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scientific and educational communi­
ties would be well advised to consider 
the points Rowell makes in any future 
restructuring. 

My only real point of departure 
from Rowell's recommendations con­
cerns the training given to those 
physicists destined for the industrial 
sector. I disagree with the idea that a 
terminal master's degree should be 
the "working degree" for these peo­
ple. A better approach is not less 
education but more. 

Before elaborating, I should sketch 
my background to establish my rea­
sons for advocating a different ap­
proach. I received my PhD in con­
densed matter physics in 1975 from 
the University of South Carolina, 
based on research at the Savannah 
River Laboratory. I spent two years 
as a research assistant at Case West­
ern Reserve University before teach­
ing physics at North Georgia College. 
For the last 14 years I have served as 
a senior physicist at Philips in an 
R&D laboratory; I have several jour­
nal articles, patents and proprietary 
processes to my credit. Recently I 
have received an MBA with special­
ization in marketing and product 
development. 

I agree with Rowell that one of the 
main problems with physicists in 
industrial research is their emulation 
of the academic model of how and why 
research is conducted. Most new 
PhDs emulate the academic approach 
because it is the only one they have 
seen. I propose that the PhD track be 
split: There would an academic route 
for those wishing to teach or conduct 
basic research. For those entering 
industry, specialized training in in­
dustrial R&D methods and business 
theory could be added. Theses on 
industrial topics with dissertation 
committee members drawn from rel­
evant industries would help insure 
that an industrial focus rather than 
an academic one is maintained. In 
the ideal situation the research topic 
would be one of interest to industry, 
and the research would be performed 
in an industrial lab under the direc­
tion of industry scientists. 

The Japanese and others have beat­
en us in bringing technology to mar­
ket because we teach our scientists 
that applications are not worthy of 
the talents of a true scientist. I and 
others in industry can attest that 
PhD-level people are needed there to 
understand the basic research being 
done in universities and government 
labs. High-level understanding and 
practical skills must be blended if we 
are ever to become the world leaders 
in commercializing our excellent ba­
sic research. Less education does not 

seem to be the answer. We need 
university faculty who understand 
and work with industry and teach 
those skills to their students. 

JAMES L. STEVENS 
North American Philips 

5192 Columbia, South Carolina 

John Rowell has written a marvelous 
article that should be required read­
ing of all university professors and lab 
directors and managers. I think he is 
absolutely right: There is now a glut 
of knowledge that far exceeds the 
demand. Following Rowell's recom­
mendations I would thus urge my 
faculty colleagues to reduce the num­
ber of papers that they write (and that 
nobody reads), the number of propos­
als that they prepare (and that don't 
get funded) and the number of PhDs 
whom they graduate (and who can't 
find jobs). Of course, I have no 
intention of adopting such a policy 
myself. D. DE FONTAINE 
5192 University of California, Berkeley 

Sharper Images 
of Mri' s Origins 
Felix W. Wehrli 's article "The Ori­
gins and Future of Nuclear Magnetic 
Resonance Imaging" (June 1992, 
page 34) is an excellent overview of 
the field; however, there are signifi­
cant omissions in the discussion of 
the historical development. In fair­
ness to Wehrli, the history of nmr 
imaging, which is now termed mag­
netic resonance imaging, is not well 
documented. 

Wehrli states that "numerous tech­
nological hurdles had to be overcome 
before nmr could progress to clinical 
practicality." He is certainly correct 
about that, but without discussing 
those hurdles, in the next sentence he 
states, "By 1980 whole-body experi­
mental nmr scanners were in oper­
ation." Between those two sentences 
are ten years of intensive research 
and development to bridge the gap 
between the concept that it might be 
possible to actually achieve useful 
magnetic resonance images and the 
achievement itself. In fact, none of 
the early concepts for methodology 
were possible routes to achieving a 
practicable imaging system. 

Since my students and I were front­
line participants in overcoming the 
"numerous technological hurdles" 
and in designing and building the first 
clinically useful mri machines, it is an 
easy matter for me to provide some of 
the history missing from Wehrli's 
article. 

In 1959 our laboratory (Melvin 
conrinued on page 94 
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Calvin's lab at the University of 
California, Berkeley, more specifical­
ly) carried out the measurement of 
blood flow in mice. 1 This experiment 
was an important basis for showing, 
for the first time, that nmr could be 
usd to obtain biological data from 
living creatures. By 1970 we had 
carried out nmr measurements of 
blood flow in humans,2 showing the 
feasibility of nmr measurements 
within the living human. The first 
use of surface coils for nmr observa­
tions within the body was successfully 
demonstrated in the same paper. 

By 1979 our group had designed 
and built the first nmr imaging sys­
tem that could practicably provide 
clinically useful images of the human 
body. To accomplish that goal we 
used the spin-echo technique invented 
by Erwin Hahn (University of Califor­
nia, Berkeley).3 Without the use of 
Hahn's spin echoes and his discovery 
of free induction decay,4 there would 
have been no mri. In addition, we had 
to develop some completely new tech­
niques,5 including spin-echo sequenc­
ing, multislice imaging, specialized 
radiofrequency pulse sequences and 
rf coil designs. These were all incor­
porated into a system that provided 
whole-body images with millimeter 
resolution in minutes (rather than 
days, which was the best possible hope 
with other imaging methods). 

One of our other innovations, which 
turned out to have a major effect on 
the development of physics, was to use 
a superconducting magnet-in fact, 
what was then the largest and most 
homogeneous superconducting elec­
tromagnet in the world, designed and 
built to our specifications by Oxford 
Laboratories. When our system went 
into production, it induced very sig­
nificant commercial interest in super­
conductivity and stimulated (by an 
indirect path) research on supercon­
ductivity and high-temperature su­
perconducting materials. (The cross­
fertilization of physics research is a 
personal fascination of mine.) 

Because of mri, many people bene­
fit from accurate diagnoses that cir­
cumvent exploratory surgery and per­
mit expedient disease treatment. Mri 
also has provided medical research 
with an enormously powerful weap­
on. With mri, it is now feasible for 
physicians to make frequent or even 
continual observations of disease de­
velopment and the effects of pre­
scribed treatments on patients with­
out incurring the risk of radiation 
problems. Such time sequencing of 
disease observation is not very practi­
cable with x-ray or radioactivity­
based imaging techniques. By con-
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trast, mri provides a detailed look at 
soft tissue and is completely harm­
less. (In the course of our research, I 
have personally been in our mri 
systems for many hours at a time.) 

Another aspect of mri that is of 
major importance to medical diag­
noses and research is the measure­
ment of blood flow.6 With mri, blood 
flow can be imaged and measured in 
detail, even to the extent of determin­
ing the absolute values of flow as it 
changes with the heartbeat cycle.6 •

7 

While the crystal ball is always 
cloudy, it is my belief that blood flow 
measurements will prove to be one of 
the major benefits of mri. 
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Felix W. Wehrli's article focuses on 
the development of clinical nmr imag­
ing from the early 1970s on. One 
paragraph of the article might be 
interpreted as implying that a radi­
cally new component-the generation 
of spatial maps of spin distributions­
was first added to nmr technology in 
1973 with the superposition of "mag­
netic field gradients onto the main 
magnetic field to make the resonance 
frequency a function of the spatial 
origin of the signal." A radically new 
component was introduced in the 
1970s, but it was not the basic concept 
of spatial localization and spin maps, 
which had already been introduced 
for one (spatial) dimension in the 
early days of nmr. 

The new component of the 1970s is 
perhaps best described as the vision 
that a useful spin map as complicated 
as an interior medical image was in 
principle obtainable and was a goal 
worth pursuing. The remarkable 
achievement of excellent medical im­
ages in two and three spatial dimen­
sions resulted from the foresight and 
determination of a small group of 
persons including Paul C. Lauterbur, 

Peter Mansfield, Raymond Damadian 
and others, who were soon helped by a 
rapidly increasing number of creative 
colleagues from a wide range of disci­
plines. This development was also 
grounded in the spectacular gains 
that had recently been achieved in 
signal sensitivity as well as in com­
puter speed and memory. 

To the best of my knowledge the 
idea for superimposing a magnetic 
field gradient onto the main homoge­
neous magnetic field had its origin in 
the self-diffusion effects Erwin L. 
Hahn observed on his spin-echo enve­
lopes as nuclei diffused through the 
small residual inhomogeneity of his 
main magnetic field. 1 Based on this 
clue, Edward M. Purcell and I inten­
tionally superimposed a strong mag­
netic field gradient onto the main 
field, giving a linear dependence of 
the resonant frequency on the spatial 
position of the diffusing nucleus.2 

The enhanced diffusion effect then 
enabled us to make accurate quantita­
tive measurements of the self-diffu­
sion coefficient for suitable fluids. 

In my 1952 Harvard thesis I de­
scribed a one-dimensional phantom. 
It was constructed to produce an nmr 
response similar to the newly discov­
ered chemical shift in ethyl alcohol. I 
used the imaging concept, with its 
superimposed gradient and Fourier 
transformations, to relate the one­
dimensional frequency-encoded spa­
tial structure of the phantom to the 
nmr response in the time domain. 
Similar one-dimensional phantoms 
are currently used in mri textbooks to 
introduce the imaging concept. The 
most notable physics application of a 
simple one-dimensional spin map was 
in the discoverr at Cornell Universi­
ty of the superfluid states of helium-3. 
Today's two- and three-dimensional 
medical images, envisioned by the 
pioneer workers of the 1970s, involve 
complex pulse sequences and trans­
formations now attainable with mod­
ern computers. 
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I enjoyed Felix W. Wehrli's article 
very much. Wehrli's thorough review 
emphasized the important role that 
mri is playing in diagnostic medical 
imaging. I was particularly delighted 
with his observation in the section 
labeled "Early history" that "this 
fascinating branch of science and 



technology has its roots in work 
performed ... in 1938 [by] I. I. Rabi 
and his colleagues." Wehrli's brief 
account of the techniques used in 
Rabi's historic nuclear magnetic reso­
nance experiment for direct measure­
ment of nuclear magnetic moments, 
for which Rabi received a Nobel Prize 
in 1944, contains some factual errors, 
however. (This should in no way 
detract from Wehrli's otherwise ex­
cellent review of nmr imaging.) 

As one of Rabi's first graduate 
students in the Columbia University 
Molecular Beam Laboratory and as a 
collaborator in the 1938 molecular­
beam magnetic resonance experi­
ment, I am happy to describe briefly 
the sequence of relevant events that 
led up to that experiment. The "atom­
ic beam of silver atoms" cited by 
Wehrli was not used in the 1938 
experiment. It was originally used in 
the Stern-Gerlach experiment in Otto 
Stern's laboratory in Hamburg in the 
mid-1920s. As a physics graduate 
student at Columbia University, Rabi 
was very much intrigued with that 
experiment. During the two years he 
went abroad on a fellowship (1927 -29), 
principally to learn the new quantum 
mechanics as it was evolving, he spent 
some time in Stern's Hamburg labora­
tory. At Stern's suggestion Rabi per­
formed an experiment with an atomic 
beam of potassium that was similiar to 
the Stern-Gerlach experiment but 
used a novel magnet configuration. 
Rabi returned to Columbia in 1929 as 
an assistant professor in physics and 
soon thereafter started the Columbia 
molecular-beam lab. His first stu­
dent, Victor W. Cohen, used a sodium 
atomic beam to measure the nuclear 
spin ofNa and the hyperfine structure 
of the ground state of 23Na, from 
which the nuclear magnetic moment 
could be calculated (approximately). I 
did a similar experiment in 1935 with 
potassium atoms, determining the 
nuclear spins of 39K and 41 K and 
measuring the hyperfine structures of 
the ground states. These experiments 
used beams of atoms and required 
relatively weak magnetic fields to 
deflect and study the behavior of the 
beam as a function of the applied field. 

The 1938 experiment, however, was 
the first molecular-beam experiment 
that used molecules (for example, LiF, 
LiCl and N aF) for direct measurement 
of a nuclear magnetic moment. Since 
nuclear magnetic moments are very 
much smaller than atomic moments, 
one had to use a magnetic field with 
a strong gradient (approximately 
100 000 gauss/em) to deflect the beam 
(by about 0.01 mm) in one direction 
and another magnet of equal and 
opposite gradient to bring it back. 

LETTERS 

Resonance was observed when a radio­
frequency source placed in a homoge­
neous magnet between the two de­
flecting magnets was tuned to the 
Larmor precession frequency of one of 
the component nuclear moments of 
the molecule (for example, fluorine). 
The details of this experiment were 
described not in the 1938 publication 
cited by Wehrli but in a subsequent 
publication' in March 1939. 
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WEHRLI REPLIES: Jerome R. Singer, 
Herman Y. Carr and Sidney Millman 
all take issue with my delineation of 
the history of nmr and mri. 

First, let me point out that PHYSICS 
TODAY's limit on the number of refer­
ences in articles makes it virtually 
impossible to do justice to the many 
pioneers whose works were mile­
stones in the evolution of nmr from a 
physics experiment to clinical mri. 
There remains the exceedingly diffi­
cult and awkward task of appropri­
ately weighting individual contribu­
tions in retrospect. The problem is 
exacerbated by the many parallel 
developments, particularly those in 
the evolution ofmri during the 1970s. 

I am very much indebted to Mill­
man for pointing to a factual error in 
my brief account of the very early 
history of nmr, covering the era 
before the phenomenon was first de­
scribed in the condensed phase. I 
apologize for the misquote about the 
"atomic beam of silver atoms." I 
chose to cite a 1938 letter to the editor 
(reference 1 in my article) because it 
shows what I believe was the first nmr 
resonance line obtained by sweeping 
the field across the resonance. 

Carr takes issue with the para­
graph where I wrote: "A radically 
new dimension was added ... in 1973 
when Paul Lauterbur at the State 
University of New York at Stony 
Brook first proposed generating spa­
tial maps of spin distributions by 
what he called 'nmr zeugmatogra­
phy.' Key to this method was the idea 
of superimposing magnetic field gra­
dients onto the main magnetic field to 
make the resonance frequency a func­
tion of the spatial origin of the sig­
nal." (I cited Lauterbur's 1973 paper 
in that same paragraph.) I agree with 
Carr that the idea of making the 
resonance frequency a function of 
spatial position by superimposing 
field gradients on the main magnetic 
field precedes Lauterbur's zeugma­
tography experiment. To the best of 

my knowledge, one of the first to 
describe the behavior of the nmr 
signal in the presence of a field 
gradient was Robert Gabillard, who 
showed that the beat envelope of a 
rapid passage signal is the Fourier 
transform of the distribution of the 
magnetic field across the specimen. 1 I 
am indebted to Carr for his mention of 
his 1952 Harvard thesis, where he 
says he showed what could in modern 
language be termed a "one-dimen­
sional projection image of an object." 
The innovation in Lauterbur's work is 
that he was the first to create a two­
dimensional map of spin density from 
a plurality of projections produced by 
rotating a gradient in angular incre­
ments, and to combine this novel idea 
with already known back-projection 
techniques. Whether or not the com­
bination of these diverse concepts 
should be ranked as a "radically new 
idea" seems conjectural. 

Singer states that there were "sig­
nificant omissions in the discussion 
of the historical development" I 
sketched in my article. I have high 
regard for the work by Singer, Law­
rence Crooks and Leon Kaufman that 
led to the scanner at the University of 
California, San Francisco, to which he 
refers, and thus I had no intention to 
willfully ignore these significant con­
tributions. Singer says that he and 
his students "were frontline partici­
pants in ... building the first clinical­
ly useful mri machines." While they 
certainly were significant players in 
the quest to turn zeugmatography 
into a clinically practical imaging 
procedure, many others deserve to be 
mentioned as well. The first descrip­
tion in the open literature of the 
UCSF whole-body system that I could 
find was a 1982 paper by Crooks and 
colleagues,2 although I believe whole­
body images from the UCSF scanner 
were shown at the Bowman Gray 
School of Medicine meeting on bio­
medical magnetic resonance in the 
fall of 1981. At that time, clinical 
trials were already in progress at 
several centers.3

•
4 In the mid-to-late 

1970s there were, in fact, several 
parallel efforts that led to the design 
and construction of whole-body mri 
machines. These include at least 
three concurrent but largely indepen­
dent programs in the United King­
dom-at Thorn EMI Ltd and Ham­
mersmith Hospital,5 at the University 
of Nottingham6 and at the Royal 
Infirmary at Aberdeen 7 -as well as 
the early work conducted by commer­
cial companies like Technicare, Sie­
mens, Philips and, somewhat later, 
General Electric. To do justice to all 
these contributors I would have had 
to discuss and cite much of this work, 

PHYSICS TODAY JANUARY 199.3 95 



which would clearly have been be­
yond the scope of my article. 

The development of multislice 
imaging by Crooks and colleagues,2 

that is, the idea of using the relaxa­
tion delay following excitation and 
spatial encoding to excite a series of 
adjacent slices, to which Singer seems 
to allude, enormously enhanced the 
clinical practicality of mri. Although 
this multiplexing scheme was an im­
portant innovation, which improved 
scanning efficiency by an order of 
magnitude, it is by no means the only 
efficient imaging mode currently 
practiced. (An alternative is three­
dimensional volume imaging in com­
bination with short radiofrequency­
pulse repetition times.8) Singer's 
comment that some of the techniques 
pioneered in his laboratory "provided 
whole-body images with millimeter 
resolution in minutes (rather than 
days, which was the best possible hope 
with other imaging methods)" is not 
accurate. In fact, most early imagers, 
of which many preceded the UCSF 
scanner, produced images in a scan 
time of well under an hour3

·
5 -not 

to mention Peter Mansfield's echo­
planar imaging, conceived9 in 1977, 
which later proved to afford whole­
body images in fractions of a second.10 

I would also take issue with 
Singer's claimed innovations with re­
spect to superconductive magnets. To 
the best of my knowledge, the first 
superconducting whole-body magnet 
incorporated into an mri system was 
the one at Hammersmith.11 This 
magnet, like the UCSF magnet, was 
built by Oxford Instruments (not "Ox­
ford Laboratories"). The Hammer­
smith researchers elected to run it, 
however, at 1.5 kilogauss, rather than 
at 3.5 kG as the UCSF researchers 
did. To the credit of Singer and his 
coworkers, it should be mentioned 
that they were the first to produce 
images at more than twice the pre­
viously used field strength-images 
that were widely regarded as superior 
to those made at lower field-and 
thus spurred the development of high­
field imaging (at field strengths of 1.5 
tesla) by, for example, the General 
Electric Company. 12 

Singer deserves much credit for his 
pioneering contributions to the mea­
surement of blood flow by nmr. He 
was presumably the first to measure 
blood flow in a live animal and, 
subsequently, in humans. Again, 
however, this work ought to be placed 
into the context of other investiga­
tors' contributions, such as the ones 
by Robert L. Bowman and V. Kudrav­
cev at the National Heart, Lung and 
Blood Institute in 1956 and the work 
at the Medical College of Wisconsin 
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that led to the construction 13 of an 
nmr limb blood-flow meter in about 
1980. It is interesting in this context 
that the first blood-flow effects in an 
nmr image were observed in what is 
widely regarded as the earliest in vivo 
human image. 14 In my article I chose 
to cite a paper by Charles L. Dumou­
lin and colleagues15 because it de­
scribes a method for magnetic reso­
nance angiography that is currently 
practiced (and that may be regarded 
as building on motion-induced phase 
shifts described by Singer16

). 

Finally, how differently people can 
view and write history is exemplified 
by an article by nmr pioneer Erwin L. 
Hahn. 17 Upon reading my article, 
Hahn kindly sent me a reprint of his 
paper, of which I was not aware, 
together with a note that read, "It is 
my impression that radiologists view 
the history somewhat differently." In 
fact, only five references in the two 
articles are identical. In fairness to 
both of us, the origins of nmr imaging 
were only one aspect of my article. 
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A Place to Publish 
Unorthodox Thought 
I write to comment on the letter from 
Troy Shinbrot that appeared under 
the heading "A Journal for Unortho­
dox Thought?" (March 1992, page 
102). I founded the journal Specula­
tions in Science and Technology here 
in Australia in 1978 and was its 
editor for its first six years. It then 
passed to England and has since that 
time been edited by Alan L. Mackay 
of Birkbeck College at the University 
of London. My accounts of the many 
features, peculiarities and difficulties 
of running such a journal have been 
published in several other journals1 

as well as in the many editorials I 
wrote that appeared in the pages of 
SST. Emilio Panarella's journal 
Physics Essays, published by the Uni­
versity of Toronto, plays a somewhat 
similar role. 

I support Shinbrot's suggestion and 
advise that almost all the operating 
tasks involved are unique. In my six 
years as editor SST published about 
500 papers from a submission list 
of about 2000. About 40% of the 
papers submitted were on one subject: 
the refutation of special relativity. I 
found the tasks sometimes depress­
ing, sometimes exhilarating and al­
ways a liberal education on the pecu­
liarities of the human mind. 

The question I am often asked is, 
What new ideas have come out of the 
journal? This has always been diffi­
cult for me to answer. During the 


