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capability would have been virtually impossible because 
of the slow rate of data collection. 

Measurements of the time evolution of the RTP life
time during unfolding and refolding show the presence 
of several transient intermediate states, including states 
with significantly altered core structure—all of which 
exhibit complete biological activity. Moreover, the 
refolding of alkaline phosphatase following denatura
tion reveals a relatively fast refolding leading to the bio
logically active state, while laser spectroscopy measure
ments show a soft core which is annealing to the native
like state on a time-scale long compared to the return of 
activity. 

The general behavior is illustrated in Figure 1, where 
both biological activity and the average RTP lifetime are 
shown as a function of time after the denatured protein 
begins to refold. The biological activity reaches its 
asymptotic value in one hour at 24°C while in contrast, 
the structural rigidity of the hydrophobic core of the 
protein, monitored by the recovery of RTP lifetime, 
returns to its characteristic native-like value over several 
days. The active refolded protein also shows increased 
chemical instability for early times.1 The slow annealing 

of the core is consistent with the presence of high ener
gy barriers relative to k B T that separate fully active 
intermediate states along the folding pathway, a 
description suggested in the rugged energy landscape 
model.2 

The great sensitivity of the RTP lifetime to the local 
environment of the emitting Trp provides an excellent 
local probe of the protein structure, and is capable of 
measuring small changes not detectable by other com
monly used biophysical techniques such as circular 
dichroism or fluorescence spectroscopies. Advances in 
molecular biology techniques that permit site-directed 
mutagenesis open up vast possibilities of engineering 
phosphorescent residues into existing protein struc
tures to act as "beacons" in the study of folding of pro
teins, ligand binding, and drug design and delivery. 
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Magnetic Resonance Imaging 
with Laser-Polarized Noble 
Gases 
Bastiaan Driehuys, Joseph Henry Laboratories, 
Princeton University, Princeton, N.J. 

In its present form, magnetic resonance imaging 
(MRI) produces images by mapping the hydrogen 

nuclei in the tissues of the body. A new implementation 
of MRI using laser-polarized noble gases has recently 
been demonstrated wherein lasers are used to enhance 
the MR signal from noble gases such as 3He and 1 2 9 Xe, 
making them easily observable in a conventional MRI 
scanner. Initial experiments have yielded spectacular 
MR images of the lungs of laboratory animals, and 
recently, images of human lungs. This technology 
should provide functional information that may be 
important in evaluating and treating a wide range of 
respiratory problems such as emphysema and asthma. 

Princeton University physicists have used the tech
niques of optical pumping and spin exchange to impart 
extremely large nuclear spin polarizations to noble 
gases. The MR signal per nucleus from these gases is 105 

times larger than corresponding proton signals in con
ventional MRI. Thus, MR imaging of laser-polarized 
noble gases becomes possible, easily overcoming the 
signal loss due to the low density of the gas. Optical 
pumping uses a laser tuned to the 795 nm resonance of 
rubidium to create a nearly 100% electron spin polar
ization in the Rb vapor. Spin exchange then collisionally 

Figure 1. a) Recovery of biological activity of bacterial alkaline phos
phatase (AP) following renaturation. The enzyme activity returns to 
its asymptotic value in about 1 hour. b) Recovery of room tempera
ture p h o s p h o r e s c e n c e lifetime of AP following renaturation. The 
native RTP lifetime is approached on a t imesca le of days following 
initiation of refolding. 

38 Optics & Photonics News/December 1995 



VISIO
N

 
O

PTICS IN
 1995 

transfers the electronic polarization of the 
rubidium valence electrons to the noble gas 
nuclei. Extremely large nuclear polarizations 
can be obtained on time scales ranging from 
minutes to a few hours, at which time the 
polarized gas can be transferred from the polar
izing apparatus to the patient. 

The first such images were made using a few 
cubic centimeters of laser-polarized 1 2 9Xe in a 
collaboration between the Princeton University 
group and the State University of New York at 
Stony Brook.1 Further collaboration between 
Princeton and Duke University researchers 
extended the technique to make use of 3He.2 

Increases in the quantities of polarized 3He 
produced then made imaging of a live animal 
possible,3 and eventually resulted in the first 
successful imaging of the lungs of a human 
subject. 

The laser source used for optical pumping is 
of central importance to this technology since 
the number of polarized noble gas nuclei that 
can be produced is directly proportional to the 
available laser power. High-power cw diode laser arrays 
have proven to be critical in producing progressively 
larger quantities of polarized gas at a reasonable cost. A 
20W AlGaAs array with a collimating AR-coated fiber, 
lasing at 795 nm, has been used extensively in small 
animal imaging, and a 100 W unit was used to polarize 
the 1.5 L of 3He necessary to image a human lung. 
With further improvements in this important laser 
technology, the capacity to produce tens of liters of 

highly polarized gas for eventual clinical use should 
become feasible. 

References 
1. M.S. Albert et al., "Biological magnetic resonance imaging using laser-

polarized 129Xe," Nature, 370, 199 (1994). 
2. H. Middleton et al., "MR imaging with hyperpolarized 3He gas," Mag. 

Res. Med. 33, 271 (1995). 
3. R.D. Black et al., "In vivo 3He magnetic resonance images of guinea pig 

lungs," submitted to Science (Sept. 1995). 

Figure X. First MR image of human lungs using laser-polarized 3He. The patient 
inhaled approximately 1.5 L of polarized 3He from which 15 images could be 
constructed in less than a minute. The resolution of this image is 
0.25 X 0.25 X 2 cm3. 

SIGNAL PROCESSING 
Signal Processing Using 
Wavelet Transforms 
C. DeCusatis, IBM Corporation, Poughkeepsie, N.Y. 
and P. Das, Rensselaer Polytechnic Institute, Troy, 
N.Y. 

R ecently there has been a great deal of interest in the 
application of wavelet transforms to practical signal 

processing problems. Because of their high bandwidth 
and inherently parallel nature, optical systems represent 
an efficient way to realize the wavelet transform. In this 
paper, we describe the use of acousto-optic image cor
relators to implement the wavelet transform, including 
architectures for perfect reconstruction filters. We also 
discuss potential applications of wavelets in communi
cation systems, nondestructive testing, and biomedical 
analysis of electroencephalography (EEG) signals. 

The wavelet transform can be implemented as a cor
relation between an input signal and a family of daugh

ter wavelets. Although this implementation has been 
realized previously using acousto-optic correlators, a 
two-dimensional spatial light modulator is required to 
represent the entire family of daughter wavelets. This 
limitation can be overcome with an acousto-optic 
image correlator, which implements the cross-correla
tion between a pair of two-dimensional images using 
only a single acousto-optic device.1 We have proposed 
that a family of daughter wavelets can be realized using 
frequency multiplexing of the acoustic signal; the 
resulting two-dimensional wavelet transform is detect
ed by a CCD array. Because of this simplification, it is 
easier to obtain the wavelet transform of several signals 
in parallel. Additionally, if the signals are discrete we 
can modify this architecture to create a perfect recon
struction quadrature mirror filter (QMF).2 In this case, 
the detector output feeds back to the acousto-optic cell, 
sampled at half the original clock frequency; the 
acousto-optic device acts as an optically tapped delay 
line in a finite impulse response (FIR) filter. 

We will describe three experiments that demonstrate 
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