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Physics and Medicine 2

Diagnostic imaging
Peter Morris, Alan Perkins

Physical techniques have always had a key role in medicine, and the second half of the 20th century in particular saw 
a revolution in medical diagnostic techniques with the development of key imaging instruments: x-ray imaging and 
emission tomography (nuclear imaging and PET), MRI, and ultrasound. These techniques use the full width of the 
electromagnetic spectrum, from gamma rays to radio waves, and sound. In most cases, the development of a medical 
imaging device was opportunistic; many scientists in physics laboratories were experimenting with simple x-ray 
images within the fi rst year of the discovery of such rays, the development of the cyclotron and later nuclear reactors 
created the opportunity for nuclear medicine, and one of the co-inventors of MRI was initially attempting to develop 
an alternative to x-ray diff raction for the analysis of crystal structures. What all these techniques have in common is 
the brilliant insight of a few pioneering physical scientists and engineers who had the tenacity to develop their 
inventions, followed by a series of technical innovations that enabled the full diagnostic potential of these instruments 
to be realised. In this report, we focus on the key part played by these scientists and engineers and the new imaging 
instruments and diagnostic procedures that they developed. By bringing the key developments and applications 
together we hope to show the true legacy of physics and engineering in diagnostic medicine.

Introduction
Physical techniques have always had an important role in 
medical diagnosis, from the simplest measurements of 
body temperature and pulse rate, to the sophisticated 
microscopic analysis of biopsy samples. In a report 
examining “milestones in medicine”, Wells1 noted that 
ten Nobel Prizes have been awarded for physics and 
engineering in medicine. To these should probably be 
added Robert R Ernst who was awarded the Nobel Prize 
for Chemistry in 1991 for his development of multi-
dimensional nuclear magnetic resonance (NMR) tech-
niques, including Fourier imaging, and Paul Lauterbur 
and Sir Peter Mansfi eld who were jointly awarded the 
Nobel Prize for Physiology or Medicine in 2003 for their 
development of MRI. An editorial in the New England 
Journal of Medicine2 identifi ed the development of body 
imaging as one of the 11 most important advances in 
medicine during the past millennium. These scientifi c 
advances, particularly in non-invasive medical imaging, 
have revolutionised clinical practice and laid the foun-
dations for modern day personalised treatment and 
preventive medicine. Imaging techniques use the entire 
breadth of the electromagnetic spectrum, and magnetism 
and sound. The Wellcome Witnesses to 20th Century 
Medicine series3 provides insight into the early history of 
the main developments in this discipline. In this report, 
we focus on the imaging techniques that have had or are 
expected to have important eff ects on medical diag-
nosis, and the key part played by physical scientists in 
their development.

X-ray imaging
The fi rst medical radiographs rapidly followed the 
discovery of x-rays by Wilhelm Röntgen at the end of the 
19th century.4 These were simple projections through 
tissue showing dense structures such as bone or foreign 

objects.5 They were greatly enhanced by William 
Coolidge’s development of the hot cathode tube, which 
brought stability and enabled higher x-ray photon energies 
to be achieved than were previously possible.6 However, 
soft tissue contrast was poor until Sir Godfrey Hounsfi eld, 
working at the Electrical and Music Industries laboratories 
(Middlesex, UK), developed the electro magnetic inter-
ference (EMI, now CT) scanner. This scanner took x-ray 
projections at diff erent angles and combined the results 
to generate image slices in fi ne detail.7 Hounsfi eld used a 
so-called translate rotate geometry in which an x-ray tube 
and detector moved in parallel across a gantry recording a 
projection, and the gantry then rotated to record the next 
projection. Even though the basic mathematical principle 
for deriving the image from projections had been worked 

Key messages

• X-ray imaging was discovered at the end of the 19th century, but the development of 
x-ray CT in the second half of the 20th century enabled this instrument to distinguish 
the contrast between diff erent soft tissues.

• The development of the cyclotron in the 1930s, and later the nuclear reactor, provided 
artifi cially produced radionuclides in suffi  cient quantities for the widespread 
development of nuclear imaging and emission tomography.

• MRI was developed from nuclear magnetic resonance, a non-imaging technique used 
for chemical analysis, and is based on the application of magnetic fi eld gradients to 
enable the spatial localisation required for cross-sectional imaging.

• Ultrasound imaging has become a major diagnostic imaging technique for the 
visualisation of soft tissues and has revolutionised obstetric care.

• Magnetoencephalography and electroencephalography off er new insights into neural 
networks and brain function, and will have an increasingly important role in medical 
diagnosis and treatment.

• Imaging techniques are being combined to produce hybrid imaging systems and will 
have a fundamental role in the direction of chemotherapeutic and surgical treatment, 
and in real time guidance of radiation therapy.
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out years previously,8 image reconstruction still presented 
a substantial chal lenge. Allan Cormack shared the 
1979 Nobel Prize with Hounsfi eld for his contribution to 
the technique.9,10

The early results from the EMI scanner11 had immediate 
eff ect and changed forever the expectations of radiological 
imaging. The fi rst systems were head scanners that 
enabled intracranial tumours and infarcts to be seen as 
regions of hypointensity, and calcifi cation and haemor-
rhage as regions of hyperintensity. This distinction paved 
the way for diff erentiation between haemorrhagic and 
non-haemor rhagic stroke and enabled the safe treatment 
of non-haemorrhagic stroke by thrombolysis. Whole 
body scanners soon followed, extending the range of 
clinical applications, which now include dynamic cardiac 
imag ing.12 New generation scanners, using fan beam and 
other geometries, have greatly increased the speed of 
data acquisition; with current generation helical scanners 
sub-second imaging is possible and full three dimensional 
(3D) examinations can be completed in a few seconds13 
(appendix p 1).

Developments in the past 10 years include multisource, 
multidetector scanners and dual-energy CT and photon-
counting spectral techniques for the determination of 
material composition. New detector technologies and 
iterative reconstruction processes will further enhance 
image quality.14 More than 30% of CT scans are now of the 
chest where high resolution spiral CT is used to show 
chronic interstitial processes in the lung and to enable a 
bolus of contrast medium to be tracked in a technique 
known as CT pulmonary angiography. In the cardio-
vascular system, this process shows obstructions such as 
pulmonary embolism or atheroma in coronary arteries 
(fi gure 1). Although the mainstay of CT imaging remains 
in tumour diagnosis, it also retains a traditional role in 
bone investigations where 3D visualisation and superb 
spatial resolution (0·2 mm) are helpful in complex cases. 
The widespread use of CT imaging does raise some issues 
of radiation exposure. Manufacturers are now introducing 

dose reduction techniques to protect patients. Eisenberg15 
provides an overview of CT applications and compares 
this technique to PET and MRI.

Nuclear imaging and PET
The founder of the use of radioactive tracers is 
George de Hevesy16 who, shortly after the fi rst proven 
production of an artifi cial radionuclide (³⁰P) by Frédéric 
Joliot and Irène Curie in 1934, reported the dynamics of 
³²P phosphate incorporation in bone.17 Initial progress 
was slow because of the limited neutron fl ux available 
from the radium-beryllium sources that were used for 
radionuclide production. This situation changed with the 
development of the cyclotron by Ernest Lawrence at 
Berkeley in the 1930s and more strikingly with the 
demon stration by Enrico Fermi in 1942 of a self-sustained 
nuclear chain reaction, leading to the development of 
nuclear reactors. The mainstay of nuclear imaging for 
the next two decades was the rectilinear scanner, 
developed by Benedict Cassen and Lawrence Curtis.18 
Imaging of large organs with mechanical scanners was 
very slow, and the need for a large stationary detector was 
clear. In 1957, Hal Anger constructed the fi rst prototype 
of the modern gamma camera.19

¹³¹I was the most important radionuclide in the early 
development of nuclear imaging. Not only was it used to 
study the thyroid, where it accumulates naturally, but it 
was also used for therapy and as a radiotracer to label 
diff erent radiopharmaceuticals. However, the develop ment 
that made nuclear imaging available to most regional 
hospitals was the ⁹⁹mTc generator,20 originally known as the 
moly cow. ⁹⁹mTc (half life 6 h) is the daughter of ⁹⁹Mo (half 
life 66 h) from which it can be extracted on a daily basis 
with a simple elution procedure. It is still used in more 
than 80% of nuclear medicine studies, but global disruption 
of supplies in the past 5 years has been cause for much 
concern because of the small number of ageing research 
reactors.21 The gamma camera provides useful functional 
images, but they are of low spatial resolution. However, 
during the 1960s, beginning with the work of David Kuhl 
and Roy Edwards22 and continuing with contributions by 
Stig Larsson,23 tomographic reconstruction was developed 
into a technique that came to be known as single photon 
emission computed tomography (SPECT). This procedure 
is widely used in the measurement of blood fl ow and 
perfusion. Regional cerebral blood fl ow measurements 
were introduced by Charles Ingvar and Niels Lassen24 who 
used ¹³³Xe to do the fi rst functional brain imaging studies 
in people.The selective uptake of potassium and rubidium 
into the myocardium was shown in 1954.25 This develop-
ment led to measurement of regional myocardial blood 
fl ow with ²⁰¹Tl-thallous chloride26 and, in the past 20 years, 
⁹⁹mTc-labelled tracers. Other important applications include 
lung perfusion and ventilation and hepatobilliary and 
kidney function, but the most common procedure nowa-
days is bone scintigraphy with ⁹⁹mTc-polyphosphates 
or similar bone-seeking agents to show bone metastases.27

Search strategy and selection criteria

The scope of our report was those techniques that have contributed most substantially to 
diagnostic imaging. We searched PubMed with the terms “computed tomography”, 
“cyclotron”, “doppler”, “electroencephalography”, “electromagnetic interference scanner”, 
“nuclear magnetic resonance”, “magnetic resonance imaging”, “magnetic resonance 
spectroscopy”, “magnetoencephalography”, “nuclear medicine”, “positron emission 
tomography”, “radionuclide imaging”, “single photon emission tomography”, and 
“ultrasound” for reviews describing the physical basis and historical development of each 
instrument, and the most important clinical applications. This information, 
supplemented by expert opinion, was used in more refi ned searches to trace step changes 
in clinical practice back to their physical origins. Identifi cation of developments that are 
most likely to make important contributions to diagnostic medicine in the future, was in 
part guided by citation profi le, but was inevitably more subjective according to our 
experience and expertise. Searches were not restricted by date. The date of the last search 
was December, 2011.

 See Online for appendix
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With the development of cyclotrons in the 1930s, the 
possibility of using positron emitters for biochemical 
research arose. The fi rst use in people, by Cornelius 
Tobias, showed the labelling of red blood cells with ¹¹C 
carbon monoxide;28 the fi rst attempts at clinical 
application—the localisation of brain tumours—were in 
1951 by Gordon Brownell, William Sweet and colleagues 
at Massachusetts General Hospital (MA, USA)29 and by 
Frank R Wrenn and colleagues at Duke University (NC, 
USA).30 The fi rst cyclotron installed in a medical centre 
was at the Hammersmith Hospital (London, UK) in 1955. 
Several abortive attempts to produce a PET scanner for 
human beings were made before Mike Phelps and Ed 
Hoff man and their team at Washington State University 
were successful in 1974. The fi rst PET images of blood 
fl ow, oxygen and glucose metabolism, and bone scans 
were achieved with this instrument.31,32

Positron emitting radionuclides including ¹¹C (half life 
20 min), ¹³N (10 min), ¹⁵O (2 min), and ¹⁸F (110 min) 
have fewer neutrons (lower mass number) than their 
stable isotopes and tend to be elements of low atomic 
number. They are more easily incorporated into the 
biomolecules of interest than are the heavier radio-
nuclides used in SPECT. PET is therefore an excellent 
instrument for molecular imaging. Unfortunately, the 
short physical half lives of these PET radionuclides 
necessitate, with the exception of ¹⁸F, an on-site cyclo-
tron and rapid radiolabelling facilities. For many years 
this requirement restricted PET imaging to research 
applications and a few tertiary clinical centres. Nowadays, 
regional cyclotrons and extensive delivery networks ease 
the more widespread clinical use of ¹⁸F tracers. PET 
relies on the simultaneous detection of the pair of 511 keV 
gamma rays produced as the positron emitted by the 
radionuclide injected into the body annihilates with an 
electron. This permits the origin of the annihilation 
event to be determined without need for physical 
collimation, resulting in greatly increased sensitivity 
compared with single photon techniques.33 The detectors 
are arranged in a ring or series of rings for 3D applications. 
Coincidence detection identifi es the line on which the 
radionuclide is located and reconstruction algorithms 
similar to those applied in x-ray CT are used to generate 
2D or 3D images. The development of more effi  cient 
detectors with rapid response times (600 ps or less) 
enable time-of-fl ight PET in which the small diff erences 
in arrival times of the photons assist in the location of 
the annihilation event along the line connecting the 
detectors. Despite improvements in overall system 
sensitivity, the small amount of admin istered radio-
activity used (limited by radiation dose) means that the 
images appear noisy. Substantial eff ort has been 
expended in development of eff ective image recon-
struction algo rithms, especially iterative methods based 
on maximum likelihood estimation.

After the fi rst demonstration by Ingvar and Lassen24 in 
1961 that it was possible to study brain activity on the 

basis of changes in regional blood fl ow required to meet 
increased energy need, PET rapidly became the method 
of choice for functional neuroimaging and during the 
ensuing decades began to elucidate the workings of the 
brain (eg, Toga and Mazziotta34). Initially, this work was 
based, like predecessor studies, on blood fl ow (with ¹⁵O 
as radiotracer), but metabolic approaches were soon 
developed. Foremost among these, and crucial for later 
clinical exploitation, was ¹⁸F-fl uorodeoxyglucose (¹⁸F-
FDG), a glucose analogue that is transported into cells 
and phosphorylated by the enzyme hexokinase, trapping 
it inside the cells. ¹⁸FDG-PET thus measures glucose 
transport and is a good indicator of metabolic rate, which 
increases to meet energy demand during brain activity. 
Researchers appreciated early on that PET had suffi  cient 
sensitivity for mapping membrane receptors and 
transporters, and radiolabelled ligands were developed to 
target specifi c systems including dopamine D2 and D3 
receptors (¹¹C-raclopride) and serotonin transporters 
(¹¹C-DASB, fi gure 2). This approach has been especially 
useful to the pharmaceutical industry, enabling in vivo 
binding studies of new pharmaceutical agents, either by 
radiolabelling the agents themselves, or in competitive 
binding studies with established radioligands.

PET has important clinical applications in neurology 
and cardiology, but at least 90% of the clinical workload 
is in oncology.35 ¹⁸F-FDG-PET is used to identify regions 
of hypermetabolism associated with malignant tumours 
and is especially important in location of metastases. 
Hypermetabolism is not necessarily restricted to the 
tumour itself (appendix p 2). The development of low 
cost cyclotrons and the availability of FDG from third 
party suppliers have been key in increasing clinical 
uptake.36 Clinical PET has been especially successful in 

Figure 1: 3D CT image of the heart
Anterior view of the right-hand side of the heart, showing the coronary arteries. 
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lung tumours, colorectal cancer, and lymphomas, and 
has substantially changed the management of these 
diseases.37,38 In neurology, ¹⁸FDG-PET has been useful in 
locating epileptogenic foci as regions of hypometabolism 
in interictal scans. Hypometabolism associated with 
diff use brain disease, particularly Alzheimer’s disease 
and other forms of dementia, is also readily identifi ed 
with ¹⁸FDG-PET, and is useful in diff erential diagnosis. 
In the past 10 years alternative radiolabelled peptides 
have been introduced that localise to amyloid brain 
deposits. In particular, the development of Pittsburgh 
Compound B and other similar compounds that localise 
to amyloid plaques promise many clinical applications, 
helping achieve early diagnosis and the potential for 
therapy monitoring of Alzheimer’s disease.39 Heavy 
positron emitting radio nuclides are increasingly being 
used as radiolabels and a wide range are now available. 
In cardiology, for example, ⁸²Rb is used to measure 
myocardial blood fl ow and coronary fl ow reserve before 
planning coronary artery surgery to restore myocardial 
blood fl ow (fi gure 2).

Clinical PET is now always used in combination 
with x-ray CT to provide an anatomical context for the 
tumour uptake and to enable fast, low-noise attenuation 
correction. Commercially available hybrid PET-magnetic 
resonance is being actively developed for much the 
same reasons. Emission tomography, especially PET, 

despite limitations in resolution and sensitivity, provides 
unique ability to measure picomolar concentrations of 
radio actively labelled tracers. It continues to have great 
potential for investigating molecular processes in vivo, 
and complements the diagnostic information available 
from alternative higher resolution techniques.

MRI and magnetic resonance spectroscopy
MRI depends on the magnetic properties of some 
nuclei, most notably the protons in the hydrogen atoms 
of water, and was developed from its parent technique 
NMR spectroscopy, which is widely used in chemical 
analysis.40,41 It relies on the use of magnetic fi eld gradients 
to provide spatial information, and these fi eld gradients 
can be manipulated electronically, giving the technique 
great versatility. The move from test tube analysis to 
whole body diagnosis was striking: in 1977 the fi rst image 
was published showing live human anatomy42 and, within 
a year, crude whole body images were being generated.43,44

At practically realisable magnetic fi eld strengths, the 
MRI frequency is in the radiofrequency part of the 
electromagnetic spectrum; this brings safety (the pho-
tons have insuffi  cient energy to break chemical bonds) 
and is one of the few so-called transparent windows into 
the human body. The exquisite soft tissue contrast 
(fi gure 3 shows an example of what can be achieved at 
ultra-high-fi eld, ie, 7 T) has revolutionised medical 
diagnosis, and MRI is well established as the method of 
choice especially for neurological applications such as 
the diagnosis of multiple sclerosis.45 Soft tissue contrast 
originates mainly in diff erences in the relaxation 
properties of the nuclei in diff erent tissues, rather than 
in the smaller (about 15%) diff erences in water content. 
Initially, spin lattice (T1) relaxation—the process through 
which nuclear mag net isation is restored to its equilibrium 
value after perturbation—was the basis for diagnostic 
procedures. This was driven by the knowledge that 
cancerous tissue could be diff erentiated on this basis,46 
and quickly led to applications in multiple sclerosis47 and 
in stroke at the Hammersmith Hospital and in cancer in 
Aberdeen University (Aberdeen, UK).48 Researchers soon 
appreciated that spin spin (T2) relaxation—the process 
describing the decay of the proton signal—was an equally 
useful contrast mechanism. Other forms of relaxation 
process have also proved useful and magnetic resonance 
pulse sequences have been developed to exploit each of 
these contrast mechanisms, or indeed combinations of 
them (an example of the clinical use of T2* contrast can 
be found in the appendix p 349).

Standard MRI sequences typically take a few minutes to 
cover a region of interest, and while acceptable for struc-
tural studies, dynamic information is lost. In the case of 
cardiac MRI, this loss can be addressed by gating the 
acquisition to the electrocardiography (ECG) signal, so 
that images at diff erent phases of the cardiac cycle are 
built up during many acquisitions and can be shown as a 
cardiac movie. Aperiodic motion requires faster imaging 

Figure 2: PET ligands and their uses
⁶⁸Ga-Dotanoc: somatostatin receptors. ⁸²Rb: myocardial perfusion (in this example, the PET image is overlaid onto 
a CT angiography study). ¹⁸F-Sodium fl uoride: bone imaging. ¹⁸F-fl uorodeoxyglucose (FDG): glucose metabolism. 
¹⁸F-fl uoro-L-thymidine (FLT): cellular proliferation. Image courtesy of Peter Ell, Institute of Nuclear Medicine, 
UCL/UCLH NHS Trust, UK.

68Ga dotanoc 82Rb 18F fluoride

18F FDG 18F FLT
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to freeze the movement and Peter Mansfi eld50 showed 
early on how to generate images in a few tens of 
milliseconds with rapidly switched magnetic fi eld 
gradients in a technique known as echo-planar imaging. 
Fast imaging enabled dynamic contrast-enhanced MRI in 
which a contrast agent (usually a chelate of the gadolinium 
ion, Gd³+) changes the relaxation time of water—eg, in 
brain tumours where breakdown of the blood–brain 
barrier enables the agent to accumulate at a rate 
determined by tumour type and grade. This approach has 
been success fully adopted in breast cancer diagnosis.51 
Availability and cost are limiting factors in screening the 
general popu lation, but for individuals with a high risk 
factor MRI is cost eff ective and preferable to conventional 
mammo graphy with its radiation exposure about which 
concern is growing. In addition to relaxation based 
contrast, the magnetic resonance signal can be sensitised 
to many other physiological variables, including blood 
fl ow, perfusion, and diff usion, and several of these have 
proven to be clinically useful. For example, changes in 
apparent diff usion coeffi  cient are an early indicator of 
stroke and a perfusion to diff usion mismatch can identify 
brain tissue (the ischaemic penumbra) that is viable but 
at risk of damage after stroke.52

During the past two decades, functional MRI (fMRI) 
based on the diff erent relaxation properties of oxy-
haemoglobin and deoxyhaemoglobin, in combination 
with echo-planar imaging, has largely supplanted PET as 
the functional imaging method of choice.53 It has enabled 
the centres of the human brain engaged in a wide range of 
sensory, cognitive, and emotional tasks to be located with 
high precision—eg, the ocular dominance columns in the 
visual cortex.54 Attention is increasingly being focused on 
the way in which these brain centres interact, and so far 
about a dozen networks have been identifi ed on the basis 
of correlations between the fMRI signals of the network 
nodes. This functional connectivity can be related to 
anatomical connectivity with diff usion tensor imaging. In 
this technique, the faster diff usion of water molecules 
along rather than across fi bres is used to follow the fi bres 
connecting one region to another.55 These techniques have 
revolutionised neuroscience, as evidenced by the expo-
nential growth in fMRI studies, but their eff ect on medical 
practice has so far been limited. One notable exception is 
the use of fMRI and fi bre tracking in guiding neurosurgery 
to ensure that eloquent cortex and critical connections 
remain intact, and in some centres this practice has 
become routine. However, as methods for network 
analysis improve, identifi cation of the functional 
disconnectivity associated with schizophrenia and other 
psychiatric disorders might be possible and could have a 
substantial eff ect on the diagnosis and treatment of these 
seriously disabling disorders.

Magnetic resonance spectroscopy (MRS) looks back 
to the analytical role of NMR, but adds spatial local isation, 
enabling biochemical analysis to be done in vivo. ¹H-MRS 
(appendix p 4 shows an example spectrum) can be used to 

assess neuronal loss (with the neuronal marker N-acetyl 
aspartate) and thus the progress of neurodegenerative 
diseases and their response to therapy can be examined. 
Most tumours also have characteristic metabolic 
signatures, enabling them to be studied with MRS. 
Almost all MRS studies are proton based, mainly because 
they do not require additional hardware to standard MRI, 
but also because the proton is the most sensitive of the 
NMR accessible nuclei. Multinuclear spectroscopy (MNS) 
has many potential clinical appli cations, if sensitivity 
issues can be addressed. One possible solution is the 
development of hyperpolarisation techniques, such as 
dynamic nuclear polarisation, which have the potential to 
increase the magnetic resonance signal by 5–6 orders of 
magnitude.56 The fi rst clinical trials of hyperpolarised 
pyruvate for the diagnosis of prostate cancer began in 
2010 (NCT 01229618). Hyper polarised noble gases (³He 
and ¹²⁹Xe) have also extended the application of MRI to 
studies of lung function and promise to have an important 
role in characterisation of respiratory disease.57

Throughout the development of MRI, a detailed under-
standing of the dynamics of the nuclear spin system, and 
how it can be manipulated, has produced a constant fl ow 
of new applications that shows no signs of saturation. 
Coupled with advances in engineering, including the 
development of ever higher magnetic fi elds and parallel 
transmission, together with targeted contrast agents that 
highlight specifi c tissues and enable tracking of stem 

Figure 3: High resolution (0·5 mm isotropic) image of the human head
Acquired at 7 T with a magnetisation prepared rapid gradient echo sequence, 
showing excellent soft tissue (white matter or grey matter) contrast. Image 
courtesy of Sir Peter Mansfi eld Magnetic Resonance Centre, Nottingham, UK.
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cells, the range of clinical applications of MRI and MRS 
is set to continue to grow in the decades ahead.

Electroencephalography and 
magnetoencephalography
The body generates several inherent electromagnetic 
signals that are useful in medical diagnosis. Best known 
and most widely applied is ECG, which is available 
from most family doctors, and an excellent means of 
screening for heart problems. Electromyography and 

electro oculography allow monitoring of skeletal muscle 
function and ocular muscle function, respectively. The 
brain itself generates electrical signals, which can be 
monitored with depth or cortical electrodes at surgery, or 
by electro encephalography (EEG) in which electrodes are 
fi xed to the scalp and evoked potentials or neural 
oscillations recorded, as originally shown by Hans Berger 
in 1929.58 Such EEG methods are useful in, for example, 
establishing the presence of a neural response to an 
auditory stimulus and thereby identifying suitable 
candidates for cochlear implantation, a highly successful, 
if controversial, method to restore hearing.

Distortions of the electric potential caused by the poorly 
conducting skull make localisation of the neural origin of 
the surface signals diffi  cult. However, the magnetic fi eld, 
also produced by neural activity, is not distorted by the 
skull, and so magnetoencephalography (MEG) is an 
attractive alternative.59 The magnetic fi elds are small (of 
the order of 100 fT), and modern MEG relies heavily on 
the superconducting quantum interference device used 
to measure them.60 Typically, several hundred sensor 
coils linked to such devices are incorporated in a helmet 
surrounding the head. Many external sources of magnetic 
fi elds would swamp the signal from the brain, so noise 
reduction techniques are essential; the pick-up coils are 
often confi gured as gradiometers rather than magnet-
ometers, and the whole MEG system is contained within 
an electrically and magnetically screened room. Recon-
struction of an image of the brain region giving rise to 
the externally detected fi elds is challenging because no 
unique solution exists (the well known inverse problem). 
Many methods have been developed to constrain possible 
solutions, including beamformer approaches.61 These 
have been used to show that changes in brain rhythms 
(neural oscillations) are highly focal and consistent with 
fMRI measures based on haemodynamic response 
(appendix p 562).

The use of MEG in neuroscience is growing rapidly, 
but this technique has not been widely used for medical 
applications so far. A notable exception is in epilepsy: 
resection of the epileptogenic cortex is a useful treatment 
option in drug resistant epilepsy, but eloquent cortex 
must be indentifi ed and spared. For example, the 
standard way to lateralise language function (usually, 
but not always, present in the left hemisphere) is the 
Wada procedure in which sodium amobarbital is 
injected into the carotid artery supplying each hemis-
phere in turn and the disruption of speech and language 
processing noted. Figure 4 shows an MEG based 
alternative in which a verb generation task has been 
used to identify the Brodmann areas associated with 
language processing, which in this individual are clearly 
left-sided.63 The electromagnetic signals produced by 
neural activity suggest potential for the development of 
a brain–computer interface. Such approaches already 
show great promise in restoring control to people who 
are paralysed.

Figure 4: Lateralisation of language areas with magnetoencephalography source imaging in a verb 
generation task
The colour overlays show those regions with signifi cant task-related decreases in beta band oscillatory power 
and correspond to Brodmann areas (BA) engaged in language processing.63 Image courtesy of Paul Furlong, 
University of Aston.
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Ultrasound
By comparison with most other medical imaging 
techniques, the equipment required for diagnostic ultra-
sound is relatively inexpensive and portable, enabling it 
to be used at the bedside64 or in the primary care setting. 
It relies on the refl ection of sound waves at frequencies 
of between 1–100 MHz, well above the limit of hearing 
(anything above the 20 kHz threshold being termed 
ultrasound). The refl ections arise from boundaries 
between structures with diff erent acoustic impedance. 
The fi rst studies with ultrasound in people were done in 
the late 1940s and the fi rst clinical fi ndings were reported 
in 1958.65 Ultrasound is generated by electrically excited 
piezoelectric crystals within a hand held probe. The depth 
of the structure is inferred from the timing of the 
refl ected pulse in a technique analogous to echo sounding 
for location of fi sh shoals or mapping of the sea bed.

Transducer arrays enable 2D images to be acquired 
almost instantaneously (real time), making the technique 
highly suited to dynamic investigations. The higher the 
frequency of the ultrasound, the better the spatial reso-
lution, but the poorer the tissue penetration. Thus, for 
specialist applications in the eye, frequencies up to 
10 MHz are used, whereas for studies of liver or kidney, 
frequencies in the range 1–6 MHz are preferred. The most 
widespread use of diagnostic ultrasound is in obstetrics, 
for the assessment of infertility, fetal development, and 
gynaeco logical masses (appendix p 6). However, although 
ultra sound is generally deemed safe, in the USA, Food 
and Drug Administration regulations allow such scanning 
for medical purposes only and state that 3D assessment 
of fetal development should be kept to a minimum.66,67 
The clear defi nition of boundaries, for example between 
blood and the cardiac wall, also makes ultrasound very 
useful in the assessment of cardiac function, including 
patency of valves, and in the detection of cardiomyopathy. 
In both applications, the ability to image dynamic 
processes in real time is especially use ful. However, the 
technique does have some serious limitations. Ultrasound 
is strongly refl ected at interfaces with bone (or gas in 
lungs or bowel), so appropriate soft tissue windows have 
to be found. Imaging of the adult brain is not feasible, but 
good images of the brain can be obtained in children.

Blood velocity can be measured in accessible arteries 
with the doppler shift—the well known frequency shift 
for a source moving towards or away from the detector, 
familiar as the change in pitch of an emergency vehicle’s 
siren as it passes the observer. Sophisticated colour fl ow 
and power doppler displays have proved especially useful 
in assessment of blood fl ow—eg, in the carotid arteries 
to identify people who are at risk of transient ischaemic 
attack or stroke, and are thus potential candidates for 
endarterectomy. Figure 5 shows a 3D doppler ultrasound 
of blood fl ow in a developing ovary.

Modern scanning elec tronics are highly complex 
and image quality has been greatly improved with elec-
tronic phased array systems with broadband operation, 

compound scanning, and post-processing techniques. 
One helpful development has been the use of harmonic 
imaging. This technique depends on the diff erent 
propagation velocities of ultrasound in com pressed 
versus relaxed tissue and leads to the generation of 
harmonics either in the tissue itself or in contrast agents, 
such as microbubbles, in which it was fi rst reported.68 
Harmonic mode images have less noise and clutter, 
leading to reduced artifacts in liquid cavities thus 
enabling hypoechoic masses to be distinguished from 
cystic lesions in the kidney, ovaries, and liver, improved 
depiction of fetal anatomy, and visualisation of stones in 
the gall bladder and tumours in the pancreas, liver, and 
other organs (appendix p 7).69 Much activity has taken 
place in the development of ultrasound contrast agents, 
principally microbubbles70,71 which highlight the vas-
culature and have their major clinical application in 
delineation of focal lesions of the liver. Other develop-
ments have led to the use of high intensity focused 
ultrasound for therapy—eg, in the ablation of fi broids 
and treatment of prostate carcinoma.72–74

Conclusions and future perspectives
In this report, we have inevitably been selective, focusing 
on the major imaging techniques and on the advances 
that have enabled the development of new diagnostic pro-
cedures. Other instruments that have not been covered, 
such as optical fl uorescence, infrared, and UV are also 
useful, especially when combined with endoscopic pro-
cedures.75 Medical imaging is increasingly being used not 
only for diagnosis but for medical screening and as an 
integral part of treatment planning. In surgery, ultrasound, 
x-ray, and nuclear imaging are used intraoperatively to 
position a device—eg, a balloon catheter for angioplasty—

Figure 5: 3D doppler ultrasound
High resolution 3D doppler ultrasound image of the corpus luteum developing 
within the ovary, showing the classic ring of fi re pattern of blood fl ow. Image 
courtesy of Nick Raine-Fenning, University of Nottingham, UK.
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or for image guided surgical excision, such as in sentinel 
node biopsy. Some operating theatres have been designed 
so that x-ray and MRI can be brought into theatre and 
images obtained within several tens of seconds.

Imaging has become an integrated part of radiotherapy 
planning, such that real time 4D tracking can be used to 
track tissue movement thereby reducing the radiation 
dose to normal tissues. Thus in the x-ray treatment of 
tumours a portal imaging device can be used to assess 
the effi  cacy of treatment. The image quality obtained 
from non-optimal imaging devices working at the MeV 
rather then keV energies is not high; however, quality is 
expected to improve substantially in future.76–78 Successful 
attempts have been made to combine linear accelerators 
with MRI systems—a great challenge since the magnetic 
fi eld of the MRI system has the potential to defl ect the 
electron beam used to generate the x-rays, and to focus 
electrons released in the target tissue. One therapy and 
imaging combination that is proving useful is high-
intensity focused ultrasound with MRI. In this case, MRI 
is used not only to position the device and plan treatment, 
but also to monitor the eff ective dose. The target tissue— 
eg, a fi broid—is ablated by raising the tissue tempera ture 
above 70°C, at which point proteins coagulate. The 
temperature can be checked according to the temperature 
dependence of the proton water signal to ensure that it 
reaches the required level at the target, and equally 
importantly, that it is not raised beyond safe limits in 
surrounding healthy tissue. MRI-compatible robotic 
surgery is being developed (appendix p 8).79 We remain 
far from an automated process of diagnosis and treat-
ment, but this is one direction in which the discipline 
will move during the next decade or so.

Confl icts of interest
We declare that we have no confl icts of interest

References
1 Wells PNT. Physics and engineering: milestones in medicine. 

Med Eng Phys 2001; 23: 147–53.

2 Editorial. Looking back on the millennium in medicine. 
N Engl J Med 2000; 342: 42–49.

3 Christie DA, Tansey EM, eds. Wellcome Witnesses to Twentieth 
Century Medicine. Volume 28. Development of physics applied to 
medicine in the UK, 1945–1990. London: Wellcome Trust Centre for 
the History of Medicine at UCL, 2006.

4 Röntgen WC. Uber eine neue Art von Strahlen (Vorlaufi ge 
Mitteilung). Sber Physik-med Ges Wurzburg 1895; 9: 132–41.

5 Mould RF. The early history of x-ray diagnosis with emphasis 
on the contributions of physics 1895–1915. Phys Med Biol 1995; 
40: 1741–87.

6 Coolidge WD. A powerful roentgen ray tube with a pure electron 
discharge. Phys Rev 1913; 2: 409.

7 Hounsfi eld GN. Computerized transverse axial scanning 
(tomography) I. Description of system. Br J Radiol 1973; 46: 1016–22.

8 Radon J. On the determination of functions from their integral values 
along certain manifolds. IEEE Trans Med Imaging 1986; 5: 170–76.

9 Cormack AM. Representation of a function by its line integrals with 
some radiological applications. J Appl Phys 1963; 34: 2722–27.

10 Cormack AM. Representation of function by its line integrals with 
some radiological applications. J Appl Clin Med Phys 1964; 
35: 2908–13.

11 Paxton R, Ambrose J. EMI scanner—brief review of fi rst 
650 patients. Br J Radiol 1974; 47: 530–65.

12 Wijesekera NT, Duncan MK, Padley SPG. X-ray computed 
tomography of the heart. Br Med Bull 2010; 93: 49–67.

13 Herman GT. Fundamentals of computerized tomography: image 
reconstruction from projection, 2nd edn. London: Springer-Verlag, 
2009.

14 Kalender WA. X-ray computed tomography. Phys Med Biol 2006; 
51: R29–43.

15 Eisenberg RL. Clinical imaging: an atlas of diff erential diagnosis, 
5th edn. Philadelphia: Lipincott, Williams and Wilkins, 2010.

16 Carlsson S. A glance at history of nuclear medicine. Acta Oncol 
1995; 34: 1095–102.

17 Chiewitz O, de Hevesy G. Radioactive indicators in the study of 
phosphorus metabolism in rats. Nature 1935; 136: 439.

18 Cassen B, Curtis L, Reed A, Libby RL. Instrumentation for I-131 use 
in medical studies. Nucleonics 1951; 9: 46–49.

19 Anger HO. A new instrument for mapping gamma-ray emitters. 
Biol Med Quart Rep UCRL 1957; 3653: 38.

20 Harper PV, Andros G, Lathrop K, Siemens W, Weiss L. 
Technetium-99 as a biological tracer. J Nucl Med 1962; 3: 209.

21 Perkins AC, Vivian G. Molybdenum supplies and nuclear medicine 
services. Nuclear Med Commun 2009; 30: 657–59.

22 Kuhl DE, Edwards RQ. Image separation radioisotope scanning. 
Radiology 1963; 80: 653–62.

23 Larsson SA. Gamma camera emission tomography. Development 
and properties of a multi-sectional emission computed tomography 
system. Acta Radiol Suppl 1980; 363: 1–75.

24 Ingvar DH, Lassen NA. Quantitative determination of regional 
cerebral blood fl ow in man. Lancet 1962; 278: 806–07.

25 Love WD, Romney RB, Burch GE. A comparison of the distribution 
of potassium and exchangeable rubidium in the organs of the dog 
using rubidium-86. Circ Res 1954; 2: 112–22.

26 Strauss HW, Harrison K, Langan JK, Lebowitz E, Pitt B. Th-201 for 
myocardial imaging. Relation of Th-201 to regional myocardial 
perfusion. Circulation 1975; 51: 641–45.

27 Subraman.G, McAfee JG. New complex of Tc-99m for skeletal 
imaging. Radiology 1971; 99: 192–96.

28 Tobias CA, Lawrence JH, Roughton FJW, Root WS, Gregersen MI. 
The elimination of carbon monoxide from the human body with 
reference to the possible conversion of CO to CO2. Am J Physiol 
1945; 145: 253–63.

29 Sweet WH. The use of nuclear disintegration in diagnosis and 
treatment of brain tumors. N Engl J Med 1951; 245: 875–78.

30 Wrenn FRJ. The use of positron emitting radioisotopes for 
localization of brain tumors. Science 1951; 113: 525–27.

31 Phelps ME, Hoff man EJ, Mullani NA, Higgins CS, Terpogossian MM. 
Design considerations for a positron emission transaxial tomograph 
(PETT III). IEEE Trans Nucl Sci 1976; 23: 516–22.

32 Hoff man EJ, Phelps ME, Mullani NA, Higgins CS, Terpogossian MM. 
Design and performance-characteristics of a whole-body positron 
transaxial tomograph. J Nucl Med 1976; 17: 493–502.

33 Jones TA. A brief history of positron-emitting tracers and positron 
emission tomography in medicine. In: Valk PE, ed. Positron 
Emission Tomography: basic science and clinical practice. New 
York: Springer, 2003: 4–40.

34 Toga AW, Mazziotta JC. Brain mapping: the methods. Amsterdam: 
Elsevier, 1996.

35 Plathow C, Weber WA. Tumor cell metabolism imaging. J Nucl Med 
2008; 49: S43–63.

36 UK RCoPot. Positron emission tomography: a strategy for provision 
in the UK. London: Royal College of Physicians, 2003.

37 Facey K, Bradbury I, Laking G, Payne E. Overview of the clinical 
eff ectiveness of positron emission tomography imaging in selected 
cancers. Health Technol Assess 2007; 11: iii–iv, xi–267.

38 Hillner BE, Siegel BA, Shields AF, et al. The impact of positron 
emission tomography (PET) on expected management during 
cancer treatment. Cancer 2009; 115: 410–18.

39 Johnson KA, Gregas M, Becker JA, et al. Imaging of amyloid 
burden and distribution in cerebral amyloid angiopathy. Ann Neurol 
2007; 62: 229–34.

40 Lauterbur PC. Image formation by induced local interactions—
examples employing nuclear magnetic-resonance. Nature 1973; 
242: 190–91.



Series

www.thelancet.com   Vol 379   April 21, 2012 1533

41 Mansfi eld.P, Grannell PK. NMR diff raction in solids. 
J Phys Condens Matter 1973; 6: L422–26.

42 Mansfi eld P, Maudsley AA. Medical imaging by NMR. Br J Radiol 
1977; 50: 188–94.

43 Damadian R, Goldsmith M, Minkoff  L. NMR in cancer XVI. 
FONAR image of the live human body. Physiol Chem Phys 1997; 
9: 97–100.

44 Mansfi eld P, Pykett IL, Morris PG, Coupland RE. Human 
whole-body line-scan imaging by NMR. Br J Radiol 1978; 51: 921–22.

45 Edelman RR, Hesselink JR, Zlatkin MB, Crues JV. Clinical Magnet 
Resonance Imaging, 3rd edn: New York: Elsevier, 2006.

46 Damadian R. Tumor detection by nuclear magnetic resonance. 
Science 1971; 171: 1151–57.

47 Young IR, Hall AS, Pallis CA, Legg NJ, Bydder GM, Steiner RE. 
Nuclear magnetic resonance imaging of the brain in multiple 
sclerosis. Lancet 1981; 2: 1063–66.

48 Smith FW, Mallard JR, Hutchison JMS, et al. Clinical-application of 
nuclear magnetic-resonance. Lancet 1981; 317: 78–79.

49 Tallantyre EC, Morgan PS, Dixon JE, et al. A comparison of 3T and 
7T in the detection of small parenchymal veins within MS lesions. 
Invest Radiol 2009; 44: 491–94.

50 Mansfi eld P. Multi-planar image-formation using nmr spin echoes. 
J Phys Condens Matter 1977; 10: L55–58.

51 Schnall MD, Blume J, Bluemke DA, et al. Diagnostic architectural 
and dynamic features at breast MR imaging: multicenter study. 
Radiology 2006; 238: 42–53.

52 Neumann-Haefelin T, Wittsack HJ, Wenserski F, et al. 
Diff usion- and perfusion-weighted MRI. The DWI/PWI mismatch 
region in acute stroke. Stroke 1999; 30: 1591–97.

53 Cabeza R, Kingstone A. Handbook of functional neuroimaging 
of cognition. Cambridge, MA: MIT Press, 2006.

54 Yacoub E, Harel N, Ugurbil K. High-fi eld fMRI unveils orientation 
columns in humans. Proc Natl Acad Sci USA 2008; 105: 10607–12.

55 Le Bihan D, Mangin JF, Poupon C, et al. Diff usion tensor imaging: 
concepts and applications. J Magn Reson Imaging 2001; 13: 534–46.

56 Ardenkjaer-Larsen JH, Fridlund B, Gram A, et al. Increase in 
signal-to-noise ratio of > 10,000 times in liquid-state NMR. 
Proc Natl Acad Sci USA 2003; 100: 10158–63.

57 Moller HE, Chen XJ, Saam B, et al. MRI of the lungs using 
hyperpolarized noble gases. Magn Reson Med 2002; 47: 1029–51.

58 Berger H. Electroencephalogram in humans. 
Archiv Fur Psychiatrie Und Nervenkrankheiten 1929; 87: 527–70.

59 Cohen D. Magnetoencephalography—evidence of magnetic fi elds 
produced by alpha-rhythm currents. Science 1968; 161: 784–87.

60 Hamalainen M, Hari R, Ilmoniemi RJ, Knuutila J, Lounasmaa OV. 
Magnetoencephalography—theory, instrumentation, and 
applications to noninvasive studies of the working human brain. 
Rev Mod Phys 1993; 65: 413–97.

61 VanVeen BD, vanDrongelen W, Yuchtman M, Suzuki A. 
Localization of brain electrical activity via linearly constrained 
minimum variance spatial fi ltering. IEEE Trans Biomed Eng 1997; 
44: 867–80.

62 Brookes MJ, Zumer JM, Stevenson CM, et al. Investigating spatial 
specifi city and data averaging in MEG. Neuroimage 2010; 
49: 525–38.

63 Fisher AE, Furlong PL, Seri S, et al. Interhemispheric diff erences of 
spectral power in expressive language: a MEG study with clinical 
applications. Int J Psychophysiol 2008; 68: 111–22.

64 Rumack CM, Wilson SR, Charboneau JW, Johnson J-A. A diagnostic 
ultrasound, 4th edn. Philadelphia: Mosby, 2011.

65 Donald I, Macvicar J, Brown TG. Investigation of abdominal 
masses by pulsed ultrasound. Lancet 1958; 271: 1188–94.

66 Phillips RA, Stratmeyer ME, Harris GR. Safety and US regulatory 
considerations in the non-clinical use of medical ultrasound 
devices. Ultrasound Med Biol 2010; 36: 1224–28.

67 Houston LE, Odibo AO, Macones GA. The safety of obstetrical 
ultrasound: a review. Prenatal Diagn 2009; 29: 1204–12.

68 Burns PN. Harmonic imaging with ultrasound contrast agents. 
Clin Radiol 1996; 51: 50–55.

69 Tranquart F, Grenier N, Eder V, Pourcelot L. Clinical use of 
ultrasound tissue harmonic imaging. Ultrasound Med Biol 1999; 
25: 889–94.

70 Quaia E. Microbubble ultrasound contrast agents: an update. 
Eur Radiol 2007; 17: 1995–2008.

71 Deshpande N, Needles A, Willmann JK. Molecular ultrasound 
imaging: current status and future directions. Clin Radiol 2010; 
65: 567–81.

72 Ward JF. High-intensity focused ultrasound for therapeutic tissue 
ablation in surgical oncology. Surg Oncol Clin N Am 2011; 
20: 389–407.

73 Williams AK, Martinez CH, Chalasani V, Chin J. High-intensity 
focused ultrasound: where are we and where to from here? 
Expert Rev Anticancer Ther 2010; 10: 33–40.

74 Crouzet S, Murat FJ, Pasticier G, Cassier P, Chapelon JY, Gelet A. 
High intensity focused ultrasound (HIFU) for prostate cancer: 
current clinical status, outcomes and future perspectives. 
Int J Hyperthermia 2010; 26: 796–803.

75 Elahi SF, Wand TD. Future and advances in endoscopy. 
J Biophotonics 2011; 4: 471–81.

76 Simpson DR, Lawson JD, Nath SK, Rose BS, Mundt AJ, Mell LK. 
A survey of image-guided radiation therapy use in the United 
States. Cancer 2010; 116: 3953–60.

77 Low DA, Moran JM, Dempsey JF, Dong L, Oldham M. Dosimetry 
tools and techniques for IMRT. Med Phys 2011; 38: 1313–38.

78 Sterzing F, Engenhart-Cabillic R, Flentje M, Debus J. Image-guided 
radiotherapy a new dimension in radiation oncology. 
Dtsch Arztebl Int 2011; 108: 274–80.

79 Sutherland GR, Latour I, Greer AD, et al. An image-guided 
magnetic resonance-compatible surgical robot. Neurosurgery 2008; 
62: 286–92.


	Diagnostic imaging
	Introduction
	X-ray imaging
	Nuclear imaging and PET
	MRI and magnetic resonance spectroscopy
	Electroencephalography and magnetoencephalography
	Ultrasound
	Conclusions and future perspectives
	References


