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Qualifying Examination for the Ph.D. in Biomedical Sciences—

Medical Physics 
 
Biophysical Sciences                         August 18, 2015 
 
ANSWER 6 OF THE FOLLOWING 10 QUESTIONS.  IF YOU ANSWER MORE 
THAN 6, ONLY THE FIRST 6 WILL BE GRADED.  
 
 
1. Consider the following equations describing the electrical behavior of a 
nerve axon 
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a.  Explain in words or pictures what each symbol means and give its units. 
b.  Derive the one-dimensional cable equation. 
c.  Define the length constant λ and the time constant τ, and express them in 

terms of the constants in the above equations. 
d.  State the main assumptions underlying the cable equation that you 

derive. 
 
 
2. Fill in the answers or circle the correct answers for the following questions 
a.  The Fourier transform of the sinc function is ________________ 
b.  The Fourier transform of the Lorentzian is ________________ 
c.  The Fourier transform of a spike is ___________________ 
d.  The energy of the m = - ½ spin state is higher or lower than that of the m 

= + ½ spin state. 
e.  The population of the spin-up state is higher or lower than that of the 

spin-down state. 
f.  The resonant peak of oil (about 1 ppm) appears to the left or right of that 

of water (about 4.7 ppm) 
g.  The oil peak resonates at a higher or lower field that the water peak. 
h.  The nuclear _____________ interaction can be minimized at the magic 

angle for simple liquids. 
i.  The T2 relaxation occurs when the magnetization is in the transverse 

plane or along the z axis. 
j.  For a weakly coupled AX system, MH

Cα (alpha) leads or lags MH
Cβ (beta) in 

the transverse plane. 
k.  The proton spectrum for a first-order quartet has the intensity ratio of 

____ ____ ____ ____. 
l.  A pulse with a long-time duration is said to be a soft or hard pulse. 
m.  A soft pulse excites the spins in a narrow or wide range of frequencies. 
n.  An 8-bit ADC has a digital resolution of _______ %. 
o.  The S/N increases as n2 or n1.5 or n1 or n0.5 where n is the number of 

accumulations or averages when signal averaging. 
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3. The linear energy transfer (LET) for protons in tissue at energies less than 250 
MeV is approximately equal to the stopping power for protons, -dE/dx, where E is 
the kinetic energy of the protons and x is the distance. The stopping power in tissue 
as a function of energy is given by the Bethe-Bloch formula 
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where ne, e and me are the number density, charge and mass of the electron, M is the 
proton mass, α is the fine structure constant, and I is the average ionization energy. 
Using a rough approximation of the Bethe-Bloch formula 
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estimate the range of 250-MeV protons in tissue. Assume that the Bragg peak, 
where the LET reaches its maximum value, corresponds to E = 0.1 MeV and that 
you want to tune its position to the location of the tumor. If the tumor is located at a 
depth smaller than the range, you can change the position of the Bragg peak by 
inserting a plastic slab in front of the tissue. Estimate the thickness of this slab for a 
tumor with a depth of 10 cm if the stopping power for the plastic is twice as large as 
for tissue. 
 
The method described above is used for proton therapy when a cyclotron is used to 
accelerate protons and, therefore, the energy of the protons is fixed. If a synchrotron 
is used, the proton energy can be varied as needed. Can you think of disadvantages 
to having to use a plastic insert? 
 
 
4.  The growth rate (units of 1/time) of a population is given by 

])([ 2bNar −− , where r, a and b are positive parameters. 

a.  Write down a population model equation of the form )(Nf
dt
dN

= .  

b.  Nondimensionalize the equation and show that the dynamics depend on 
a single dimensionless parameter rabk /= .   

c.  If u is your nondimensional population, sketch )(uf  for 1>k  and 
1<k  and discuss the qualitative behavior of the solution. Show how this 

behavior changes, when k and the initial conditions are varied. 
 
 
5.  An antibody (also known as an immunoglobulin) is a type of molecule that plays 
a key role in the immune system. What type of molecule is an antibody: 
carbohydrate, protein, lipid, or nucleic acid? What is the structure of an antibody? 
What cells produce antibodies? What role do antibodies play in our immune 
system? Our bodies need many different antibodies to recognize many different 
antigens; how is this variability produced? Our bodies need to remember past 
antigens so they can respond quickly to a subsequent invasion; how does this 
memory occur? 
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6. The "central dogma" of molecular biology describes how genetic information is 
transferred. Outline the central dogma, with an emphasis on translation and 
transcription. Be sure to describe how genetic information is stored, passed, and 
used to make important biological molecules. Include enough detail to demonstrate 
that you know how these events occur. Tell where in the cell important events 
occur, and what molecules are involved in each step. 
 
 
7. Describe the structure of a protein (use molecular drawings if possible). 
Explain what a protein is made from. How does one protein differ from 
another? What is meant by primary, secondary, and tertiary structure? List 
some biological uses of proteins. 
 
 
8.  What are microRNA and how are they processed in the cell? In what 
circumstance were they discovered? When and by whom? How might 
miRNA be harmful after stroke, and how might they be used to treat neural 
injury? If a typical miRNA is 20 nucleotides long, and typical exosomes are 
100 ± 20 nm in diameter, how many copies of miRNA might we expect to 
find in a given exosome? The conventional wisdom is that a minimum of 50 
copies of a given miRNA are required to affect change in a cell. Given this 
information, is loading miRNA into exosomes a reasonable strategy for 
treating disease? (Please state any assumptions you make, e.g. about 
numbers of exosomes that can be produced by a given cell type, 
concentration of exosomes at target site, etc.) 
 
 
9. Consider the object  
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a.  Plot f(x,0) vs. x  
b.  Calculate the projection F(!,x’). Plot F(0,x’) vs. x’.  
c.  Use the projection from part (b) to calculate the back projection fb(x,y). 

Plot fb(x,0) vs. x.  
d.  Compare the object and the back projection. Explain qualitatively how 

they differ. 
 
 
10. Draw the following to a x10,000 scale. If it contains intracellular 
organelles such as a cell nucleus or mitochondria, include them in your 
drawing. Describe each (for example, is it an organism, or part of an 
organism; is it a prokaryotic cell, a eukaryotic cell, a bacterium, a virus, etc.; 
is it found in humans). If it doesn’t fit on your paper, just draw part and 
explain how big a piece of paper would be needed to draw the whole thing. 
Indicate the wavelength of green light on your drawing. 
a.  HIV 
b.  E. coli 
c.  A red blood cell  
d.  A cardiac cell   


