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

Medical Physics 
 
Biophysical Sciences                         August 19, 2011 
 
 
ANSWER 6 OF THE FOLLOWING 10 QUESTIONS.  IF YOU ANSWER MORE 
THAN 6, ONLY THE FIRST 6 WILL BE GRADED.  
 
 
1. a) The chemical formula for water is H2O and for methane is CH4. What 
is the chemical formula for glucose? 
b) Draw the structure of glucose (both linear and ring forms). 
c) Is glucose a lipid, carbohydrate, protein, or nucleic acid? 
d) Describe how the body uses glucose 
e) What is the difference between glucose and glycogen? 
f) Outline how the level of glucose in the bloodstream is controlled. 
 
 
 
 
2. Discuss in words, pictures, and equations the Hodgkin-Huxley model of the 
squid giant nerve axon membrane. Your discussion should be as detailed and 
quantitative as possible, and should describe: 
a) Important ion channels and gates 
b) Events underlying an action potential 
c) Voltage clamp experiments upon which the model is based 
d) The concept of refractoriness 
e) “All-or-nothing” excitation 
 
 
 
 
3. Describe diffusion tensor imaging. Be sure to indicate how DTI experiments 
are performed, what information you can obtain from this method, and how you 
can get information about diffusion that is independent of the sample 
orientation. 
 
 
 
 
4. What is an oncogene? What is a tumor-suppressor gene? Is p53 an oncogene or 
a tumor-suppressor gene? Explain the role of p53 in cancer (describe its 
mechanism of action). 
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5.  a) Draw a pulse sequence for 2-D heteronuclear J-Resolved 
spectroscopy for an AX system (A = 1H, X = 13C), with the correct 
labels for timings and channels. 

 b) Draw schematically with a brief explanation, how the magnetization 
vector from the X nuclei behaves at or during the following times 
(label all magnetization vectors): 
1. after the 90˚|x' pulse 
2. during the first t1/2 period 
3. before the 180˚|y' pulse 
4. after the 180˚|y' pulse 
5. during the second t1/2 period 
6. when the signal acquisition starts 

 
 
 

 
6.  a) Suppose an object given by 

€ 

f x,y( )  is examined by measuring its projection 

€ 

F θ,x '( ) . Define how to calculate 

€ 

F θ,x '( )  from 

€ 

f x,y( ) . In other words, define the 
projection operator. The figure and equations below may be helpful. 

b) If , 

€ 

f x,y( ) =
x

x 2 + y 2( )2
 , calculate 

€ 

F θ,x '( ) . 

c) If you measure 

€ 

F θ,x '( ) , outline one of the two commonly used algorithms (you 
choose which one) to determine 

€ 

f x,y( ) . Be as clear and complete as possible. 
A brief table of integrals is listed on the last page of the exam.  
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Qualifying Examination for the Ph.D. in Biomedical
Sciences—Medical Physics

Biophysical Sciences                     August 20, 2007

ANSWER 6 OF THE FOLLOWING 10 QUESTIONS.  IF YOU ANSWER MORE
THAN 6, ONLY THE FIRST 6 WILL BE GRADED.

1.  a) Suppose an object given by 

! 

f x, y( ) is examined by measuring its projection

! 

F ", x'( ) .  Define how to calculate 

! 

F ", x'( )  from 

! 

f x, y( ).  In other words, define the

projection operator.  The figure and equations below may be helpful.

b) If 

! 

f x, y( ) =
1

x " a( )
2

+ y
2 + b2

, calculate 

! 

F ", x'( ) .

c) If you measure 

! 

F ", x'( ) , outline one of the two commonly used algorithms (you

choose which one) to determine 

! 

f x, y( ).  Be as clear and complete as possible.

! 

x'= x cos"+ y sin"

! 

y'= "x sin#+ y cos#

2.  Radiotherapy can be an effective treatment modality for many types of solid
tumor. However, cells that are acutely and/or chronically hypoxic can be
refractory to radiation-induced cell killing. Explain how current radiotherapy
treatment protocols have evolved to overcome or reduce the effects of hypoxia-
mediated radiation resistance.
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7. Consider a countercurrent heat exchanger, which represents the 
arrangement of blood vessels in the flipper of a whale (see the figure 
below). The temperatures of the arterial and venous blood, Ta and Tv, are 
governed by  
 

€ 

dTa
dx

= −a Ta −Tv( ) 

€ 

dTv
dx

= −a Ta −Tv( )  

 
Assume that the arterial blood at x = 0 is at the warm temperature of the 
whale’s body, Tw. The arterial blood at x = L enters the capillaries at 
temperature Ta(L) and is cooled to the temperature of the surrounding 
ocean water, Tc, by the time it enters the vein at x = L. 
a) Derive expressions for Ta(x) ad Tv(x), in terms of a, L, Tc, and Tw. 
b) The loss of heat from the body to the surroundings is proportional to ΔT 
= Ta(L) − Tc. Find an expression for ΔT. What does ΔT reduce to if aL >> 1? 
if aL << 1? 
c) Interpret these results physically. To minimize heat loss to the ocean 
should aL be large or small? 
d) Explain in words (no equations) why an animal might make use of such 
a countercurrent heat exchanger. 
 

 
 

 
 
8. a) Write Poisson’s equation of electrostatics, relating the electrical 
potential V to the charge density ρ. 
b) Assume the distribution of ions in a conducting fluid is given by the 
Boltzmann factor. Write down the ion concentration as a function of the 
potential and the absolute temperature T. Assume the fluid contains only 
two ions, sodium and choride, and that where the potential is zero the 
concentrations are [Na]0 = [Cl]0. 
c) Put these two equations together to derive the Poisson-Boltzmann 
equation. 
d) Derive the linear approximation to the Poisson-Boltzmann equation. 
e) The result in part d) gives rise to a length constant governing the 
shielding effect of counterions in a conducting fluid. Determine an 
expression for that length constant in terms of the problem parameters 
and other basic constants. 
 
 

Problems 131

and neglecting the change of solute concentration in the
manometer tube as water flows in, one finds that height
z increases to the equilibrium value exponentially, with
a time constant obtained in the previous problem. What
would be the time constant if one used the membrane de-
scribed in Fig. 5.10? For that membrane Lp =1 ml min!1

m!2 torr!1, and the total membrane area is S = 0.2 m2.
Suppose that the inner radius of the manometer tube is 1
mm. (One could not use sucrose as a solute, because this
particular membrane is permeable to molecules of molec-
ular weight less than 50,000.)

Problem 10 A cell has variable volume V and fixed sur-
face area S. The total hydrostatic pressure p is the same
inside and outside the cell, and there is complete and in-
stantaneous mixing. Initially the interior and exterior are
both pure water. The initial volume of the cell is V0. At
t = 0, the exterior is bathed in a solution containing an
impermeant solute of concentration C0.

(a) Does the cell shrink to zero volume or expand to its
maximum volume, which is a sphere of surface area S?

(b) Derive a di!erential equation for the volume change
and integrate it to find how long it takes for the cell to
reach zero or maximum volume.

Problem 11 A cell has variable volume V and fixed sur-
face area S. The total hydrostatic pressure p is always the
same both inside and outside the cell. There is complete
and instantaneous mixing both inside and out. An imper-
meant solute has an initial concentration C(0) both inside
and outside. The initial cell volume is V0. At t = 0 the
exterior solute is removed.

(a) Does the cell shrink to zero volume or expand to its
maximum volume, which is a sphere of surface area S?

(b) Derive a di!erential equation for V (t) and find
how long it takes for the cell to reach zero or maximum
volume.

Section 5.6

Problem 12 Two membranes have permeabilities !1RT
and !2RT . Find the permeability of a two-layered mem-
brane in terms of !1 and !2.

Problem 13 Solute is carried through a pipe by solvent
drag. The radius of the pipe is b. The average flow along

the pipe is jv (independent of r because it has been aver-
aged over r). Assume that within the pipe the concentra-
tion of solute is independent of radius and can be writ-
ten as C(z). The solute is carried along purely by solvent
drag. Solute concentration outside the pipe is zero. Solute
di!uses through the wall of the pipe, which has solute
permeability !RT . In terms of jv, b, and !RT , obtain
a di!erential equation for C(z) and show that C decays
exponentially along the pipe. Find the decay constant.

Section 5.7

Problem 14 A kidney machine has a membrane perme-
ability !RT = 0.5 ! 10!3 cm s!1. If the membrane area
is 1 m2, the volume of body fluid is 40 l, and the vol-
ume of dialysant is e!ectively infinite, what is the time
constant? How long will it take to reduce the BUN (blood
urea nitrogen) concentration from 120 mg per 100 ml to
20 mg per 100 ml?

Problem 15 Find the pair of coupled di!erential equa-
tions for C and C " for a dialysis machine in which V " is
not infinite.

Section 5.8

Problem 16 In the countercurrent model (Eq. 5.25) the
total current i through the membrane when its length is
X is

i = !RTY

! X

0
[Cin(x) " Cout(x)] dx.

Solve this integral for the two cases given by Eqs. 5.26
and 5.27. Show that the current ratio in these two cases
is 1.36 when a = 1 and X = 2.

Problem 17 The countercurrent model applies to the
transport of heat as well as particles, with temperature
taking the place of concentration. Consider a counter-
current heat exchanger, which represents the arrangement
of blood vessels in the flipper of a whale [Schmidt-Nielsen
(1972)].

x = 0 x = L

artery

vein

T  (x)a

T  (x)v

The temperatures of the arterial and venous blood are gov-
erned by equations similar to Eqs. 5.27:

Ta = c1 + (c2 " c1)ax,

Tv = c2 + (c2 " c1)ax.

Assume that the arterial blood at x = 0 is at the warm
temperature of the whale’s body, Tw. The arterial blood at
x = L enters the capillaries at temperature Ta(L) and is
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9. Describe in detail the spin-echo sequence in nuclear magnetic 
resonance, using words and pictures. In particular, draw a pulse sequence 
showing the types and timing of RF pulses required for spin-echo 
measurements. In your discussion, be sure to explain the difference 
between T2 and T2*. How is the production of echoes in “echo planar 
imaging” different from the production of echoes in traditional spin-echo 
imaging? 
 
 
 
 
10. What are the three primary mechanisms by which an X-ray interacts 
with matter? Describe the basic physics of each mechanism. At what 
photon energy range does each mechanism dominate? Make a qualitative 
log-log plot of total cross-section versus photon energy for an element 
such as carbon, and indicate in this plot at what energy range is each 
mechanism dominates. 
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For a positive: 

 

 

 

 

 

 

 

 

  

 

  

 
 


