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

Medical Physics 
 
Biophysical Sciences                         August 14, 2017 
 
ANSWER 6 OF THE FOLLOWING 10 QUESTIONS.  IF YOU ANSWER MORE 
THAN 6, ONLY THE FIRST 6 WILL BE GRADED.  
 
1. Consider the reaction 𝐶"𝐻$%𝑂" + 6𝑂% → 6𝐶𝑂% + 6𝐻%𝑂. Name each molecule 
in this reaction. Explain how the body obtains, transports, and eliminates 
each molecule. Does this reaction produce energy? Explain in general terms 
what are glycolysis, the Krebs cycle, and oxidative phosphorylation, and 
where in the cell each takes place? Where does the inverse of the above 
reaction happen? 
 

 
2. In the above picture, what molecule is shown? What do “S” and “P” stand 
for? What do “A,” “T,” “G,” and “C,” mean? What are the short dotted lines 
connecting A and T, and G and C? What relationship between the amount of 
T + C and the amount of G + A was discovered by Erwin Chargaff? What 
does “5’ end” and “3’ end” mean, and what is the significance of the 
different ends? The above molecule is drawn as if it were flat and two-
dimensional. What is its usual three-dimensional structure? 
 
3. What is the difference between genotype and phenotype? What do we 
mean by dominant and recessive genes? What is the difference between 
homozygous and heterozygous? Consider an example. Plants with at least 
one dominant R gene have red flowers, and plants with two recessive r 
genes have white flowers. Suppose you begin with two plants, one that has 
two R genes and one that has two r genes.  
a) If you mate the two pants, what fraction of the offspring will have red 
flowers? 
b) If you mate the offspring among themselves, what fraction do you expect 
will have red flowers? Explain your reasoning. 
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4. Above is a pulse sequence in MRI (Fig 2b in Magnetic Resonance in 
Medicine, 39:941-949, 1998).  
 
a) This pulse sequence has two segments, divided as “T2 contrast” and 2-D 

Imaging”. Let’s first focus on the pulses labeled as “2-D Imaging” 
 

1) What should the horizontal axes be labeled as and in what unit? 
2) Explain what ‘rf,”, “Gz,” “Gy,” “Gx,” and “Sig” mean? Which of the 

gradients is the slice/phase/read gradient in the usual MRI 
terminology?  

3) What do “90” and “180” mean? What is the purpose of each? 
4) What is the ratio of the area of the first Gz pulse over the area of the 

second Gz pulse? (Hint: the two Gz pulses are not drawn to scale.) 
5) What is the ratio of the area of the first positive Gx pulse over the area 

of the negative Gx pulse? 
6) What is the squiggle in the last channel Sig? What causes the center of 

this squiggle to sit as it is? How can the center of the squiggle be 
moved forward and backward? 

 
b) What do the three rf pulses above the horizontal line “T2 contrast” do? 
c) Bonus: What is the purpose of the last gradient in Gx? 
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5. Above is Fig. 2 of Sigworth and Neher (Nature, 287: 447-449, 1980). 
 
a)  What sort of technique was used to obtain this data? Briefly describe this 

method. 
b)  In trace a assume the initial voltage is -100 mV (using the “modern” 

notation of transmembrane potential = inside potential - outside 
potential, with outside grounded), and is stepped up to -60 mV. Assume 
the sodium Nernst potential is +50 mV. Estimate the single channel 
conductance for sodium channels. 

c)  Explain how the trace in b relates to the traces in c. 
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6. Consider cells migrating and proliferating in a one-dimensional channel.  
 

 
 
Initially cells are placed in the left part of the channel (see the cartoon), and 
then they migrate and proliferate into the right part. One can show that the 
scaled cell density obeys the following equation: 
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where the diffusion constant is denoted by D and the proliferation rate is 
denoted by α. Look for the solution of this equation in the form of a 
propagating front and derive the expression for the minimal velocity of the 
front. 
 
 
 
 
7. Consider the cyclic AMP second-messenger system. 
a) Where in the cell is the receptor located that detects the first messenger? 
b) When the receptor binds to the first messenger, what type of protein does it 
initially activate? 
c) What molecule acts as the second messenger? 
d) Does the first messenger exist in the intracellular space or extracellular space?  
e) Does the second messenger exist in the intracellular space or extracellular space? 
f) What molecule is converted into cAMP?  
g) What enzyme catalyzes the production of cAMP? 
h) The second messenger binds to and activates what sort of protein? What does 
this protein do? 
i) Explain where signal amplification occurs in this cascade of events? 
j) The second messenger eventually is broken down into what molecule? 
 
 
 
 
8. Consider the human circulatory system. 
a) Describe the structure of the heart, including its main chambers and valves, and 
the vessels that bring blood to and from the heart.  
b) For each chamber, describe where the blood comes from when it enters and 
where it goes to when it leaves, and explain where this blood is oxygenated and 
where it is deoxygenated.  
c) Define what is meant by the systemic circulation and the pulmonary circulation.  
d) Define diastole and systole. 
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9. The concentration of potassium ions in plasma (K, in mM) is regulated by 
the concentration of the hormone aldosterone (A, in ng/100 ml). As 
aldosterone increases, the kidney excretes more potassium in the urine and 
the plasma concentration of potassium ions decreases 
  

      . 

 
When the extracellular potassium ion concentration rises, the adrenal gland 
produces more aldosterone  

     . 

 
a) Draw a block diagram of the feedback loop, including accurate plots of the 
two relationships. 
b) Calculate the operating point and the open loop gain. (Note: you may 
have to find these numerically or graphically.) 

c) Suppose the behavior of the kidney changed so . Determine the 

new value of K if the regulation of aldosterone is not functioning (A is equal 
to that found in part b), and then determine the new value of K taking 
regulation of aldosterone into account. 
 
 
 
10. Explain how a 99Mo-99mTc generator works. What is 99mTc used for? 
Give examples.  
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