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Review

Modern medicine has advanced to heights our 
scientific predecessors, even those of 20 years 
ago, could not foresee except in science fiction. 
We can now look into the human body in three 
dimensions, with clarity and spectacular resolu-
tion, and we can now watch the brain ‘think’ 
with imaging tools such as functional magnetic 
resonance imaging (fMRI). In some ways, how-
ever, the imaging field has been like the blind 
men and the elephant, where one imaging 
modality defines one part of the picture while 
another modality defines another. In this scien-
tific review, we will attempt to cover the many 
modalities of medical imaging, which has grown 
faster than any of the other disciplines in the 
medical arts, and we will explore the targets of 
imaging: biomarkers. 

Biomarkers include the physical and chemical 
system responses to disease or injury, such as the 
upregulation and downregulation of enzymes or 
receptors as a consequence of disease progres-
sion. Biomarkers include, for example, biologics 
that are used to monitor and direct therapy in 
chronic diseases such as cancer (e.g., carcino-
embryonic antigen), diabetes (hemoglobin-Alc), 
and autoimmune disease (rheumatoid factor). 
LaBaer outlines eight biomarker rules; however, 
as this review will focus on imaging biomarkers, 
we will emphasize three of these rules [1]:

n	Number 3: consider the target and control 
populations carefully

n	Number 4: focus on developing a sensitive and 
specific test

n	Number 8: remember these samples come 
from people – and mice (and other animal 
models) are not people

In imaging, we do not refer to the probe 
as the ‘biomarker’. Imaging biomarkers is the 
action of an imaging system, with or without 
the use of a bioprobe, to define the expres-
sion, or mark, of disease or injury. Biomarkers 
include changes in anatomy (i.e., bone density 
or tissue fluid balance), drug actions, receptor 
binding, genomic expression or adduct forma-
tion (DNA/RNA adducts), metabolite forma-
tions (metabolomics, proteomics, glycanom-
ics, lipidomics etc.), change in enzyme rates, 
urinary and blood-related adducts (i.e., hemo-
globin and albumin), organ and tissue uptake, 
cascade initiation, clearance of an initiating 
drug as well as the inhibition or acceleration 
of a secondary biologic expressions, and more. 
Indeed, biologic measures that can be validated 
as part of a drug effect or system response can 
be considered, with regulatory scrutiny, a ‘bio-
marker’. The time course, identity, correlation 
with disease and relative abundance (signal) of 
biomarkers must be fully characterized in order 
to use them as surrogate investigative measures 
in research or diagnosis [1–13].

A typical biomarker is not generally a step func-
tion, that is, on and then off, but rather acts as 
a progression (defined as a family of events that 
together are assigned a threshold limit for on or 
off). A urinary metabolite may appear rapidly 
as a biologic response, increase over time and 
decline, while urinary adducts, as a continuum 
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of the response can last for months before declin-
ing. Biomarkers are best described and validated 
in terms of their pharmacokinetics (PKs) with 
expressions such as time to first appearance 
(T

a
: dependent on sensitivity of the assays), slope 

of marker expression (rate to full expression or 
decline, which can be dose-dependent and nonlin-
ear), time to maximum expression (T

max
), maxi-

mal concentration at target or site of measurement 
(C

max
) and washout (loss of effect or clearance of 

the biomarker, both expressed as a decay half-life). 
The reappearance of a biomarker upon repeated 
challenge may be limited due to receptor satura-
tion (maximal binding) or depletion of expres-
sion (downregulation of enzyme or receptor). 
Biomarkers must be measurable, their kinetics 
understood and the link to their source validated.

In vivo noninvasive disease detection (imag-
ing) is a scientific discipline that utilizes the full 
electromagnetic spectrum from high-energy 
g-rays to low-energy radiowaves, and transforms 
the energy frequencies into a readable format 
(an image) to describe a natural phenomenon. 
In some respects, imaging is simply a pattern 
recognition method used to describe patholo-
gies or anatomical features. Patterns can, for 
example, be a heat-map image of selected genes, 
which, as an aggregate expression, form a recog-
nizable (sensitivity threshold) pattern represent-
ing on and off genetic switches (Figure 1). In 
Figure 1, peripheral blood (PB) metagene pro-
files describe different gene expression patterns 
when the blood is exposed to chemotherapy or 
radiation therapy [14,15]. Genetic array maps are 
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Figure 1. Metagene expression patterns (images) as ‘heat maps’ (rows are specific samples of peripheral blood and 
columns are genes) for (A) radiation therapy or (B) chemotherapy. The genetic expression maps for pre- and post-IR and 
pre- and post-chemotherapy are compared versus an untreated (healthy) ‘normal’ heat map. The metagenes selected for the heat map 
images show that one can discern radiation exposure from chemotherapeutic exposure with relatively high certainty. The graphic 
‘take-one-away’ assays on the right present the five groups as mathematical transforms of the heat-map data. 
Chemo: Chemotherapy; IR: Irradiation; pt: Patient. 
Courtesy of John Chute, Duke University, Durham, NC, USA [14].
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used to show the expression levels of a family 
of specific genes in PB taken from healthy sub-
jects where a gene is on (yellow to red) or off 
(dark blue to light blue). Exposure of the PB 
to chemotherapy or radiation elicits specifically 
different expression patterns, suggesting shared 
and unique genetic responses to the stressors 
can be uniquely identified. The graphics on the 
right are leave-one-out depictions (mathemati-
cal transforms) of the heat-map arrays and dem-
onstrate that specific gene expression patterns 
can discern, with a high degree of certainty, 
the separation of chemotherapeutic- versus 
radiation-treated PB. The identity of metagenes 
that are linearly sensitive to radiation will help 
the radiologist accurately treat patients with 
the appropriate dose of radiation. A heat-map 
image can be interpreted through mathemati-
cal processing and provide a scalable and eas-
ily interpretable dosimetric value with defined 
sensitivity and specificity. 

Protein expression also serves as a biomarker 
to measure radiation exposure, and several 
radiation-responsive proteins have been found 
over the past 35 years that can serve as indi-
cators of exposure [16,17]. Patients exposed to 
radiation doses greater than 4 Gy (400 rads), 
as is typical in some clinical radiotherapy pro-
cedures, have shown expression of as many as 
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Figure 2. Crab nebulae viewed using different wavelengths of the 
electromagnetic spectrum. A specific structural property, a gas jet, is evident 
only using the x-ray energy image.  
Images from [201].

Table 1. Types of biomarkers and how they are used in imaging.

Marker class Definition Example Ref.

Predictive Biomarker available before a drug or 
action is applied to a target

MRI: the brain exhibits physical changes in multiple sclerosis (white 
matter changes related to the water relaxivity); the magnetization state 
of water hydrogen can be detected as emission of radiowaves) 

[23,24]

Prognostic Biomarker available after a drug or 
action is applied and that predicts a 
subsequent increase in risk of injury 
or change in pathologic state

SPECT: Perfusion imaging 
PET: 11Cb-CFT and 11C-tetrabenzine uptake in the dopamine rich regions 
of the substantia nigra is significantly reduced following exposure to the 
neurotoxin MPTP, a byproduct of improper chemical synthesis of 
methamphetamine; targeted ultrasound

[25,26]

Diagnostic A biomarker available at the time of 
symptoms (pathology) or following a 
drug or action on a target. 

PET: 11C-PIB as an indicator of amyloid deposition in the brain of 
suspected Alzheimer’s disease patients; 18F detection of suspected lung 
cancer with standard uptake value > 5; ischemic myocardium – animated 
gated PET images

[27] 

fMRI: regional cerebral blood flow in regions of the brain during thought 
or physical movement; blood oxygen level-dependent imaging to localize 
flow change by stroke 

[28,209]

SPECT and ultrasound: thrombi, 123I MIBG (neuroendocrine tumors) [29]

Dosimetric Biomarker available after a drug or 
action is applied on a target and 
when a response can be related to 
the dose (or proportionality of an 
action) relative to a negative control

Microscopic imaging (radiation dosimetry): microscopy chromosomal 
aberrations (dicentrics)
SPECT: application of cell trafficking 111In white blood cells recognizing 
changes in tissues (i.e., cytokines to elicit natural killer cell proliferative 
dose response; infections); imaging to define treatment planning 
dosimetry for Zevalin® or 123I MIBG, etc.

[30]

[31]

11Cb-CFT: [11C]2-carbomethoxy-3-(4-fluorophenyl)-tropane; fMRI: Functional MRI; MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; PET: Positron emission 
tomography; PIB: Pittsburgh Compound-B; SPECT: Single-photon emission computed tomography. 
Adapted from [17].
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173 new proteins, which are being explored as 
dose-related biomarkers. Animal studies have 
revealed another 88 unique proteins. The major-
ity of these proteins show a difference in phos-
phorylation that can be measured within 24 h 
post-exposure, but each has its own behavior 
in distribution and clearance, and their link to 
exposure is time dependent.

Imaging technologies utilize equipment that 
can exploit the varying temporal and quantita-
tive measures of biomarkers. Imaging and the 
mathematical transform of images can expand 
the physiologic limits of our eyes to see out-
side of the confines of the visible spectrum. 
Different light wavelengths can be used to 
describe different things: for example, a set of 
binoculars can see an object using visible light, 
whereas night-vision binoculars can detect the 

same objects using a different wavelength of 
light energy. Another example is in conven-
tional microscopy, which uses visible light 
energies but, to achieve the higher resolution 
of electron microscopy, the shorter wavelength 
x-ray energies are used, which are diffracted 
by ever smaller structural angles where visible 
light is blocked. Electron micrographs thus use 
high-energy light to visualize structures where 
a lower energy light is not appropriate.

Imaging is a universal tool kit and goes 
beyond biology with applications in virtu-
ally all scientific disciplines; for example, in 
space sciences, as depicted in Figure 2. The 
figure describes the amorphous Crab Nebulae 
as viewed using different wavelengths of light 
energy [201]. When viewed using various wave-
lengths of light, the structure of the nebulae 

Table 2. Role of imaging biomarkers in drug development and clinical medicine.

Product 
development stage

Applicability 
of imaging 
biomarkers

Imaging modalities

Target identification Yes Molecular imaging, PET, SPECT, ARG

Target validation Yes Molecular imaging, PET, SPECT, ARG

Lead identification No None

Lead optimization Yes Molecular imaging, PET, SPECT

Preclinical testing Yes Molecular imaging, PET, SPECT, US, CT, OP, ARG

Clinical trials Yes CT, MR, fMRI, PET, SPECT, US, OP, TH, conventional radiography

Diagnosis Yes CT, MR, fMRI, PET, SPECT, US, OP, TH, conventional radiography

Patient monitoring Yes CT, MR, PET, SPECT, US, OP, TH, conventional radiography

Animal rule trials Yes Animal efficacy rule (21 C.F.R. § 314.610, drugs; § 601.91, biologics)
Example: when testing radiation injury therapeutics in animals, where ethics prohibit the use 
of humans, we can use species-specific radiolabeled cells to study trafficking following 
treatment for neutropenia; or measure changes in renal function/flow (i.e., clearance) 
following drug- or radiation-induced renal injury; biomarkers in these trials must be validated 
to fully characterize the predicted human response
Open to all imaging platforms

ARG: Autoradiography (whole body or histologic with grain counting); CT: Computed tomography; fMRI: Functional magnetic resonance imaging; MR: Magnetic 
resonance; OP: Optical and fluorescent tracers; PET: Positron emission tomography; SPECT: Single photon emission CT; TH: Thermography.
Modified from [33].

Table 3. Biomarkers in imaging: traditional end points in drug development and 
the effect of using an imaging biomarker.

Development parameter Traditional biomarker measure Imaging provides

Time to results May be long, especially mortality Potentially shorter

Objectivity May be low, especially morbidity Potentially increased

Cost High, especially with long end points Relatively low cost

Ability for study blinding May be difficult, especially devices Relatively easy to perform 
blinding with images

Detect subtle change Often low Routinely available

Patient as own control Possible to difficult Often possible

Access to resources Dedicated infrastructure but  
often available

Widespread, costs can be 
defrayed by routine clinical use

Modified from [33].
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is relatively undefined. However, the Chandra 
x-ray telescope shows new detail, allowing the 
orientation of a gas jet and the appearance of 
motion within the structure to be determined. 
Imaging depends on the system and each system 
reveals different content.

Biomarkers & development of  
imaging technologies 
Medical imaging has had a rich history in the 
employment of probes to image biomarkers. 
Cited examples over the past century include: 

n	1900–1920s: Radiation-emitting isotopes 
applied as a health elixir (i.e., ingestion of 
radium salts);

n	1930s: Radioiodine thyroid functional 
uptake; x-ray shoe fittings, discovery of the 
man-made nuclear medicine isotope Tc-99m;

n	1940s: Geiger counter flow renograms; cell 
labeling; film emulsion contact radiography 
(i.e., autoradiography);

n	1950s: Radioisotope chemistry; positron and 
Tc-99m cameras; metabolic studies; whole-
body counters constructed of chambers made 
from pre-World War II ship hull steel not 
contaminated with nuclear weapon fallout;

n	1960s: Application of the Anger Camera; 
computed tomography (CT) algorithms; che-
lation chemistry (DTPA and others); whole-
body rectilinear scanners; higher efficiency 
positron camera design;

n	1970s–1980s : Biotechnology industry 
begins; monoclonal antibody (mAb) and 
severe combined immunodeficient technolo-
gies; advances in 3D imaging cameras 
(tomography; PET, single-photon emission 
CT [SPECT], CT, MRI, ultrasound, 
thermal images);

n	1980s: Mathematical refinement of images; 
computer technologies; PET chemistry; new 
radiotracers;

BA

Figure 3. Thermography. (A) Patient undergoing chest betatherapy for scar treatment. 
Complications attributed to radiation exposure plus other comorbidity factors. (B) Patient 
underwent coronary angioplasty with guided fluoroscopy that provided regional pain and acute 
repetitive crisis. The patient had a genetic hypersensitivity to irradiation. 
Reproduced with permission from Marina DiGeorgio, Biological Dosimetry Laboratory, Nuclear 
Regulatory Authority and Hospital de Quemados Burn Center, Argentina.
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Figure 4. Simplified image reconstruction. The image represents either CT 
(incident x-ray source is not depicted) or single-photon emission CT image 
acquisition using multiple views collected at unit angles. Each collection angle (θ) 
is transformed to frequency (i.e., Fourier) space, filtered and back-projected 
(reconstructed) into a 3D image slice. There are many approaches to image filters 
for optimizing image resolution.
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n	1990s: PCR defines pathologies; recombi-
nant proteins, peptides, mAbs and mAb 
fragments; glycans; new chelation methods 
promote the exploitation of new tracer tech-
nologies for cancer biomarkers; image-
guided radiotherapy; PET/CT/SPECT 
miniaturization for animal studies; molecu-
lar/optical imaging (green f luorescent pro-
tein [GFP]);

n	2000s: Improved optical techniques, quantum 
dots (QDs), bioluminescence resonance 
energy transfer (BRET), specific biomarker 
luciferase-expressing mice; development of 
knockout mice;

n	The future: Hybrid imaging technologies that 
combine physiology and anatomy (SPECT, 
MRI, PET and CT); carbon nanotubes and 
nanotechnology, and more [202].

A CB D

E F G

Three frequencies
 = three populations

Original
image
slice

Final image is
a sum of noisy
projections

Non-uniform object

Figure 5. Slice through a non-uniform object and imaged over ‘n’ sample angles. 
The three different density regions (object + two smaller) in the original image are three frequency 
populations, that is, density or regions of emission per radiotracer uptake. The objects have distinct 
edges (original) that are blurred with limited projection (θ) sampling. The resolution of the three 
‘objects’ increases with increasing ‘n’ views (projections) as depicted from (B) (one projection) 
through G (‘n’ projections). 
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Figure 6. Liquid emulsion histologic grain deposition. (A) Uptake of an internally radiolabeled 
(35S) cytokine in the proximal tubules of the rat kidney (magnified 40×). Solid arrow depicts the 
location of a glomerular apparatus and the dashed arrows show the adjacent proximal tubule. Note 
highest uptake in initial segment 1 of the proximal tubules adjacent to the glomeruli. (B) Histologic 
section of the kidney containing two glomeruli, proximal and distal tubule segments, and blood 
vessels (magnified 150×).  
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An imaging biomarker is intended to be a 
direct measure of a pharmacodynamic (PD) 
effect from a specific pharmacologic or toxico-
logic event. Images, as described earlier, are sim-
ply patterns. Conventional radiographic images, 
such as photographs, are analog density patterns 
expressed as 2D views (x vs y) of 3D objects (x, 
y and z axial directions). Modern imaging can 
collect either analog or digital data and, with 
the use of computer systems, display and quan-
tify regions of the image. We can see (interpret) 
information from the 2D (planar) displays, but 
digital 3D displays (tomography) improve pat-
tern recognition with the removal of confound-
ing overlaid information in the 2D flattening of 
3D information. Using digital picture element 
(pixel) values, the biomarker response can be 
quantified and the statistical certainty of an 
image pattern can be calculated.

As with a genetic array heat-map image 
described earlier, thermal changes in a biologic sys-
tem in response to infection, inflammatory medi-
ators or any other cause can serve as a biomarker. 
Thermography is an older imaging modality that 
takes advantage of differences in skin surface 
temperatures. Thermographic imaging has been 
more favorably adopted in recent years due to its 
simplicity, selection of various color displays (user 
preference), larger pixel arrays and quick clini-
cal interpretation. Far-infrared (long wavelength 
600–800 nm) thermography is typically a sur-
face measure, but it can have a significant depth 
component depending on the extent of disease or 
injury [203]. Thermography can be a simple way to 
indirectly measure the activity of immune system 
mediators and response to modulators. 

Biomarkers essentia lly fa ll into four 
categories [17]:
n	Predictive

n	Prognostic

n	Diagnostic

n	Treatment planning (dosimetric)

Predictive biomarkers are those that represent 
a certainty of a future event or physiologic sta-
tus, and are available before a drug or action 
is applied to a target, and thus can measure a 
change after some action. Prognostic biomarkers 
include those that foretell a future event (pathol-
ogy) or can provide a measure of success from 
intervention, and are available before presenta-
tion of symptoms (pathology). This is differ-
ent from predictive biomarkers because there 
is less certainty of the future event. Diagnostic 

biomarkers are those that are common in clinical 
practice and imaging, and are generally available 
at the time of symptoms (patient presentation), 
or they are useful biomarkers in following a drug 
or action on a target to facilitate clinical deci-
sions on treatment. Treatment planning (dosi-
metric biomarkers) are those that represent mea-
surable dose-related outcomes of pharmacologic, 
radiologic or other interventions. 

Common biomarkers of cardiac performance 
include, electrocardiogram, QTc or blood pres-
sure. Cardiac nuclear imaging of biomarkers for 
viable ischemic myocardium uses probes such 
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Figure 7. High-resolution storage phosphor images showing the intrinsic 
resolution of contact radiography depends on the isotope of choice. 
Image (A) is from a drug labeled with tritium (3H) and has the highest intrinsic 
resolution where the low-energy beta that creates the image has an intrinsic 
range that is limited to the immediate region over the photon emission. Image (B) 
shows a drug labeled with 14C, which has a higher energy than tritium and thus 
an improved photon density interacting with the storage phosphor. Image (C) is 
for a drug labeled with 125I and demonstrates, for the three isotopes, the poorest 
intrinsic resolution where the photon has sufficient energy to interact with the 
detector further away from the point of origin for the emitted photon. 
For more details on high-resolution autoradiography and whole-body 
autoradiography see [36–40,203].
Reproduced with permission from E Solon, Quest Pharmaceutical Services, 
Newark, DE, USA. 
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as Tl-201, Tc-99m sestamibi or Tc-99m tetra-
fosmin, fatty acid metabolism (123I-b-methyl-
iodophenylpentadecanoic acid [BMIPP]) and 
sugar metabolism (18F-f luorodeoxyglucose 
[FDG]) to evaluate cardiac status [18–22]. The 
acceleration of heart rate (DQRS interval) or a 
change in the magnitude of the T-wave com-
plex are examples of biomarkers of the heart; 
the latter being a biomarker of a possible isch-
emic event. Serum chemistry changes follow-
ing the administration of a drug (i.e., eleva-
tion in alanine aminotransferase or aspartate 

amino transferase) can serve as biomarkers 
of drug injury, but, if used for understand-
ing a drug action, must be directly related 
(specific) and proportional to the dose of the 
drug. Table 1 describes the four categories of 
biomarkers and is an adaptation of work by 
Okunieff to describe these categories with 
respect to imaging [17]. 

Imaging of biomarkers can include many of 
the following targets, targeted tissues and or 
biological properties and characteristics:
n	Metabolism: measure glucose utilization of 

tissues (brain, heart, tumors) using 18F-FDG 
and obtain standardized uptake values 
(SUVs); 123I-BMIPP for fatty acid metabolism

n	Growth: DNA turnover using thymidine 
uptake as an index, 18F-fluorothymidine (FLT)

n	Organ or tumor size: CT/MR/ultrasound: 
anatomical ; PET/SPECT: physiologic 
domain of a tumor (living tissue vs living plus 
necrotic debris)

n	Vasculature: MR (blood flow), MR and CT 
angiography, SPECT/PET for platelet adher-
ence, clot formation and inf lammatory 
responses; contrast ultrasound monitoring of 
capillary blood volume and myocardial 
perfusion

n	Cell expression/receptors: mAbs, Fab´ frag-
ments, peptides, aptamers, cell surface 
properties (surface glycan expressions)

= Detectors

PET SPECT

360°

Figure 9. PET and SPECT imaging systems. (A) The PET system is depicted in the left image 
where a ring of detectors creates the array of positron coincident chords that are reconstructed into 
the PET ‘image’. The SPECT system is a single-, double- or triple-head (detector) camera where 
single photon tracks are collected. In both cases, a reference scan is first obtained to determine the 
image’s attenuation correction coefficients for each projected angle. 
PET: Positron emissin tomography; SPECT: Single-photon emission computed tomography.

A B C

Figure 8. Contemporary planar nuclear medicine images. (A & B) The left 
panels are frontal planar nuclear medicine images of (A) In-111-P256 Fab’ platelet 
specific antibody versus (B) the correlating arteriogram (x-ray contrast image 
shows discontinuity from clots of the upper leg from the knee (bottom) to thigh 
(top). (C) shows vascular uptake of a Tc-99m-labeled peptide (Acutect®), an 
antagonist of the IIb/IIIa receptor expressed on activated platelets.  
(A & B) courtesy of Alan Perkins, University of Nottingham, UK [206]; (C) courtesy 
of L Dinkelborg, Schering-Bayer Corp, Berlin, Germany.
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n	Density differences: CT for mass density, MR 
for water content and mobility

n	Physical reflectivity: ultrasound and bubble 
technologies for measuring flow and defining 
structures via edge detection

n	Heat: thermal imaging where tumor tissue 
exhibits higher caloric consumption and 
emission of waste heat

n	Perfusion deficit detection (hypoxia): 133Xe lung 
ventilation studies, and functional MR blood 
flow, hypoxic tracers (18F-fluoromisonidazole 
[FMISO])

n	Optical: optical tracers such as GFP, QDs or 
fluorescent probes or cell expression markers 
used in genetically modified mice where a 
luciferase expressing gene is inserted adjacent 
to a promoter site

n	Cell trafficking and cell surface properties: 
cell surface glycan decorations, which can also 
govern speciation, can be exploited to label 
cells and study cell trafficking and cell-type 
mobility, and elimination kinetics due to 
infection; stem cell therapies or to observe 
tissue engraftment

In theory, for a biomarker to serve as an 
effective end point or substitute for the clini-
cal outcome, the effects of intervention on 
the biomarker must reliably predict the over-
all effect and demonstrate clinical utility. In 
practice, this requirement frequently fails [10]. 
Any drug administered as a therapeutic also has 
the possibility that it may affect a clinical out-
come by unintended, unanticipated, unrecog-
nized and potentially saturable mechanisms of 
action that operate independently of the disease 

4 h post2 h post 24 h post

Figure 11. [123I]-MIP-1095 single-photon emission computed tomography (SPECT)–CT-
corrected images in the nude mouse bearing prostate tumors that are positive and 
negative for prostate-specific marker antigen (PSMA), respectively. SPECT images utilize all 
projections for reconstruction.  
Yellow arrow: PC-3 flu (PSMA-NEG); Red arrow: PC-3 PIP (PSMA-POS).

3 min 8 h 24 h

Figure 10. Tc-99m-labeled somatostatin peptide analog. Uptake in nude mice implanted with 
a human pancreatic somatostatin receptor-expressing tumor (AR42J). Images: Tc-99m peptide 
uptake at 3 min, 8 h and 25 h.
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Figure 12. An agent that specifically targets melanoma in a mouse model. 
(A) Axial image slice projections of the tumor implant in the thigh of the nude 
mouse (blue mark) depicted in (B). (B) The biomarker images in (A) show 
extensive gastrointestinal distribution in the 2D panel (upper left) confounding a 
view of the implanted tumor (crosshair). Axial slice presentation as shown in 
(A) improves the view of tumor uptake.

process. Fleming and DeMets provide several 
examples of how the selection of a biomarker 
may be incorrect and may actually be indica-
tive of unrelated pathways and outcomes [10]. 
Biomarker response can be confusing in the 
milieu of all the other confounding biologic 
activities, which, in turn, can alter a biomarker 
response. True biomarkers must be elicited by 
the intervention on a disease and then be reflec-
tive of the clinical outcome. In 2003, Eckelman 

published a detailed treatise on the improvement 
in understanding a biomarker behavior by imag-
ing of knockout mice (e.g., genetically altered 
mice for improved target specificity) [32]. He 
demonstrated how the use of knockout mice 
can decrease the biologic noise and improve 
the signal-to-noise ratio, as well as shorten the 
time to perform key experiments by avoiding 
classical pharmacologic models. 

In 2003, Smith, Sorenson and Thrall pro-
vided a treatise entitled Biomarkers in Imaging: 
Realizing Radiology’s Future [33]. They describe 
the imaging of biomarkers as a way to shorten 
the bench-to-bedside timeline, which is the 
time taken from clinical assays to implemen-
tation of an intervention. The imaging of bio-
markers has enormous potential to shorten 
the bench-to-bedside time when imaging is 
used as a new kind of bioassay. The authors 
note the rapid rise of imaging in drug devel-
opment as a successful way to determine the 
PK and PD properties of new drug candidates 
and the validation of their binding to respec-
tive disease targets. Imaging may shorten a 
drug’s pre-approval (i.e., new drug application 
[NDA] or biologics license application [BLA] 
US FDA approval) development timeline, but 
they should never be considered a solution to 
every preclinical or clinical question. Imaging 
has utility in nonclinical testing of formula-
tion change effects on PK, PD and biodistri-
bution, tissue targeting, time to C

max
 at the 

target tissue, drug exposure (concentration and 
residence time) on an organ-by-organ basis, 
prediction of potential end organ toxicity, met-
abolic behavior, and rates and modes of elimi-
nation. Imaging also affords multiple views 
over time, such as cancer therapy (e.g., CT 
response evaluation criteria in solid tumours 
and MR measurements), when the target is elu-
sive or moving (e.g., heart motion: ultrasound; 
blood flow: ultrasound can measure flow and 
cardiac wall motion in response to a drug/
contrast agent) or when the target is not ana-
tomic, but rather simply a physiologic function 
(e.g., thinking: regional brain blood flow with 
fMRI and PET correlative imaging). Table 2 
is adapted from their paper and describes the 
roles of imaging biomarkers and cites specific 
imaging modalities that can be used to improve 
the drug development timeline. 

Table 3 describes the parameters that cur-
rently represent the path of drug development 
and the impact that imaging a biomarker may 
have on each parameter [33].
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Figure 14. The Logan plot. Dy/Dx = DVR using the y axis as the ratio of the concentration (C) in 
the ROI over the integral of the images over the concentration for image ‘n’ versus the x axis of the 
reference organ integral over the reference target for image ‘n’. 
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Screening CT scan (two bed) 

Co-registered PET/CT Images

10-min FDG scan Fused image

Figure 13. Micro-PET/CT image of a rat with the CT scan in the left panel, the PET image in 
the center panel and a merged-corrected image where the cardiac uptake can be 
quantitatively assessed by corrected region of interest analysis.
Courtesy of David Stout, Crump Institute for Molecular Imaging, UCLA, Los Angeles, CA, USA.
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Selected imaging modalities, 
biomarkers & applications in 
drug development
Medical imaging is used extensively in today’s 
medical practices. Detection of disease, for 
example by CT or T1/T2 MRI, can be as simple 
as a distortion to the normal tissue borders or 
visualization of a discrete tumor based upon 
morphology (changes in anatomy). This section 

of the review is intended to focus the reader on 
how biomarkers may be employed in imaging to 
examine or elucidate pathologies to better direct 
patient management. 

	n Computed tomography
As mentioned previously, imaging of anatomy 
is a standard imaging deliverable. CT is one of 
the most widely used medical imaging tech-
nologies used to visualize anatomy using the 
differences in tissue densities, and can reveal 
in vivo edge discrimination with high preci-
sion. The history of CT is made up of three 
parts [35]: 

n	The history of tomography itself

n	The development of the algorithms used to 
reconstruct the image

n	The development of high-speed digital 
computers

CT measures the density of objects and has 
units of density called Hounsfield units (HUs). 
The device is a rotating x-ray source around an 
object (patient) where the instrument measures 
the attenuation of a fan beam of x-rays, which 
pass through the object of interest onto a set of 
detectors on the opposing side. The rotation 
of the x-ray source produces a series of projec-
tions describing the reduction (attenuation) of 
the incident x-rays passing through the object 
and reaching the detectors. The projections are 
reconstructed mathematically to represent the 
interior of the object. Figures 4 & 5 describe in 
very general terms the concepts of image gen-
eration and mathematical reconstruction to 
obtain the interpretable image. 

Figure 16. Damage to the substantia nigra in the mid-brain induced in a 6.5-kg Rhesus 
macaque with the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). 
Micro-positron emission tomography (PET) P4 images at 2 weeks post-lesion induction using 
[11C]2-carbomethoxy-3-(4-fluorophenyl)-tropane (11Cb-CFT) shows 90% denervation of the 
dopamine transporter in the substantia nigra; the normal contralateral side shows specific binding 
of the 11Cb-CFT. 
Courtesy of CA Mathis and BJ Lopresti, University of Pittsburgh, PA, USA.

Figure 15. 18F-fluoro-deoxy-glucose 
serves as a biomarker of lung tumor 
metabolic behavior. The positron emission 
tomography (PET) image slices show uptake 
of 18F fluoro-deoxy-glucose in the lung tumors 
and the radioactivity (counts) within the 
circumscribed regions of interest (ROIs) are 
measured for the tumor and for normal lung 
tissue to determine the SUV. Care must be 
exercised in the drawing of the ROIs.
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CT scans can, for example, measure bone 
density in assessing an osteoporosis patient. 
Therapeutic intervention with a drug to enhance 
bone formation or prevent further bone loss can 
be measured over time using CT where the 
change in HU of density serves as a biomarker 
of treatment success or failure. Also, detection of 
lung tumors or mammary tumors using CT rep-
resents a contrast change in regional HU relative 
to the air-filled lung regions or less dense fatty 
tissues of the breast. Radiotherapy, as incident 
beam radiation to treat the breast or lung tumors, 
will increase the water content of the lung tissues 
affected by the absorbed energy and can lead to 
less contrast by CT over time until the tumors are 
killed and resolved. Changing to another imag-
ing biomarker, such as metabolic markers or per-
fusion markers, can improve clinical observations 
and patient management during treatment.

CT, as well as standard x-ray imaging, can 
utilize contrast media to resolve objects such 
as tumors with highly vascular structures. The 
HU changes associated with the distribution of a 
contrast agent within a tumor or vascular system 
(i.e., carotid arteriography, deep leg venography 
or coronary angiography) can be definitive in 
diagnosis. The utility of contrast agents is their 
added improvement in target-to-nontarget ratio 
(increased statistical discrimination), which can 
improve a clinical biomarker.

	n Nuclear medicine & 
radiotracer technologies 
Autoradiography
One of the original biologic images was the 1896 
image of Roentgen’s hand with the delineation 
of the bone structure and the ring on his finger. 
The discovery that radiation could provide an 
image on photographic film led to many appli-
cations of contact radiography. Early histologic 
examination of radioactive tissues sections uti-
lized the contact mode with film and the serial 
slice approach of imaging anatomy has become 
a hallmark of modern imaging. Technologies 
such as CT, SPECT, PET and MRI mimic 
the histologic tissue or whole-body slice in a 
noninvasive manner to show the biodistribu-
tion of contrast agents, such as radio-opaque 
drugs, MR-sensitive contrast agents (i.e., gado-
linium) and novel bioprobes linked (chelated) 
to radionuclides with SPECT properties useful 
in nuclear imaging.

Contact radiography was one of the first 
techniques employed to image the distribu-
tion of radioactive materials. The technique 

added significantly to the field as an adaptive 
technology to histology [36]. Radiolabeled sub-
stances and their distribution following injec-
tion, or other mode of entry, can be visualized 

Product [11C]6-OH-BTA-1 (PIB)

Octanol logPoct = 0.4 logPoct = 2.9
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Figure 17. Properties of the amyloid-b pleated sheet-binding moieties. The 
similarities of chemical structures of thioflavin T and [11C]PIB. The properties of the 
two are similar, such as the octanol:water coefficient, which allows for brain 
penetration, but PIB demonstrates improved specific binding to amyloid-b that is 
over two orders of magnitude greater than thioflavin T.
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Figure 18. PET images of an AD patient and a normal volunteer using 
[11C] PIB. PIB is a neutral thioflavin–T analogue.  Correlative MR images are also 
presented. Benzothioazole anilines (BTA’s) are more fully described in [27]. 
Image courtesy of CA Mathis, PET Amyloid Imaging Group, University of 
Pittsburgh, PA, USA.
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using autoradiography. Radioactive tissue can 
be prepared as a histologic slide, immersed in 
a fine silver halide photographic emulsion and 
exposure to the emulsion enables photographic 
silver grain formation over time. Development 
of the emulsion-coated slide (like a photograph) 
and inspection of the slide by microscopy with 
standard tissue-appropriate stains can reveal 
the distribution of the radioisotope in the tis-
sue. Figure 6 illustrates the distribution of a 
14C-labeled cytokine in the kidney of a rat and 
the distribution exhibits specific uptake in the 
proximal convoluted tubules. 

With the success of histologic radiotracer 
imaging, whole-animal (body) autoradiography 
(WBA) was developed as a macro tool to map the 
tissue kinetics and biodistributions of drugs in 
whole-animal sections. Highly engineered cryo-
microtome devices for whole-animal sectioning 
were developed to avoid chatter (change in sec-
tion thickness) and provide uniform 20–50-µm 
frozen sections over distances of 10–30 cm. The 
devices then desiccate the thin sections by over-
night sublimation, and the tissue section can 
then be placed in intimate contact with high-
resolution x-ray films or newer imaging devices 
called storage phosphor devices, which have 
revolutionized the digital imaging of radioactive 
materials, such as tissues, gels and blots. 

Figure 7 shows WBA images of three rats each 
administered a drug labeled with tritium (3H) 
(Figure 7A), 14C (Figure 7B) or 125I (Figure 7C). 
The rats were imaged using a storage phosphor 
device. The isotopes have different emission 
energies and thus exhibit different intrinsic 
resolution, with tritium exhibiting the highest 
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Inflammation Inflammation

Figure 19. Rat and human: discrimination of infection versus tumor. 
(A) Imaging inflammation versus tumor uptake in a rat model; inflammation in 
the left hind limb noted with arrow versus tumor in the upper right limb; 
(Ai) 18F-fluorodeoxyglucose (FDG) versus (Aii) 18F-fluorothymidine (FLT) shows 
identity of infection and tumor. (Bi) FDG and FLT (Bii) are also useful for 
discriminating inflammation from infection in cancer patients where, in this 
example, a patient with esophageal cancer is viewed and the FDG and FLT images 
confirm cancer and probable infection (note the slight uptake in the FDG image to 
the right of the esophageal uptake is a partial slice of the left ventricle).  
Reproduced with permission from [69,70].

15 min 30 min 60 min

Figure 20. Uptake of Tc-99m RP-517 in rabbit with an inflammatory bowel lesion. 
A total of 1 mCi/kg was injected intravenously in a rabbit model (phorbyl ester-induced lesion) of 
inflammatory bowel disease. The time course of tissue distribution from 15–60 min post-injection. 
Arrow indicates the site of the induced bowel inflammation.
Reproduced with permission from [71].  
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edge discrimination and intrinsic resolution and 
125I significantly less. Storage phosphor imager 
devices now have resolutions down to 10 µm and 
can provide detection of drugs at concentrations 
between 0.001 and 10 µCi/g tissue [37–40]. These 
concentrations can be made into equivalents of 
drug per gram of tissue using the known specific 
activity of the radiotracer. 

It is important to note that the radioactivity 
as presented in the image is not necessarily intact 
product but rather a mix of metabolites and par-
ent, and that the tissues each have different pro-
portions of the mix. Quantitative WBA imaging 
is accomplished using three new techniques that 
employ radiotracers [39]:

n	Phosphor and phosphor/fluor imagers

n	Liquid chromatography/f low scintillation 
detection for metabolite profiling

n	Liquid chromatography/tandem mass 
spectrometry for metabolite identification

Samples of tissues are obtained directly from 
a thin slice of the animal by simple scribing of 
the tissue borders, solubilizing the tissue with 
6:1 w/w of 2 mM sodium dodecyl sulfate, the 
protein precipitated by acetonitrile (10:3 v/v), 
centrifuged (3000 rpm/10 min), the supernatant 
dried under nitrogen, and the residue reconsti-
tuted with 70:30:0.1 H

2
O:MeOH:AA. The 

drug metabolite isolation and detection methods 
are described in greater detail by Solon [38,39,204; 

Solon, Pers. Comm.]. Ana lysis by one of the aforemen-
tioned methods can reveal the PK behavior and 
tissue distributions of the intact product and 
discernable metabolites over time. 

Planar, SPECT & PET imaging
Nuclear imaging has become a standard non-
invasive clinical tool to examine functional 
anatomy and physiologic processes [204–206]. 
In the 1950s, Hal Anger developed several of 
the first nuclear medicine imaging systems 
at Donner Laboratory at the University of 
California Berkeley [41]. One of the first was the 
rectilinear scanner, a moving bed that traveled 
over an array of 64 photomultiplier tubes (four 
rows of 16 tubes) to provide a 2D whole-body 
image. An 241Am photon source over the bed was 
used to provide a silhouette image of the object 
being scanned to allow for spatial identification 
of radioactivity in the image silhouette. He later 
created the first Anger camera, which was a large 
NaI crystal with an array of photomultiplier 
tubes. The array produced a map of counts from 
radioactivity impinging on the crystal and the 
camera was able to discern a planar (2D) image. 

Radioisotopes of physiologically important 
elements (C, O, N, P, K) that also had appropri-
ate g-energies (single photon peak with g-ener-
gies of approximately 100 KeV) were sought that 
would be physically appropriate for use with NaI 
detectors. The 140-KeV g-emitting Tc-99m, dis-
covered by Segre and Seaborg in 1939 (a daugh-
ter isotope of 99Mo decay), met the energy and 

Figure 21. Uptake of Tc-99m RP-517 in a 
patient with osteomyelitis. Patient was 
injected with 20 mCi of Tc-99m RP-517 which 
confirmed osteomyelitis in the femoral shaft 
(right leg, frontal planar view) at 15 min 
post-injection. Arrow indicates the site 
of osteomyelitis. 
Reproduced with permission from [71].
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Figure 22. Glioma imaging: anatomy, hypoxia and glycolysis. (A) MRI 
imaging of the glioma anatomy showing the tumor using MR contrast media. 
(B) image: uptake of 18F-FMISO in the tumor hypoxic region under the border 
imaged using FDG (C). The hypoxic area uptake is concentric and within the FDG 
uptake and surrounds a necrotic core.  The necrotic core (absent pO

2
) is absent of 

both tracers.  
FDG: Fluorodeoxyglucose; FMISO: Fluoromisonidazole. 
Courtesy of Kenneth Krohn, University of Washington, WA USA.
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half life (6 h) needed for optimal performance 
of the Anger camera [205,206]. Discoveries of ways 
to remove radioisotopes from the body (chela-
tion) were born of the early nuclear industry and 
Manhattan Project for workers contaminated 

with transuranic isotopes. Discoveries in che-
lation chemistry led to new ways to radiolabel 
(tag) drugs and biologics with minimal changes 
in their PK and PD properties. 

Planar 2D projection imaging continues to be 
used and developed as a routine clinical modal-
ity, but is rapidly being replaced by SPECT or 
PET imaging. One of the more versatile product 
advances in nuclear medicine has been in the 
field of peptides, antibody fragments and pep-
tide mimetics [42]. Examples of contemporary 
biomarkers that use planar imaging as well as 
peptides and protein fragments are depicted in 
Figure 8, with the detection of deep vein and 
arterial thrombi to determine the risk of pul-
monary embolus. Detection of deep vein (or 
artery) thrombosis is typically first investigated 
using ultrasound and then with confirmation by 
x-ray contrast arteriography or venography [43]. 
Venographic techniques typically find clots 
that are seen with ultrasound, are well formed 
(consolidated clots and thus visible due to den-
sity) and are also considered of suspect risk of 
pulmonary embolus if arising over 7 days from 
trauma or first signs and symptoms. New pep-
tide tracers can provide high-contrast images 
of thrombus formation without invasive injec-
tion of contrast material either arterially or via 
a distal pedal vein [44,45]. Leg vein clots (and leg 
arterial clots) with the highest risk of embolus 
are from fresh clots (i.e., 3–5 days old) that 
can separate from the original clot and float to 
the pulmonary circulation. These fresh versus 
consolidated clots can be found using the bio-
markers of activated platelet IIb/IIIa receptors 
or activated fibrin. In Figure 8, the center image 
is a conventional x-ray arteriogram showing clot 
formations as gaps in the artery’s perfusion with 
an x-ray contrast agent. The other two images 
are planar nuclear medicine frontal views of 
the upper legs. Figure 8A shows uptake of an 
111In-labeled Fab´ platelet-specific mAb in the 
same clots shown in the adjacent arteriogram 
[208]. Figure 8C is that of a Tc-99m-labeled pep-
tide with high affinity for the IIb/IIIa receptor 
(Bibapcitide®, Schering-Bayer). The extent of 
the fresh clot of activated platelets in the femo-
ral vein is evident, extending from the knee up 
into the groin area. Bladder and bowel activity 
are also evident from rapid urinary excretion of 
the intravenously administered Tc-99m peptide. 

PET is a unique nuclear imaging system 
employing a unique isotopic emission source 
called a positron. Three major textbooks on 
SPECT and PET imaging technologies have 
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Figure 23. Changes in ADC of water in a tumor and the changes expected 
with radiation therapy. The solid/cellular tumor shows organization and 
‘structure’ and an ADC value of 1. With necrosis comes mobility of the water and 
randomness of motion shifting the ADC to the right. A fully necrotic and thus fully 
random tumor state moved from structured water to ‘free’ water and the ADC 
value shifts further to the right. The small inset image of four brain slices depicts 
the changes in a rat brain cancer treated with bis-chloronitrosoureas and is further 
described in Figure 24. 
ADC: Apparent diffusion constant. 
Reproduced with permission from [102]. 
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been published recently and are important phy-
sician/imaging scientist teaching tools [19–21]. 
Positron emission is the nuclear release of 
a positive electron, which travels out of the 
nucleus and has a probability of collision with 
an electron within a limited distance from its 
origin, and the collision results in the anni-
hilation of the positron and creation of two 
511-KeV g-rays, which move away from each 
other at exactly 180 degrees. The emission of 
the 511-KeV g-rays results in sufficiently high 
enough energy to have lower tissue absorption 
than single photon imaging isotopes, reduc-
tion in scatter, and if the two photons can be 
resolved by opposing detectors, a linear chord 
can be created through the imaged object cre-
ating an emission track. The image is a recon-
struction of all the coincident events, providing 

an anatomical map of the emission source 
locations. PET and SPECT systems differ, as 
depicted in Figure 9. Web-based collections of 
planar, PET and SPECT imaging studies, and 
details on the way the images are collected, pro-
cessed and interpreted clinically [208], as well as a 
site on imaging guidelines for nuclear cardiology 
using SPECT [209] are available.

Molecular biomarker imaging of cancer 
Imaging of cancer from the first clinical use 
of conventional chest x-ray and mammogra-
phy has been propelled by the rapid advances 
in instrumentation and understanding of the 
molecular mechanisms of cancer. The imaging 
instrumentation advances have significantly 
improved resolution and, with the introduc-
tion of molecular probes, clinical utility has 
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Model of ‘more effective’ chemotherapy of 9 l rat glioma

T2 - wt MRI ADC map Histogram of tumor ADC
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ADC (10-3mm2/s)

Figure 24. Magnetic resonance T2-weighted images and ADC (diffusion) maps of rat 
brains following BNCU treatment of the brain cancer. Pretreatment is shown in images A & B 
and the ADC diffusion map shows a single peak in the histogram of pixel count uniformity. With 
treatment (post-Tx at day 7) one sees the increased permeability of the tumor and a distinct change 
in the ADC map where there is disruption (water mobility change) to the tumor. Lastly, at day 21 
post-Tx the tumor has been resolved and the ADC map is absent.  
ADC: Apparent diffusion constant; Tx: Treatment. 
Reproduced with permission from [102]. 
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exceeded expectations. In 2008, The Journal 
of Nuclear Medicine dedicated an entire issue 
to the molecular imaging of cancer [46]; the 
first article introduces the dramatic changes 
in clinical nuclear imaging instrumentation 
[47]. Instrumentation advances in small animal 
SPECT imaging (focused pinhole SPECT sys-
tems) have now achieved submillimeter reso-
lution in the mouse [48]. Advances in physio-
logical/molecular imaging (PET and SPECT) 
and anatomical imaging (CT and MRI) with 
the understanding of genetic contributions 
to pathologic processes, as well as the ease in 
creating these newer probes, has advanced the 
field’s detection capabilities and fostered many 
advances in new therapeutics. 

Advances in understanding and measur-
ing the physics of soft x-rays (1–15 nm wave-
lengths) are being employed for the first time in 
what is called diffraction microscopy-enhanced 
imaging, a new, low-dose experimental tech-
nique to visualize cellular biology [49]. This 
new imaging technique may eventually greatly 
enhance the detection of cancer cells in patho-
logic specimens and potentially in vivo to probe 
soft-tissue pathologies. 

Modern cancer imaging now employs a 
wide variety of probes to image phenotypic 
and other expression biomarkers. These probes 
include peptides, mAbs and Fab´ fragments, 
aptamers, cell markers, growth markers, lip-
ids, angio genesis markers, metastatic markers, 
hypoxia markers and others. By coupling the 
new probes to new, higher resolution imaging 
tools and utilizing the mathematics of image 
processing employed in planar, SPECT, PET, 
MR. CT and optical imaging platforms, can-
cer imaging and patient management have 
been revolutionized.

Tc-99m remains a preferred imaging isotope 
in the nuclear medicine field, and many new bio-
markers are being developed labeled with this 
isotope. Octreotide, a somatostatin (SST) ana-
log he developed for diagnostic and therapeu-
tic applications to detect SST receptor-positive 
(SSTR+) tumors, such as small-cell lung cancer, 
pancreatic and others, is commonly labeled with 
In-111m for SPECT imaging and the b-emitting 
90Y when utilized as a nonimageable radiothera-
peutic. In-111m imaging is at a higher energy 
than Tc-99m and suffers from poorer resolution. 
Tc-99m-labeled peptide analogues of octreotide 
have been developed utilizing both mouse and rat 
tumor models with SSTR+ expression (AR42J 
in the mouse; CA20948 in the rat). Figure 10 

Figure 26. Ultrasound imaging of a free-floating ventricular thrombus 
(arrow). Ultrasound was able to image the motion of the thrombus in the 
chamber and size the clot. The images depict the thrombus localizing but not 
adhering to the left ventricular wall. 
Reproduced with permission from [212].
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Figure 25. Functional MRI images of 
blood flow changes associated with 
mental tasks, such as recall and thinking. 
(A) Recall a face; (B) Think of the face; 
(C & D) The subject was asked to compare a 
new face with the previous: many additional 
areas of the visual and frontal cortex flow 
patterns change.  
Courtesy of Mark D’Esposito and Charan 
Ranganath, Department of Psychology & 
Helen Wills Neuroscience Institute, University 
of California, CA, USA.



www.future-science.com 339future science group

Biomarkers & imaging: physics & chemistry for noninvasive analyses | Review

demonstrates the biodistribution of a Tc-99m 
SSTR+ peptide in the nude mouse implanted 
with the SSTR+ AR42J pancreatic tumor in the 
right hind flank. The rapid elimination of the 
peptide and high tumor-to-muscle contrast ratio 
are evident.

SPECT and PET instruments built in combi-
nation with CT capability enable anatomical and 
physiologic fusion images to be produced, which 
are internally corrected for inhomo geneous tis-
sue photon attenuation. These systems have been 
miniaturized for small animal applications and 
are currently employed in the biotechnology and 
drug industry in drug development. Figure 11 
contains CT-corrected SPECT images of a nude 
mouse with two human prostate tumor implants. 
The prostate-specific tumor cell lines are PC-3 
PIP (PSMA-POS; positive for prostate-specific 
marker antigen) and PC-3 flu (PSMA-NEG; 
negative for prostate-specific marker antigen). 
The animal was injected with a prostate-specific 
antigen-seeking small molecule, 123I MIP-1095, 
and imaged at 2, 4 and 24 h post-administra-
tion. The uptake is evident in the PSMA-POS 
tumor and absent in the PSMA-NEG tumor.

3D images of objects as small as the nude 
mouse are now possible using micro-SPECT 
and micro-PET systems, and small regions 
can be resolved using projections as axial slices 
(i.e., coronal, sagittal and transverse projec-
tions). Figure 12 depicts an agent that specifi-
cally targets melanoma in a mouse model. As 
mentioned earlier, new micro-SPECT systems 
(i.e., focusing pinhole SPECT systems) enable 
submillimeter resolution in mice.

Figure 13 describes the effect of CT correction 
on a micro-PET image of the whole body of a 
rat, and demonstrates the significantly improved 
resolution of the cardiac uptake following cor-
rection for 511-keV g-attenuation and scatter 
versus the PET image alone. 

Drug & biomarker kinetics using imaging 
Imaging, particularly nuclear medicine and 
radiotracer technologies, provides a view of PK 
behavior of probes acting on biomarkers because 
it becomes possible to map the distribution, 
transit, targeting and elimination of radiolabeled 
drugs. Nuclear medicine is still rather unique in 
imaging because it can provide both anatomical 
and functional measures of biology; however, 
metabolic MRI is advancing rapidly. The kinetic 
functions that can be described using nuclear 
imaging include several PK and PD expressions, 
such as: 

n	Input function: intravenous, intramuscular, 
subcutaneous, oral, nasal, lymphatic etc., 
input to organ systems;

n	Transit function: gastrointestinal absorption 
and transit time, lymphatic flow, blood flow, 
mucosal transit etc.;

n	Distribution function: enzymatic or receptor-
based elimination from the blood; oil–water 
coefficients, blood–brain barrier and other 
means for transit to another site (commonly 
the rate constants for compartment pool 
modeling);

n	Binding function: receptor affinity (K
d
 value), 

number receptors present at the target (B
max

), 
internalization rate and the on–off rate;

n	Time-to-effect and/or time-to-toxicity (deter-
mine potential organs of toxicity) PD 
functions;

n	Degradation function: enzyme kinetics, pH 
effect, metabolism, etc.;

n	Elimination function: renal, hepatic, biliary, 
ventilation, sweat, such as geriatric differences 
(impaired renal or hepatic clearance); effects 
of concurrent medications (drug–drug inter-
actions); pediatric (body surface area 
relationships), etc.;

n	Allometric function: PK parameter estimates 
based upon allometric scaling using body 
surface area, heart rate, respiratory rate, etc.

The integral of all these functions is what can 
be called the drug signature.

Three mathematical methods are com-
monly used in the ana lysis of the PET tracer 
18F-FDG drug behavior from images. These 
include the Logan plot [50], SUV [51–55] and 
the reference tissue method [56]. Each of these 
has applications, with modifications, to other 
biomarker candidates. 

The Logan plot [50] is used to calculate the 
distribution volume (DV) of a radiotracer. It 
requires a receptor-free region as background 
and the determination of an input function. The 
DV is defined as:

DV = K1/k2 × (1 + k3/k4) = K1/k2 × (1 + 
B

max
/Kd)

where a receptor-free region DV = K1/k2; or 
input and output with no binding are equal, or 
DV = 1. 

The regions of interest are measured several 
times after injection; the arterial input func-
tion defines the rate constants K1 to K4. The 



Bioanalysis (2009) 1(2)340 future science group

Review | Moyer & Barrett

ratios are plotted and the slope of the linear 
portion of the curve is the DV ratio (DVR); 
the compartments of the model include, for 
example, the blood compartment versus tissue 
(i.e., brain) compartment, which is governed by 
K

1
 the input function and k

2
, the tissue (brain) 

washout function. Within the tissue compart-
ment are the non-metabolized compartment 
and the metabolized compartment. These are 
also system functions related by rate constants 
representing the tissue equilibrium at the time 
of image acquisition: as the rate constants k

3
 

(leaving the non-metabolized to metabolized 
compartment) and k

4
 (leaving the metabolized 

to non-metabolized compartment). Estimation 
of the input function is challenging in small ani-
mals, and a description of how to overcome the 
challenges was published by Ferl et al. [52].

The Logan plot, also known as the DVR, is 
graphically portrayed in Figure 14, where the 
gradient defines the DVR. 

The SUV is a common method used to 
define tumor metabolic rate for glucose in rela-
tive terms when using 18F-FDG as a tracer. It 
does not require an input function, in contrast to 
the Logan plot. It relies upon uptake in a region 
of interest (ROI; tumor) standardized to total 
dose distribution (nontarget distribution). The 
equation is described as follows: 
SUV = ROI uptake/average uptake of the whole 
body (ID)
where the region of uptake (ROI) is an image 
region circumscribed and quantified based upon 
the total number of pixels in the region (pixel 
fraction) and pixel magnitudes (pixel values). 

The equation can also be expressed as:
SUV = ROI(integral) (radioactivity/cc)/
ID(radioactivity/g)

This method defines a region uptake against a 
reference (no uptake) tissue (brain = cerebellum; 
lung tumor = other lung region; heart = skel-
etal muscle). The SUV is typically performed at 
one time point after a defined clearance but can 
also be performed dynamically. There are draw-
backs to this method, as described by Huang [54] 
and Keyes [55]. Figure 15 shows a lung cancer 
patient administered 18F-FDG where the ROIs 
are collected over the tumor and also against a 
regional normal ROI for determination of the 
SUV magnitude. 

The third methodology is the simplified refer-
ence tissue method (SMRT). This is a common 
method employing a reference ligand kinetic 
model, but does not require an input func-
tion. The model assumes one compartment and 

requires a starting (reference) ligand kinetic 
model (e.g., erythrocyte uptake) [56]. The bind-
ing potential (BP) is the parameter of interest 
and is expressed as:

Ct(t) = R1Cr(t) + [ k2 - R1/k2 / (1 + BP)] 
Cr(t)] * EXP[-k2t/(1 + BP)];
where R1 = K1/K´1, and represents the ratio of 
the rate constants for the radiolabel from plasma 
to a free compartment (K1) and plasma to a ref-
erence compartment (K´1). The term k2 is free 
drug going back to the plasma compartment. 

The SMRT differs from SUV becuase it 
does not correct for nonspecific binding and 
typically uses the cerebellum ROI as the input 
function term. 

Imaging the dopamine system
PET is currently the preferred technology for 
state-of-the-art brain metabolism imaging. Sossi 
provides an excellent review of PET brain imag-
ing describing new detectors, reconstruction algo-
rithms and the use of PET in movement disorders 
and Alzheimer’s disease (AD) [57]. Movement 
disorders, such as Parkinson’s disease, are stud-
ied using new radiotracer dopamine analogues. 
Two new biomarkers of dopaminergic neuro-
logic diseases include [11C]2-carbomethoxy-3-
(4-fluorophenyl)-tropane (11Cb-CFT) [25,26,32] 
and 11C tetrabenzine [26].

Brain damage was observed in the early 
1980s in subjects using crudely synthesized 
meth amphetamine, which created a byproduct, 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP). This byproduct is a neurotoxin to 
the dopamine centers of the brain and left very 
young victims with irreversible loss of dopamine 
pathways and early appearance of Parkinson’s 
symptoms. Figure 16 depicts a nonhuman pri-
mate with unilateral destruction of the substan-
tia nigra using MPTP and imaging the brain 
2 weeks later using 11Cb-CFT. 

Imaging AD
Alzheimer’s disease is a dementia characterized 
by the accumulation of amyloid-b (Ab), which 
accumulates over time and forces denervation 
through cortical neuron separations plus imped-
ing vascular flow. Classically, amyloid deposi-
tion has been detected only at death with con-
firmatory histologic staining of the brain with 
thioflavin stains and Oil Red O. Researchers 
at the University of Pittsburgh have developed 
a thioflavin-like radiotracer called Pittsburgh 
Compound-B (11C-PIB), which specif ically 
binds fibrillar Ab plaques [27,58]. The chemical 
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structure similarities and properties of thiofla-
vin versus PIB are shown in Figure 17. Figure 18 
shows PET/MR images of a normal patient 

and an AD patient both with the radiotracer 
11C-PIB. 11C-PIB also discriminates AD from 
frontotemporal lobar degeneration, a non-Ab 
amyloid form of adult dementia [27]. 

One of the newest advances in the detection 
of AD is the development of RNA aptamer bio-
markers for imaging [59]. RNA and DNA aptam-
ers, as described earlier, are being exploited for a 
number of biomarkers [60,61]. High-affinity RNA 
aptamers against the Ab4[1–40] have been iso-
lated from a combinatorial library of approxi-
mately 1015 different molecules. The apparent 
dissociation constants of these aptamers for Ab 
range over 29–48 nM. Binding of the RNA to 
the amyloid fibrils has been confirmed by elec-
tron microscopy. The chemical synthesis of these 
nucleic acids enables tailor-made modifications, 
which can be adapted to imaging isotopes. With 
g or positron-emitting isotopes, these RNAs can 
become suitable tools for analytical and diagnos-
tic imaging purposes. Heiss and Herholz provide 
a review of brain receptor imaging and describe 
the increasing number of potential probes for 
neurologic biomarkers [62], and Williams and 
Minshew describe the impact of imaging on the 
study of autism [63]. Esposito et al. describe their 
efforts in measuring neuroinflammation in AD 
using 11C arachidonic acid and PET imaging 
[64]. Imaging and molecular medicine are com-
ing even closer, as described by Diehn et al., who 
provided evidence that surrogate imaging probes 
may be able to be tied to specific gene expressions 
in brain cancers [65].

Imaging inflammation 
Occult infection remains a difficult target for 
imaging. The biomarkers associated with infec-
tion and inflammation, such as C-reactive pro-
tein and cytokine expression, are not sufficiently 
specific to be adequate for use as a biomarker in 
the sense we have described earlier in this review. 
The detection of appendicitis remains problem-
atic. Labeled white blood cells or platelets with 
111In or Tc-99m have been modestly successful, 
but must be harvested from the patient, isolated, 
radiolabeled and re-injected, and then time is 
allowed for clearance [66]. The need for specific 
biomarker labels for infection and inflammation 
are yet to be confirmed and the labeling of spe-
cific hematopoietic cells (CD34+) and mesen-
chymal stem cells is being investigated [67]. DNA 
synthesis and metabolic probes, such as 18F-FLT 
and 18F-FDG, are currently being used in resolv-
ing infection from other kinds of inflammatory 
responses (Figure 19).
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Figure 27. External and internal images of 
liver lesions of AC3488-green fluorescent 
protein (GFP). (A) Lateral, whole-body 
image of metastatic liver lesions of a GFP-
expressing human colon cancer in the left 
(thick arrow) and right lobes (fine arrow) of a 
live nude mouse at day 21 after surgical 
orthotopic transplantation. (B–D) are the axial 
projections showing depth distributions of the 
GFP expression as slices. 
Reproduced with permission from [105].
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The arachidonic acid cascade and in particular 
leukotriene(LT)B4 derivitized agents have been 
studied in the assessment of inflammatory disease 
processes. LTB4 is synthesized from the arachi-
donic acid cascade and binds to surface receptors 
expressed on neutrophils, macrophages, basophils 
and monocytes. The binding of LTB4 to the sur-
face receptor promotes chemotaxis, adherence 
to vascular endothelium, microvascular perme-
ability and neutrophil diapedesis. LTB4 has been 
implicated in a variety of inflammatory disease 
processes from diverse tissues. The development of 
a diagnostic agent that targets the LTB4 receptor 
will have utility in the rapid diagnosis of inflam-
matory disease processes occurring throughout the 
body. These indications include: infection, inflam-
matory bowel disease, fever of unknown origin 
and transplant rejection. Proof-of-concept studies 
were performed in animals and man. In pre clinical 
work, a radiolabeled LTB4 antagonist (RP-517) 
was studied in an animal model of phorbyl ester-
induced inflammatory bowel disease (Figure 20) 
[70] and in patients with osteomyletis (Figure 21). 

New molecular biomarkers specific for imag-
ing viral infections, particularly the neurologic 
slow virus, may be helpful in identifying if there 
is a slow virus etiology of AD [71]. The first use of 
an aptamer specifically for imaging inflammation 

was by Charlton [72]. The aptamer was created to 
target human neutrophil elastase and was labeled 
with Tc-99m. The aptamer was able to image 
neutrophils in a rat inflammation model with a 
peak target-to-background ratio of approximately 
4–2 h post injection. The aptamer uptake was 
compared against conventional IgG methods, 
which has decidedly slower clearance, but dem-
onstrated a two- to three-fold greater absolute 
uptake versus the aptamer.

Cardiac & atherosclerosis imaging
Nuclear medicine imaging of the heart and 
measuring cardiac performance under stress 
has been a major contribution to modern medi-
cine. Biomarkers of cardiac imaging began with 
K-40 studies in the middle of the last century 
[205,206]. The advent of SPECT imaging brought 
Tl-201, a potassium analogue, into clinical prac-
tice [19–21,73,74]. PET imaging of perfusion with 
82Rb-82 cardiac sugar metabolism with 18F-FDG 
began in the 1980s and is now a clinical standard 
for cardiac imaging [75]. Newer tracers for meta-
bolic imaging of the heart, such as 123I-BMIPP, a 
fatty acid substrate, can more accurately test heart 
metabolism as fatty acids are the primary fuel for 
cardiac muscle [22]. Uptake of 123I-BMIPP is a 
clinical sign of cardiac injury as the heart muscle 
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Figure 28. Tunable QDs for optical imaging. (A) QDs can be uniquely tagged with reporter or 
receptor-binding entities (DNA, iRNA proteins, monoclonal antibodies, peptides and other binding 
entities) and directed to target tissues. They require external illumination to stimulate emission. The 
QD shows excitation and an escaping photon of light and a tissue attenuated photon. (B) The 
emission light of a QD is dependent on the QD core size (typically between 2 and 9.5 nm) and the 
emission wavelengths range from 400 to 1300 nm over the size range, with smaller QDs emitting 
the smaller wavelengths. 
QD: Quantum dot.
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Figure 29. BRET technologies are potentially useful for in vivo deep tissue excitation of QDs rather than from external laser excitation. 
BRET QD probes have advantages for the detection of deep tissue biomarkers (tumor expressions, for example) and may allow for the 
removal of cancers and discovery of metastatic disease using laparoscopic tools or other systems. The chemistry of coupling the LUC to 
the QD is also depicted.  
BRET: Bioluminescence resonance energy transfer; QD: Quantum dot. 
Reproduced with permission from Jianghong Rao, Stanford University, Molecular Imaging Laboratory, Stanford, CA, USA.

shifts from a glucogenic source (blood supply) to 
a fatty acid source (local). Research into radio-
labeled biomarkers for vascular diseases, such 
as aneurysms, atherosclerosis, lipid accumula-
tion in the vessel walls and unstable plaque, are 
being developed and include labeled myosin light 
chains [76]. Radiolabeled lipids and lipid–DNA 
complexes have been examined [77], as well as 
magnetofluorescent particles for optical imaging 
[78]. An excellent resource on SPECT and PET 
cardiac imaging is available as a web-accessible 
document from the American Society of Nuclear 
Cardiology [209]. The University of Kansas also 
has a web-accessible set of images with examples 
of 18F-FDG in full 3D axial plane displays used for 
clinical diagnosis, and they display gated studies 
of cardiac performance as animations [79].

The ideal biomarker for myocardial perfu-
sion will not interact with cardiac medications 
or pharmacological vasodilator stress agents, 
and it must show myocardial avidity providing 
a high heart–background ratio. The biomarker 

should have a high extraction fraction with 
uptake directly proportional to myocardial 
blood flow over physiological and probable 
exercise- or pathologic-induced excess uptake 
over normal ranges. The agent should laso lack 
redistribution from the heart during the imag-
ing period. No biomarker currently provides 
all these points. Four biomarkers of cardiac 
performance that are currently used in clinical 
practice include: Tc-99m sestamibi (ion chan-
nel imaging), Tc-99m tetrafosmin (ion chan-
nel imaging), Tl-201 (as a K analogue) and 
18F-FDG (glucose utilization). As mentioned 
earlier, 123I-BMIPP is a new investigative agent 
for fatty acid metabolic imaging and is likely to 
have a significant clinical impact in myocardial 
risk assessment. 

In the case of diagnosis of atherosclerosis 
and determination of the vulnerability of the 
plaque, research has focused on the develop-
ment of novel probes to risk stratify patients 
for the occurrence of vascular occlusion. To this 
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Table 4. Selected biomarkers and interventional probes useful in imaging.

Biomarkers used in pre-investigational new 
drug application and clinical drug development 

Tracer or probe Imaging modality

Sugar and lipid metabolism

Cancer chemotherapy/radiation therapy 18F-FDG PET

Cardiac metabolism 18F-FDG 
11C-palmitate

MR T2
PET

Brain metabolism 11C-choline PET

Lung cancer (SSTR+) 18F-FDG PET

Pancreatic cancer 13N ammonia
68Ga DOTA-NOC

PET
PET

HDL and LDL metabolism 18F DOPA PET

Free fatty oxidation rates Tc-99m HDL and LDL
11C-acetate

SPECT
PET

Blood flow (vascular)

BOLD signal: oxygenated Hgb fMR (3T magnetic field  
strength required)

Cardiac and brain perfusion 82Rb, 15O H
2
0; 13N ammonia

Tc-99m ECD Neurolite®

PET
SPECT

Vascular obstruction/aneurysms Gd contrast; Fe nanoparticles SPECT

Blood cells or labeled albumin 111In oxine; Tc-99m HMPAO
Tc-99m Annexin V

MR
SPECT

Apoptosis ADC change SPECT

Stroke MR

Cardiac

Cardiac metabolism 11C-palmitate
11C-choline
18F-FDG

PET
PET
PET

Fatty acid metabolism 123I-BMIPP (and 124I)

Perfusion 82Rb, 15O H
2
O; 13N ammonia PET

Cationic pumps Tc-99m Sestamibi
Tc-99m tetrofosmin
Tc-99m furifosmin (Q12)
201Tl

SPECT (PET)
SPECT
SPECT
SPECT

Acetylcholinesterase 11C-edrophonium
11C-pyridostigmine

PET
PET

DNA synthesis 18F FLT
11C-FMAU
76Br-BFU

PET
PET
PET

Muscarinic receptor

M2 18F-FP TZTP PET

Dopamine transporters
11C-cocaine PET

Dopaminergic/serotonin

D2 receptor 15O-U91356a
11C-raclopride
11Cb-CFT 
11Cb-CIT
11Cb-CNT

PET
PET
PET
PET
PET

Note: The listing is not meant to be exhaustive and does not intentionally exclude other innovative probes.
11Cb-CFT: [11C]2-carbomethoxy-3-(4-fluorophenyl)-tropane; BLI: Bioluminescent imaging; BOLD: Blood oxygen level-dependent; BMIPP: 123I-b-methyl-
iodophenylpentadecanoic acid; CT: Computed tomography; ESR: Electron spin resonance; FDG: 18F-fluorodeoxyglucose; Fluor: X-ray fluoroscopy; fMR: Functional 
MR; HDL: High-density lipoprotein; LDL: Low-density lipoprotein; MR: Magnetic resonance; MRS: MR spectroscopy; NIR: Near infrared; OP: Optical technologies 
(laser excitation and BRET); PET: Positron emission tomography; Planar: Single projection nuclear image; ROI: Region of interest; SPECT: Single-photon emission CT; 
SSTR: Somatostatin receptor; US: Ultrasound; WBC: White blood cell.
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Table 4. Selected biomarkers and interventional probes useful in imaging.

Biomarkers used in pre-investigational new 
drug application and clinical drug development 

Tracer or probe Imaging modality

Dopamine metabolism

D1 receptor 15O-SKF82958 PET

Benzodiazepine receptor
15O-lorazepam PET

NMDA receptor (dopamine release)
11C-raclopride PET

5-HT1A receptor
11C-NMSP
18F-FCWAYS

PET
PET

5-HT2A receptor
18F-setoperone PET

Neurologic disease

Alzheimer’s disease 18F-FDG; -11 PIB; 18F FDDNP; Fe
11C-arachidonic acid

PET

Ab-amyloid Accumulation PET, MR T2

Neuroinflammation ADC change (with contrast) MR

Glioma 18F-FDG PET

Pheochemocytoma 123I/124I-MIBG SPECT/PET

Multiple sclerosis ADC changes MR

Bone

Bone density CT

Bone marrow 111In HMPAO WBCs (ferritin-labeled WBCs) SPECT (MR T2)

Cancer and tumor hypoxia

Hypoxia 18F FMISO
Other nitroimidazoles: FAZA, FETA, FETNIM, 
EF3, EF5, IAZA; Cu-ATSM: 
O

2
-sensitive MR contrast BOLD agents: 

perfluorotributylamine, hexafluorobenzene, 
hexomethyldisiloxane, trifluoroethoxy-MISO 
lactate is a consequence of hypoxia: 
O

2
-line width sensitivity

18F-FDG
123I/124I-MIBG 
123I-MIP-1095
11C-Me-CGS 27023A 
11C-Me-halo-CGS 27023A 
11C-Biphenylsulfonamide 

PET

MR 

MRI, NIR,BLI
ESR
PET

Glioblastoma 11C-D-luciferin methyl ester PET

Prostate 11C-D-luciferin methyl ether SPECT

Pheochromocytoma SPECT (PET)

Matrix metalloproteinases PET and BLI

Luciferase-PET probes (for mice) PET and BLI
OP/PET

Note: The listing is not meant to be exhaustive and does not intentionally exclude other innovative probes.
11Cb-CFT: [11C]2-carbomethoxy-3-(4-fluorophenyl)-tropane; BLI: Bioluminescent imaging; BOLD: Blood oxygen level-dependent; BMIPP: 123I-b-methyl-
iodophenylpentadecanoic acid; CT: Computed tomography; ESR: Electron spin resonance; FDG: 18F-fluorodeoxyglucose; Fluor: X-ray fluoroscopy; fMR: Functional 
MR; HDL: High-density lipoprotein; LDL: Low-density lipoprotein; MR: Magnetic resonance; MRS: MR spectroscopy; NIR: Near infrared; OP: Optical technologies 
(laser excitation and BRET); PET: Positron emission tomography; Planar: Single projection nuclear image; ROI: Region of interest; SPECT: Single-photon emission CT; 
SSTR: Somatostatin receptor; US: Ultrasound; WBC: White blood cell.
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end investigators have focused on the localized 
inflammatory events in the endothelium and 
thickness of the plaque. During the evolu-
tion of the plaque, activated monocytes and 
macrophages play a major role in the associ-
ated inflammatory events and thinning of the 
plaque. Researchers are currently focused on 
radiolabeled MAC-1 to better understand the 
physiology of plaque vulnerability and to risk 
stratify patients [80].

Biomarkers of tumor EGF expression
HER2 is a key member of the HER family of 
receptor tyrosine kinases. Activation of HER2 
affects cell growth, proliferation, migration, 
adhesion and survival. Due to its crucial role 
in tumorogenesis, HER2 has been intensively 
investigated as a target for cancer therapy. 
These investigations have led to the develop-
ment of trastuzumab to treat HER2-dependent 
breast tumors. The ability to quantitatively 

image HER2 expression in a noninvasive man-
ner can aid in lesion detection, patient stratifi-
cation, dose optimization and treatment moni-
toring. Orlova et al. [81] and Sampath et al. [82] 
have developed radiolabeled HER2-specific 
anti bodies that have translated the concept of 
personalized medicine to actual practice.

Biomarkers of tumor hypoxia
Tumor hypoxia has been a challenging bio-
marker for imaging [83,84]. Reactive oxygen 
species (ROS) that arise due to anaerobic 
metabolism, radiation treatment ROS arti-
facts and general reduction in tumor penetra-
tion of drugs and probes into anoxic regions 
are the principal reasons for the difficulties in 
finding good probes. Gradient perfusion from 
the vascular supply (normoxic regions) to sites 
of consumption is highly regulated by tumor 
angiogenesis [83–88], apoptosis [89,90] and vascu-
lar integrity. Acute hypoxia must be reversed or 

Table 4. Selected biomarkers and interventional probes useful in imaging.

Biomarkers used in pre-investigational new 
drug application and clinical drug development 

Tracer or probe Imaging modality

Renal function

Renal stones Contrast CT

Renal flow 99mTc inulin SPECT

Tubular secretion 111In DTPA SPECT

Bowel function

Obstruction/torsion/transit time x-ray (with contrast), CT CT

Appendicitis 111In WBCs, peptides SPECT

Torsion Perflouro bubbles US; MR

Hepatic function

Biliary flow 99mTc HYNIC-GC SPECT

Genitourinary function/cancers

Cervical cancer 64Cu DOTA-cetuximab PET

Prostate cancer Choline/citrate ratio MRS

Lung function/cancers:

Fibrosis ROI scoring (Hounsfeld units) CT

Ventilation 133Xe gas, 99mTc MAA SPECT

SSTR+ lung cancer 64Cu-TETA-octrotide; 99mTc depreotide PET, SPECT

Vascular disease and function

LDL 99mTc LDL; Gd-DTPA-SA-LDL SPECT; MR

Deep vein thrombosis and pulmonary embolism 99mTc IIbIIIa receptor antagonists SPECT; CT; Fluor

Aneurysms Gd–albumin adduct, x-ray contrast MR; CT

Angiography Gd–albumin adduct, x-ray contrast MR; CT

GI flow GI contrast media CT; US
Note: The listing is not meant to be exhaustive and does not intentionally exclude other innovative probes.
11Cb-CFT: [11C]2-carbomethoxy-3-(4-fluorophenyl)-tropane; BLI: Bioluminescent imaging; BOLD: Blood oxygen level-dependent; BMIPP: 123I-b-methyl-
iodophenylpentadecanoic acid; CT: Computed tomography; ESR: Electron spin resonance; FDG: 18F-fluorodeoxyglucose; Fluor: X-ray fluoroscopy; fMR: Functional 
MR; HDL: High-density lipoprotein; LDL: Low-density lipoprotein; MR: Magnetic resonance; MRS: MR spectroscopy; NIR: Near infrared; OP: Optical technologies 
(laser excitation and BRET); PET: Positron emission tomography; Planar: Single projection nuclear image; ROI: Region of interest; SPECT: Single-photon emission CT; 
SSTR: Somatostatin receptor; US: Ultrasound; WBC: White blood cell.
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else it leads to apoptosis or cell death. Chronic 
hypoxia can lead to adaptive genomic changes, 
which increase cell survival or provide an escape 
from hypoxic environments [83]. Hypoxia is as 
important a biomarker target as identification 
of glycolysis (FDG), angiogenesis (VEGF), 
apoptosis (annexin V), proliferation (FLT) or 
distant metastases (FDG/FLT) [91].

Identification of hypoxia has implications 
in many medical settings. The goal of tumor 
therapy must include the characterization of 
the tumor metabolic state and not simply its 
detection and sizing. Tumors show increased 
radiation sensitivity in the presence of oxy-
genation. This is termed the oxygen enhance-
ment ratio. Radiation therapy is best per-
formed under oxygenated conditions because 
tumors are more radioresistant under hypoxic 
conditions, and many tumors exhibit central 
necrosis due to hypoxia [92,93]. Tirapazamine, 
a hypoxic cytotoxin, is commonly used as a 
potentiator of radiotherapy in combination 
with the common chemotherapeutic cispla-
tin. For survival, hypoxic cells undergo genetic 
consequences to adapt to the stress of hypoxia, 
including mutant p53, glycolysis and HIF-1 
[83]. Understanding the heterogeneity of the 
tumor with respect to hypoxia allows for a 
more successful irradiation plan, including 
more precise radiation dose delivery and prob-
ably a better outcome for the patient. Tumor 
stage, grade and size poorly predict hypoxia 
so a nuclear or other imaging modality is an 
important part of therapy planning. 

Krohn et al. have described the radio-
tracer 18F-labeled nitroimidazole, 18F-FMISO, 
as the agent of choice for imaging hypoxia 
[83]. Other nitroimidazoles include: FAZA, 
FETA, FETNIM, EF3, EF5 and IAZA. The 
methylthiosemi carbazone ATSM, labeled 
with 64Cu, is a longer lived positron iso-
tope (0.53 days) agent for hypoxia imaging. 
64Cu-ATSM is selective for hypoxic tissues due 
to the increase in the redox-trapping mecha-
nism in hypoxic cells [94]. The agent accumu-
lates avidly in hypoxic cells and remains in 
hypoxic areas within tumors, whereas it washes 
out in normoxic cells due to the lower redox 
potential in these regions. 

MRI (directly or with contrast) of hypoxia 
is also possible using the blood oxygen level-
dependent (BOLD) signal of paramagnetic 
deoxyHb from O

2
Hb [95]. O

2
-sensitive con-

trast agents, such as perfluoro-tributylamine, 
hexaf luorobenzene, hexomethyldisiloxane, 

trifluoro ethoxy-MISO, can be used for MRI of 
hypoxic tumors. Also, lactate is a consequence 
of hypoxia and lactate signals can be detected 
by MR spectroscopy (MRS), near infrared and 
bioluminescent imaging probes, and electron 
spin resonance (line width is sensitive to O

2
) 

will delineate poorly oxygenated areas. 
Hypoxia is an important aspect of stroke, 

myocardial hypoxia (stunned myocardium), 
diabetes, infection, arthritis, transplantation 
hypoxia, tumor physiology and other condi-
tions. FMISO data ana lysis requires only a 
single image at approximately 2 h post injec-
tion (intravenous) and uptake is not limited by 
blood flow. It is the same in most normal tissues 
and, unlike FDG, no arterial input function 
sampling or metabolite ana lysis is required or 
needed. Synthesis of FMISO can be accom-
plished in high yield via modification of the 
FDG box technology. Figure 22 shows a glioma 
imaged with 18F-FMISO and the difference in 
the hypoxia image from that of FDG. The 
glioma structure is viewed using MR and the 
regional metabolic differences of two biomark-
ers (glycolosis and hypoxia) are evident with 
FMISO uptake setting within the borders of 
the FDG image. 

MR, MRS & functional MR
MRI for anatomy and MRS for chemical char-
acterization are not new players in imaging, but 
they are in terms of biomarkers [96,97]. MRI is 
too complex an imaging system to discuss thor-
oughly in this review because there are mul-
tiple imaging permutations on the acquisition 
sequences. Basically, however, MRI physics can 
be introduced to the reader as follows. 

MRI images the behavior of hydrogen (or 
other paramagnetic atoms) in response to a 
high magnetic field environment. Radiowaves 
are emitted by a biological system in response 
to the action of an imposed magnetic field B0 
as hydrogen nuclei, being of a nuclear proton 
positive charge and a single electron’s negative 
charge, behave as tiny bar magnets and, in the 
presence of a strong magnetic field, their ran-
dom orientation aligns with the field lines. The 
bar magnets precess (i.e., rotate around the field 
lines) in a manner and frequency dependent on 
the hydrogen state (i.e., chemical structure or 
combination). When a receiving and transmit-
ting coil about the biological object in the mag-
netic field sends a radiofrequency pulse into a 
biologic, only the hydrogen spins that precess at 
a rate and phase equal to the pulse frequency can 
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absorb the radiofrequency energy. Absorbance 
of the radiofrequency energy induces a 180° flip 
of the spin, resulting in a return of radiofre-
quency energy to the coil. The recovery time 
of the flip angles back to the original preces-
sion is essentially called the T1 curve and is 
an asymptotic curve (finite limit) of radiofre-
quency energy that is released from the spins. 
The asymptotic profile of time versus radiofre-
quency is the T1 time–precess curve and the 
T1 time is the half-life of the process. Another 
signal, T2, is the time for each unique chemical 
structure to precess the radiofrequency pulse-
induced spin synchrony back to random spins. 
T1 is used extensively to image anatomy and 
provides exquisite delineation of anatomical 
structure with precise edge and tissue homoge-
neity detection. T2 values describe the physics 
and chemistry of molecules by uniquely defin-
ing molecular mobility as a time constant. An 
excellent textbook on MRI and spectroscopy 
entitled MR in Practice has been published by 
Westbrook et al. [95] and a web-based treatise is 
also available [210]. 

Magnetic resonance is an almost universal 
anatomical tool but it is capable of measuring 
metabolites as well using MRS. In the future, 
when we can overcome the technological hur-
dle of having to administer millimolar quanti-
ties (of gadolinium) to achieve an acceptable 
signal, MR will become a viable modality for 
both anatomical and physiologic imaging. 

 Biomarkers for MRI, other than detect-
ing intentionally administered spin-altering 
contrast agents, are not yet very abundant, 
thus MRI is not employed much for bio-
marker imaging. However, MRS can identify 
chemical entities that can serve as biomarkers 
of disease, as in the case of prostate cancer. 
Prostate cancer exhibits a metabolic shift, or 
inversion, of the chemical density within the 
tumor tissue where choline (Cho) and citrate 
(Cit) demonstrate a growth and depression, 
respectively. The Cho:Cit peak shifts observed 
in small voxel domains of slices of the imaged 
and 2D-rendered prostate voxels can be diag-
nostic of prostate cancer [97], and recently the 
detection of Cho peaks in breast cancer is an 
indicator in HER2 expression [98].

Magnetic resonance does not measure anat-
omy in the same way that CT measures density. 
MR measures the state of water. Ice and water 
are actually quite different in structural terms: 
where liquid water has a mobility or MR T2 
relaxation time (stated as apparent diffusion 

constant [ADC]) of 3000 ms, ice has a T2 
relaxation time of 0.019 ms. Tumors also dem-
onstrate T2 ADC values that, under sufficient 
power (Gauss) of an MRI system, can discrimi-
nate water mobility in muscle (ADC = 0.54 ms) 
versus tumors (ADC = 0.74 ms). The ADC of 
normal tissue ranges from 0.595 to 0.237 ms 
for brain to intestine, respectively, and thus if 
a brain region has a sufficiently different water 
structure (ADC value), a pathology may be 
able to be discriminated versus the normal tis-
sues [99–102]. Indeed, we can think of MR as a 
way to measure water mobility change as an 
effect of radiation exposure or drug therapy. 
An example of changes in water mobility 
(ADC) as a biomarker is given in Figure 23. 
ADC maps show parametric images contain-
ing the apparent diffusion coefficients of dif-
fusion-weighted images. The term ‘apparent’ 
refers to the dependence of these coefficients 
on factors other than prior molecular mobil-
ity. ADC maps are also called ‘diffusion maps’ 
and represent a distinct biomarker of success-
ful chemo therapy, as shown in Figure 24. ADC 
maps can also serve as a biomarker of stroke, 
as the changes in brain ADC with absence of 
flow can be detected using this technique and 
can also provide evidence of recovery of the 
neural area over time if therapeutic intervention 
is successful [99].

Functional magnetic resonance imaging 
(BOLD imaging) is an imaging technique to 
measure blood f low and blood oxygenation 
where increased flow and increased oxygenation 
are interpreted as neurologic activation. This 
technique has implications as a biomarker tool 
in psychiatry and neuropharmacology.

Figure 25 provides four fMRI brain scans 
obtained while the patient was asked to perform 
tasks using visual memory. In Figure 25A, the 
subject was asked to remember a face. Areas at 
the rear of the brain that process visual infor-
mation are active during this task, as are areas 
in the frontal lobe. In Figure 25B, the subject 
is asked to “think about this face.” These MR 
scans display changes in blood flow using the 
phenomenon of oxygen enhancement of the 
local water – BOLD signal. Thinking of the face 
promotes blood flow to the hippocampus, where 
increased blood flow suggests neurologic activa-
tion. The hippocampus was already known to be 
important for memory, but this study confirmed 
that the hippocampus is specifically active dur-
ing the time when a subject is remembering new 
information. In Figures 25C & 25D, the subject 
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was asked to compare another face. Some of the 
same visual areas are activated as during the ini-
tial memory task, but some new areas of the 
frontal lobe are involved in making decisions 
about the memory.

Ultrasound imaging 
Ultrasound imaging, or sonograms, is a tech-
nique that utilizes sound waves to exploit a prop-
erty of the tissues, such as edges or discontinuity 
of density. In some respects, it is similar to CT, 
but with decidedly poorer resolution in what 
can be detected. The science has been improved 
with the use of contrast agents that can aid in 
the discrimination of surrounding tissues and 
new micro-ultrasound. Ultrasound can detect 
biomarkers of pathology, such as blood clots, 
kidney stones and tumors of the breast and 
abdomen, and it can be used for ventricular wall 
thickness and wall motion. Figure 26 shows a 
large floating thrombus in the left ventricle that 
is unable to be expelled and poses a threat of 
lodging in the aortic valve. If the thrombus had 
not been as well formed, an ultrasound contrast 
agent of perflourocarbon bubbles could have 
been used to delineate the mass by providing a 
different ventricular chamber contrast density 
versus blood alone [103]. 

A new ultrasound imaging technique called 
micro-ultrasound has been shown to identify 
the size and shape of mouse prostate tumors 
ranging from 2.4 to 14 mm maximum diameter 
[104]. The system reported by Wirtzfeld et al. 
uses a single-element, 30-MHz center frequency 
probe that produces a 55 × 115 × 115 µm3 
resolution volume at 12.7 mm of focal depth. 
The technique then uses a 3D image acquisi-
tion modality and 3D image reconstruction 
and visualization packages. Tumor diameter 
measurements performed in vivo when com-
pared with actual values at autopsy had a cor-
relation coefficient of 0.998. The sensitivity 
and specificity for tumor detection were both 
over 90% when based on repeated ultrasound 
measurements and when these were performed 
on separate days. Exponential growth curves 
can also be determined with this method and 
Wirtzfeld’s group showed volume doubling 
times of 5 and 13 days for two prostate tumors. 
Micro-ultrasound biomarker (edge, shape and 
size) imaging of mouse prostate cancer sug-
gests several advantages over other imaging 
systems, including high spatial resolution and 
contrast in soft tissue, fast and uncompli-
cated protocols, and portable and economical 

equipment. Each of these advantages mean 
that this imaging modality may become a new 
biomarker discovery tool to be used in preclini-
cal studies. In the future, targeted ultrasound 
will become a reality when the technology for 
attaching biomarkers, and potentially drugs for 
delivery, to contrast bubbles or other targeting 
moieties are available.

Optical tomography, GFP, quantum dots & 
luminescence imaging
Optical tomography represents one of the new-
est technologies for biomarker imaging and 
possibly one of the more innovative and widely 
applied technologies as well. As an imaging 
modality, however, there are limitations in the 
ability of light to penetrate tissues and for emis-
sion of light to leave tissue. The 2008 Nobel 
Prize for Chemistry was awarded to three scien-
tists (Osamu Shimomura, Martin Chalfie and 
Roger Y Tsien) who developed GFP as a means 
to express a light signal upon pharmacologic 
activation. GFP was first observed in the jel-
lyfish, Aequorea victoria, and has become one of 
the most important tools used in contemporary 
bioscience. As stated in the Nobel proclamation:

“With the aid of GFP, researchers have devel-
oped ways to watch processes that were previously 
invisible, such as the development of nerve cells in 
the brain or how cancer cells spread… By using 
DNA technology, researchers can now connect 

GFP to other interesting, but otherwise invisible, 
proteins. This glowing marker allows them to 

watch the movements, positions and interactions 
of the tagged proteins.”

Yang et al. presented a landmark paper on the util-
ity of GFP for whole animal optical imaging [105]. 
In their paper they linked GFP to genetic expres-
sion tumor biomarkers (AC3488-GFP; a human 
colon cancer coupled with a GFP expression 
marker) and imaged GFP expression in tumor-
implanted mice over time, demonstrating the 
growth and metastatic behavior of the cancers in 
real time. Figure 27 shows a mouse with the GFP 
colon cancer marker imaged externally and in 
the three axial tomographic planes using a fluo-
rescence microscope coupled to a Hamamatsu 
C5810 three chip cooled color charge-coupled 
device camera. 

Oyajobi et al. provide another corrobora-
tive example of GFP-expressing tumor bio-
markers [106]. They demonstrated multiple 
myeloma lesions in the skeleton of mice using 
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a modification of the Radl 5TGM1/5T33 
myeloma models, which are highly correlated 
to the human disease. They wished to have a 
stably expressed GFP myeloma cell line, and 
thus generated a murine myeloma 5TGM1 
line genetically engineered to stably express 
enhanced GFP (eGFP) and inoculated the 
cancer line into syngeneic C57BL mice. The 
purpose was to create a model system in which 
they could evaluate a new antimyeloma treat-
ment. The GFP myeloma cell line produced 
fluorescent tumors throughout the mouse skel-
eton and allowed for real-time assessment of 
novel therapeutics. 

Green fluorescent protein markers are not 
the only new tool used for optical imaging. 
Fluorescent histologic stains have rapid decay 
times for their characteristic wavelength follow-
ing laser excitation. Colloidal semiconductors, 
or QDs, are single crystal nanoparticles whose 
size and shape can be closely controlled [107–110]. 
The size controls their absorption and emission 
and they have a prolonged decay time. When a 
QD is linked to a biomolecule it can be used as 
a probe in a tissue section or in vivo. The probe 
emits a characteristic wavelength of light upon 
excitation pulse of excitation energy (light). The 
decay of the signal is markedly persistent relative 
to that of a standard fluorophore tagged with the 
same probe. 

Quantum dots can be synthesized from a 
variety of semiconductor materials (CdSe, 
CdS, CdTe, InAs, PbSe and more). A detailed 
review of QD technology, their synthesis and 
light-emitting properties was published in 
2005 by Michalet [108]. QDs have a unique 
size-dependent property that controls the 
characteristic emission wavelengths of light in 
the near infrared (>700 nm) when an incident 
wavelength of higher energy light by a tuned 
laser excites the nanoparticle. QDs are being 
used as probes for tissue microscopy, especially 
confocal micro scopy, for following structures 
deep into tissue, and are now being explored 
for in vivo imaging of surface structures and 
tumors in nude mice. QDs produce strong 
background autofluorescence, have self-absorp-
tion and exhibit significant light loss by tissue 
scatter of emitted photons. Figure 28 depicts a 
QD in tissue and the incident excitation and 
emission scatter. QDs respond to a broad light 
excitation energy spectra and produce a fairly 
discrete spectral emission wavelength based 
upon the nanoparticle size that typically ranges 
from 2 to 9.5 nm [108,109]. QD light emission 

ranges from 400 to 1350 nm, with each energy 
peak having a full width at half maxima of 
approximately 30–50 nm.

Upon in vivo delivery and biodistribution of a 
biomarker-labeled QD, very little incident light 
is available for QD excitation at nonsuperficial 
locations. New QD designs are trifunctional 
biomarkers with tags of light-emitting products, 
such as luciferase (LUC)8, and the high-affinity 
probe for localizing the QD complex [109,110]. 
The binding portion of a QD complex to a 
receptor can trigger the luciferase biolumines-
cent complex to self-excite the associated QD 
due to intimate proximity. The QD is the accep-
tor of the donor luciferase light and becomes 
activated, emitting its own discrete signature 
wavelength. The trifunctional structure allows 
the QD to perform without the need for an 
external (ex vivo) excitation source. This new 
technology is called BRET, and has excellent 
potential to allow for deep tissue in vivo excita-
tion of QDs and detection via laparoscopy or 
other techniques. BRET, or self-illuminating 
QDs, are described in Figure 29 [109,110]. 

Summary 
In this review of biomarkers and imaging, we 
have discussed several examples of ways to 
image biomarkers. It is, however, an impos-
sible task to list or discuss all the possibilities 
and scientific advances that are arising geo-
metrically. Imagination is the only limit at this 
time. Table 4 provides a nonexhaustive listing 
of biomarkers and associated imaging probes 
that have found utility in defining diseases and 
measure therapeutic interventions.

Regulatory acceptance of any biomarker is 
what should always govern its development. In 
order to be useful in drug discovery and assist 
in the regulatory approval and commercializa-
tion of a new drug or biologic, the biomarker 
must be wholly validated for its intended pur-
pose and target. The major points of this review 
have included the following points with respect 
to imaging:

n	Biomarkers essentially fall into four categories: 
predictive, prognostic, diagnostic and 
treatment planning (dosimetric);

n	Useful biomarkers must be causal; that is, 
they must be mechanistically related, plau-
sible and proximal to a disease end point to 
provide accurate, confirmatory and support-
ive evidence of a therapeutic intervention’s 
efficacy [111];
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n	Biomarkers can represent biochemical/ana-
tomical/pathological process(es) or be repre-
sentative specific pharmacological response(s) 
to therapeutic intervention;

n	Biomarkers can serve as surrogate markers or 
replace a conventional clinical end point for 
efficacy and/or toxicity if the linkage is 
validated and the relation defensible [111];

n	Biomarkers can accelerate drug development 
and decision-making if used appropriately in 
the right models, species and under appropriate 
controlled conditions;

n	Biomarkers can provide a mechanistic bridge 
between preclinical study outcomes and 
clinical trial results;

n	From a regulatory perspective, biomarker 
development must be validated prior to utili-
zation in a proposed drug development 
plan [112], and the reader is directed to current 
and future FDA guidance documents 
(i.e., genomic biomarkers [212]);

n	The Prentice criteria, a unifying statistical 
approach for surrogate marker validation, must 
be satisfied; in other words, a surrogate imaging 
biomarker for a true end point must yield a 
valid test of the null hypothesis of no associa-
tion between treatment and the true response 
[13]. This criterion essentially requires the sur-
rogate variable to capture any relationship 
between the treatment and the true end point;

n	It is becoming clear that future clinical end 
points will not be univariate (single outcomes 
or single biomarker reads), but rather use a 
multivariate approach;

n	Clinical medicine needs better ways to mea-
sure individual responses in pivotal clinical 
trials rather than simple mean ana lysis, per-
haps using biomarker probes in combination 
with imaging could be beneficial;

n	Biomarker use in medical practice may help 
to create individualized (i.e., personalized) 
medicine;

n	In vivo noninvasive imaging is an exception-
ally diverse field with many ways to measure 
biomarkers. Physical properties, metabolism, 
PK and PD responses, and physiologic status 
can all now be measured to high resolution 
and with minimal patient intervention, and 
they produce highly predictive clinical value.

The future of biomarker exploitation is only 
limited by our understanding of the disease state 
and those processes altered by the disease. The 
revolution we have seen in imaging technolo-
gies will employ these new biomarkers in drug 
development and clinical practice and bring in 
the era of personalized medicine.

Future perspective
As we continue to gain insight into the etiol-
ogy of disease and develop an understanding 
of the receptors enzymes and genes that have 
been upregulated or mutated, new biomark-
ers will be developed that will permit a more 
accurate detection, staging, choice of therapy 
as well as monitoring of the disease process. In 
the next several years, we will enter the era of 
personalized medicine, where therapy will not 
be based on an educated guess but rather we 
will come to understand disease and how it can 
confound normal biology, and we will do so 
through further advances in biomarker identi-
ties, drug design and detection methodologies. 
New imaging biomarkers that can visualize and 
show us the underlying causes of pathologies 
and reveal cellular processes are changing the 
practice of diagnostic medicine and will usher 
in the era of personalized medicine. 

Targeted imaging biomarkers in combina-
tion with anatomical recognition and mapping 
are gaining interest for a wide range of diag-
nostic applications that includes cardiology, 
neurology and soft-tissue tumor detection. The 
number of diseases that can be effectively visu-
alized non invasively is expanding as a result 
of these innovative detection technologies. 
Targeted imaging biomarkers offer a unique 
capability to generate unambiguous results by 
exploiting specific molecular targets, pathways 
or cellular processes. This new wave of imag-
ing biomarkers coupled with improvement in 
device hardware and software signals a para-
digm shift in the diagnosis and treatment of 
disease and will launch the era of personalized 
medicine.

In the era of personalized diagnostic imaging, 
biomarkers will dictate the choice of therapy. 
Currently, SPECT and PET biomarkers have 
been developed to measure oxidative metabo-
lism, fatty acid and amino acid metabolism, 
and pre- and post-synaptic receptor densities. 
In the future, these agents combined with CT 
or MRI will guide physicians in the choice of 
appropriate disease treatment strategy. Within 
the next 10 years, targeted ultrasound agents 
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Executive summary

	n Biomarkers and associated imaging probes have found utility in clinical practice and in drug development, where they are defining 
diseases and measuring the efficacy of therapeutic interventions. In this review, we have discussed a wide variety of imaging 
technologies that exploit biomarkers. It is, however, an impossible task to list or discuss all the possibilities and scientific advances that 
evident every day in the literature. 

	n Regulatory acceptance of a biomarker requires a rigorous validation plan. Approval of surrogate biomarkers remains a difficult 
regulatory hurdle for use in clinical medicine, but can be very important in drug discovery. In order to be useful in drug discovery and 
the eventual commercialization of a new drug or biologic, a biomarker must be wholly validated for its intended purpose and target. 
Imaging of biomarkers is simply a variant analytical tool not different from most laboratory physical or chemical analytical tools. The 
information imaging technologies can bring to biomarker use in discovery and clinical utilization are principally related to the ability 
to be noninvasive and that measurements can be acquired over time. This review has discussed biomarkers in the context of imaging 
using the following points:
– Biomarkers essentially fall into four categories: predictive, prognostic, diagnostic treatment planning (dosimetric). 

– Useful biomarkers must be causal; i.e., they must be mechanistically related, plausible and proximal to a disease end point to 
provide accurate, confirmatory and supportive evidence of a therapeutic intervention’s efficacy.

– Biomarkers can represent biochemical/anatomical/pathological process(es) or be representative of specific pharmacological 
response(s) to therapeutic intervention.

– Biomarkers can serve as surrogate markers, or even replace a conventional clinical end point for efficacy and/or toxicity, if the 
linkage is validated and the relation defensible.

– Biomarkers can accelerate drug development and decision-making if used appropriately in the right models, species and under 
appropriate controlled conditions.

– Biomarkers can provide a mechanistic bridge between preclinical study outcomes and clinical trial results.

– From a regulatory perspective, biomarker development must be validated prior to utilization in a proposed drug development plan 
and one is directed to refer to current and future US FDA guidance documents (i.e., genomic biomarkers: www.fda.gov/Cder/
Guidance/8083fnl.pdf ).

– The Prentice criteria, a unifying statistical approach for surrogate marker validation, must be satisfied; that is, a surrogate imaging 
biomarker for a true end point must yield a valid test of the null hypothesis of no association between treatment and the true 
response. This criterion essentially requires the surrogate variable to capture any relationship between the treatment and the true 
end point.

– It is becoming clear that future clinical end points will not be univariate (single outcomes or single biomarker reads), but rather 
composite end points and a multivariate approach.

– Clinical medicine needs better ways to measure individual responses in pivotal clinical trials rather than simple mean ana lysis, 
perhaps using biomarker probes in combination with imaging could be beneficial.

– Biomarker use in medical practice may help create individualized (i.e., personalized) medicine.

– In vivo noninvasive imaging is an exceptionally diverse field with many ways to measure biomarkers. Physical properties, 
metabolism, pharmacokinetic and pharmacodynamic responses, and physiologic status can all now be measured with high 
resolution and minimal patient intervention, and they produce highly predictive clinical value.

– The future of biomarker exploitation is only limited by the understanding of the disease state and those processes altered by the 
disease. The revolution we have seen in imaging technologies will employ new biomarkers in drug development and clinical 
practice and bring in the much anticipated era of personalized medicine.

carrying therapeutics will permit the selec-
tive, noninvasive, localized administration of 
therapeutics. Optical imaging biomarkers in 
combination with optical catheters will guide 
surgeons in the treatment of cancers of the 
gastro intestinal and genitourinary tracts, as 
well as reveal cardiac, vascular and cerebral 
plaques. Advances in MRI equipment resulting 
in gadolinium signal amplification will open 
the field to the use of MRI-targeted biomarkers, 
resulting in the ability to directly monitor both 
physiology and anatomy using a single probe.

The new era of personalized medicine will 
be driven by the evolution of the understanding 

of the disease process coupled with the use of 
imaging biomarkers.
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