);
% fin = [times fin];
%
% %t x y z roll pitch yaw
% c = 1;
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% for i = 1:(r-1)
%
if(abs(fin(i, 2)) > 1 || abs(fin(i, 3)) > 1 || abs(fin(i, 4)) > 1
|| abs(fin(i, 4)) > 1 || abs(fin(i, 5)) > 1 || abs(fin(i, 6)) > 1 ||
abs(fin(i, 7)) > 1)
%
move_data(c, :) = fin(i, :)
%
c = c+1;
%
end
% end

%either 32s or 128s (edge and middle of k-space)
%move_data is the matrix of movements; every row indicates one motion
at a
%certain time. Can either be custom made or taken from a 1D file as
%mentioned above.
move_data = [30 0 0 0 0 0 0;
]
%Example:
%
move_data = [128 10 -10 10 0 0 0;
%
140 10 2 10 0 0 20;
%
110 -2 20 -5 0 0 40]
%end state so it ends at 256s
move_data = [move_data; 256 0 0 0 0 0 0];
move_data = sortrows(move_data, 1);
%get move count
[move_count, y] = size(move_data);
pos_next = pos_orig;
%translate each slice into k-space via FFT
for slice_num = 1:144
pos_orig_hat(slice_num, :, :) = fftshift(fft2(pos_orig(slice_num,
:, :)));
end
j = 1;
mid = 0;
%Go through each move, find the position of the object in real-space,
%transform to k-space, and replace the rows of k-space corresponding to
the
%time interval that the new position occurs in.
while j <= move_count-1
j %display which move its on
start_time = move_data(j, 1);
end_time = move_data(j+1, 1);
x_distance = move_data(j, 2);
y_distance = move_data(j, 3);
z_distance = move_data(j, 4);
roll = move_data(j, 5);
pitch = move_data(j, 6);
yaw = move_data(j, 7);
%x translation, moves the image in a certain direction
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if x_distance > 0
for i=1:144
if ceil(x_distance) < i
pos_next(i - ceil(x_distance),:, :) = squeeze(pos_next(i,
:, :));
end
end
elseif x_distance < 0
for i=144:-1:1
if ceil(144 + x_distance) > i
pos_next(i - ceil(x_distance),:, :) =
squeeze(pos_next(i, : , :));
end
end
end
%y translation
if y_distance > 0
for i=1:256
if ceil(y_distance) < i
pos_next(:, i - ceil(y_distance), :) = squeeze(pos_next(:,
i, :));
end
end
elseif y_distance < 0
for i=256:-1:1
if ceil(256 + y_distance) > i
pos_next(:, i - ceil(y_distance), :) = squeeze(pos_next(:,
i, :));
end
end
end
%z translation
if z_distance > 0
for i=1:256
if ceil(z_distance) < i
pos_next(: ,:, i - ceil(z_distance)) = squeeze(pos_next(:,
:, i));
end
end
elseif z_distance < 0
for i=256:-1:1
if ceil(256 + z_distance) > i
pos_next(:,:, i - ceil(z_distance)) = squeeze(pos_next(:, :
, i));
end
end
end
%roll
if roll ~= 0
'roll'
%roll is about the y-axis in this frame
for i = 1:256
pos_next(:, i, :) = imrotate(squeeze(pos_next( :, i, :)), roll,
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'bilinear','crop');
end
end
%pitch
if pitch ~= 0
'pitch'
%pitch is about the x-axis in this frame
for i = 1:144
pos_next(i, :, :) = imrotate(squeeze(pos_next(i, :, :)), pitch,
'bilinear','crop');
end
end
%yaw
if yaw ~= 0
'yaw'
%yaw is about the z-axis
for i = 1:256
pos_next(:, :, i) = imrotate(pos_next(:, :, i), yaw,
'bilinear','crop');
end
end
%[shifted] FT
%fourier transforms all slices of the new position
for slice_num = 1:144
pos_next_hat(slice_num, :, :) =
fftshift(fft2(pos_next(slice_num, :, :)));
end
%
pos_next_hat(slice_num, :, :) = fftshift(fft2(pos_next(slice_num,
:, :)));
for i=start_time:end_time-1
for slice_num = 1:144
%replace in kspace
pos_orig_hat(slice_num,i, :)= pos_next_hat(slice_num, i, :);
end
end
j = j+1;
end
%inverse FFT the cumulative data set from k-space back to real space
for slice_num = 1:144
img_slice(slice_num, :, :) =
ifft2(ifftshift(pos_orig_hat(slice_num, :, :)));
end
%%for original image
f1 = figure(1)
set(f1, 'Position', [50 508 800 600]);
image(squeeze(pos_orig(72, :, :)));
title('Original Position');
colormap(bone(500));

42
bar1=colorbar;
%final position (just for comparison)
f2= figure(2)
set(f2, 'Position', [800 508 800 600]);
image(squeeze(pos_next(72, :, :)));
title('Final Position');
colormap(bone(500));
bar2=colorbar;
%final image, in sagittal view
%can look at different slices and different views by switching the
image
%view
f3 = figure(3)
set(f1, 'Position', [50 508 800 600]);
image(abs(squeeze(img_slice(72, :, :))));
title('Sagittal');
%coronal
%image(abs(squeeze(img_slice(:, :, 128))));
%axial
%image(abs(squeeze(img_slice(:, 128, :))));
colormap(bone(500));
bar3=colorbar;
%measuring the image profile
[CX,CY,C] = improfile()
figure
plot(CX, C)
axis([20 230 0 50])
%calculate the std, avg, and max of image profile
graphstd = std(C)
graphavg = mean(C)
graphmax = max(C)
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Appendix B
Motion Monitor Interface Script
%This code is the MATLAB interface code to run the MCC DAQ while
acquiring
%data through the motion monitor during the MRI image scan. It must be
run,
%and requires the input of file name before running. The scan time can
be
%changed within the code in the "scantime" variable. Run a test
acquisition
%before performing during a scan, to ensure the accuracy of the
duration.

clear all; close all;
clc;
%scantime 20 --> 36.0215s for our purposes
duration = .1;
scantime = 140 %can alter scantime or make it be derived from something
scantime = scantime/1.8 ;
%because of the cooldown between data acquisitions, the scantime is not
%precisely acquisition_duration*iterations. So it must be altered based
on
%total time
iterations = ceil(scantime/duration)
%set up the MCC DAQ
ai = analoginput('mcc', '0');
addchannel(ai, 1);
ai
sampleRate = get(ai, 'SampleRate')
get(ai, 'SamplesPerTrigger')
requiredSamples = floor(sampleRate * duration);
set(ai, 'SamplesPerTrigger', requiredSamples);
waitTime = duration *1.1 + .02
channel_0 = addchannel( ai, 0 )
%ask for filename input
filename = input('Filename? \n', 's');
%filename = 'mprage_3'
%hit enter to start
input('Press enter to start');
f1 = figure(1);
f3 = figure(3);
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%data for that particular time, for my viewing
set(f1, 'Position', [4 550 400 400])
%set(f2, 'Position', [404 550 400 400])
%overall data, in real time
set(f3, 'Position', [50 50 1200 400])

i = 1;
totaldata = [];
goodness = [];
light = [];
%the red and yellow are for if you want to implement thresholds for
which
%the signal should not pass
% red = false;
% yellow = false;
%cooldown = 1/duration; %cooldown of 1 second
%start timer
tic
while i <= iterations
start(ai)
wait(ai, waitTime);
[data, time] = getdata(ai);
data = 2*data; %amplify by 2
totaldata = [totaldata; data];
finaltime = toc %get time at that moment
%plot on figure
figure(1)
plot(time,data);
axis([0 duration 0 1])
xlabel('Time (s)'); % Setting up the xlabel
ylabel('Signal (Volts)'); % Setting up the ylabel
title('Position Data Acquired using Sensor for the Last
Iteration'); % Setting up the title
grid on;

%for optional threshold
%.05 if optimal
%.1 if acceptable
%.3 if unacceptable
%
avgsig = mean(totaldata(:, 2));
%
goodness(round((i-1)*duration*1000+1):round((i)*duration*1000)) =
avgsig;
%
%
if abs(max(data(:, 2))-avgsig) > .4 || abs(min(data(:, 2))avgsig)> .1
%
red = true
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%
yellow = true
%
light(round((i-1)*duration*1000+1):round((i)*duration*1000))
= .3;
%
%
elseif abs(max(data(:, 2))-avgsig) > .2 ||abs(min(data(:, 2))avgsig) > .05
%
red = false;
%
yellow = true
%
light(round((i-1)*duration*1000+1):round((i)*duration*1000))
= .1;
%
else
%
red = false;
%
yellow = false;
%
light(round((i-1)*duration*1000+1):round((i)*duration*1000))
= 0.05;
%
end
%plot all data acquired up to that point in real time
figure(3)
totaltime = linspace(0, finaltime,(i)*duration*1000);
plot(totaltime, totaldata(:, 2))
axis([0 finaltime 0 1]);
xlabel('Time (s)'); % Setting up the xlabel
ylabel('Signal (Volts)'); % Setting up the ylabel
title('Total Data Acquired using Sensor'); % Setting up the title
grid on;
hold on;
plot(totaltime, goodness, 'm')
plot(totaltime, light, 'r')
hold off
i = i +1;
end

%final figure of everything
figure(3)
totaltime = linspace(0, finaltime,(i-1)*duration*1000);
plot(totaltime, totaldata)
axis([0 finaltime 0 1]);
xlabel('Time (s)'); % Setting up the xlabel
ylabel('Signal (Volts)'); % Setting up the ylabel
title('Total Data Acquired using Sensor'); % Setting up the title
grid on;
hold on;
plot(totaltime, goodness)
plot(totaltime, light, 'r')
hold off
save(filename, 'totaltime','totaldata', 'goodness', 'light');
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MW Wahi-Anwar, JS Rotella, DR Little, AR Gearhart, SK Lemieux. An Inexpensive
Scanner-Independent Motion Monitor for MRI. Presented at the SROP & McNair
Research Symposium, July 23, 2012, University Park, PA.

Poster Presentations:
M Wahi-Anwar, A Gearhart, D Little, J Rotella, SK Lemieux. An Inexpensive ScannerIndependent Luminescent Motion Monitor for MRI. Poster presented at the Pennsylvania
TRIO Conference McNair Poster Fair, October 17, 2013, State College, Pennsylvania.

M Wahi-Anwar, A Gearhart, D Little, J Rotella, SK Lemieux. An Inexpensive ScannerIndependent Luminescent Motion Monitor for MRI. Presented at the American
Association of Physicists in Medicine (AAPM) Annual Meeting & Exhibition, August 48, 2013, Indianapolis, Indiana.
MW Wahi-Anwar, JS Rotella, DR Little, AR Gearhart, SK Lemieux. An Inexpensive
Scanner-Independent Luminescent Motion Monitor for MRI. Presented at the
Undergraduate Research Exhibition, April 10, 2013, University Park, PA (3rd Place in
Physical Sciences Category).
MW Wahi-Anwar, JS Rotella, DR Little, AR Gearhart, SK Lemieux. An Inexpensive
Scanner-Independent Motion Monitor for MRI. Presented at the Ivy Plus STEM
Symposium, October 5, 2012, Philadelphia, PA.

AWARDS
§
§
§
§
§
§
§
§
§
§

Pi Sigma Pi Physics Honors Society
Bert Elsbach Trustee Scholarship in Science
Clifford J. Campo Trustee Scholarship
Bert Elsbach Honors Scholarship in Physics
Dunsmore Scholarship
Bunton-Waller Scholarship
Granville B. Lane Memorial Scholarship
Donald and Barbara Weyenberg Graduate Fellowship
Penn State Trustees Scholarship
Roy Campfield Scholarship

WORK EXPERIENCES
SpeculatingStocks.com Inc., Indiana, Pennsylvania, 2010-Present
Web Programmer
§ A start-up company involved in advertising stocks over a network of websites
§ Currently developing a social network
§ Oversaw and trained two new employees
§ Developing a data-mining procedure to glean stock sentiment from Twitter
§ Optimized the promotion posting process
§ Created mobile versions of the websites
§ Automated the flow of information
§ Assisted in search engine optimization and traffic monitoring
§ Proficient in HTML5, CSS3, PHP, MySQL, Javascript
Penn State Residential Life, University Park, Pennsylvania, 2012-Present
Resident Assistant (Honors Special Living Option)
§ Enforce residence hall and University regulations
§ Build community amongst the residents on the floor
§ Act as a resource for residents for any problems and questions
§ Organize monthly programs for residents
§ Assist in building cultural awareness through cultural events and promoting dialogue

RELATED ACTIVITIES
McNair Scholars Program
§ Graduate school preparatory program for underserved and under-represented groups
§ Participated in weekly workshops involving career development and graduate school
preparation
Science LionPride – Webmaster & Merchandise Chair on Executive Board
§ Student ambassadors to the Eberly College of Science, focusing on student
recruitment, alumni relations, and service activities
§ Served as Webmaster and Merchandise Chair during sophomore year

§
§
§
§

Revamped and introduced a new club website
Designed shirts and quarter-zip merchandise
Ordered and distributed merchandise
Collaborated with Eberly College of Science administrators and leaders to expand
our reach and impact
Asian American Students in Action – Coordinator
§ A mentoring program to guide and assist freshman students of Asian American and
Pacific Islander backgrounds at Penn State
§ Served as a mentor during sophomore and junior years after being a mentee as a
freshman
§ Helped organize and direct events and ensured meaningful mentor-mentee
relationships as a coordinator
American Association of Physicists in Medicine, Mid-Atlantic Chapter – Webmaster
§ Regional chapter for the AAPM
§ Helped maintain and improve the website in coordination with the executive board
International Society of Medical Resonance in Medicine
A professional organization dedicated to the promotion, research, development, and
application of magnetic resonance techniques in medicine and biology
Society of Physics Students
§ A student organization to promote interaction and activity between physics majors
outside of class

