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  Pref ace   

 Imaging sciences applied to medicine could be regarded as starting when the fi rst 
histologic section was viewed or when Roentgen accidently took a picture of his 
hand by interfering with photons hitting a photographic plate. In the 1990s applica-
tions of PCR in gene mapping along with novel methods and automated systems for 
protein expression helped defi ne the molecular basis of several pathologies and has 
led to many new ideas on how to track, treat, and follow disease. The revolution in 
how we look at disease has now created a time where “Pharmacology, and indeed 
pathology itself, is  Visible .” What do we mean by this statement? Alongside the 
development of such technologies as PCR and molecular biology revolution was 
another engineering and mathematics revolution, which when combined with the 
molecular biology advances has pushed the proverbial “Physician’s Black Bag” into 
a whole new tool chest that opens up diagnostic and therapeutic potentials we only 
thought was possible in science fi ction a few short years ago. 

 In this new twenty-fi rst century, we are witnessing the creation of an expanding 
“biomarker” library, tools to “see” pathology as a dynamic, i.e., as it is progressing 
in situ, and not simply under the microscope on histology slides, the ability to mea-
sure treatment responses in vivo and to give doctors as well as patients a way to 
understand what their disease is and how it is responding to therapy. Consider the 
ultrasound image that is now a common “souvenir” of a pregnancy. The image used 
to be a blur of sound echoes translated to an electronic display and printed on a 
recording fi lm, and now, due to better understanding of sound wave physics, math-
ematical computations providing high-resolution electronic signals and translated 
into high-defi nition displays (or “maps”), we not only recognize “a fetus,” but the 
image created today introduces us to seeing a recognizable “brother or sister.” 

 The late 1900s saw the revolution of 2-D (photo-type imaging) to 3-D projection 
imaging. The ability to create “bread slicing,” otherwise known as “tomography,” or 
serial projections of the body has revolutionized and personalized medicine. One 
can use x-ray computed tomography (CT) for anatomy, positron emission tomogra-
phy (PET) and single photon emission computed tomography (SPECT) for func-
tional distribution of radiotracers, magnetic resonance imaging (MRI) and magnetic 
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resonance spectroscopy (MRS) for metabolic and very high resolution (near micron 
resolution) of the “state of water” (fi xed in place or fl owing plus “seeing” the chemi-
cal state) and even ultrasound to view internally as if we were actually there such 
that we can rotate about “inside” as if we are in situ ourselves. The utility of the 
human-sized instruments we use in the clinic applied to small animal research is, 
however, poorly translatable, impractical, as well as cost prohibitive. While phar-
maceutics are generally developed fi rst from animal models to the eventual testing 
in the clinical subject or volunteer, imaging has recently reversed this path to head 
back to the laboratory to develop systems which are designed specifi cally, but with 
full clinical translational intent, for use in small animals. 

 Clinical development within “Pharma” (the collective pharmaceutical business) 
has fostered the need to miniaturize the practical imaging fi eld for human to that 
useful for small mammals such as the mouse. Accomplishing technical reductions 
of human-sized imaging platforms to accommodate animal models has fostered, 
indeed required, technical advances in material and computational sciences. Novel 
new materials for scintillation detection has allowed for smaller platforms but 
indeed higher effi ciency in photon capture. In nuclear medicine, smaller detectors 
and tight packing has led to very high resolution systems. Modern micro-electronics 
to improve signal separation, reduce signal cross-talk (i.e., random event errors, 
etc.), and high speed processor electronics for digital as well as analog computa-
tional activities, has allowed for very small animals to be imaged with very useful 
image quality. Computational improvements include complex algorithms which 
can collect and frame digital data, construct and statistically correct the image, 
translate to visual media (screen, fi lm, digital, contrast variables, and signal inten-
sity correction (isobar color pallets). These platform improvements provide the 
investigator with highly sensitive analytical tools to witness drug actions in small 
animals. The utility of quantifying anatomic regions and volumes of interest (ROI 
and VOI, resp.) in serial image collections can provide for dynamic assessments 
(time variance of a signal) in the test system (animal model). One can also perform 
dual mode imaging, i.e. co-positioning of two imaging platforms, to collect, for 
example, anatomy with function (i.e. CT with PET, MRI with PET, etc.). Multi-
platform imaging can provide the pharmacologist with a novel “view” of drug or 
biologic targeting and/or response over the course of an ever-changing landscape 
related to a pathophysiology. 

 MRI (magnetic resonance imaging), MRS (magnetic resonance spectroscopy 
imaging; imaging of metabolites), optical probes of luminescence (luciferase based) 
or fl uorescence (Quantum Dots, near infrared (NIR), and BRET imaging (self- 
illuminating probes) are all adding to the novel drug development armament. Laser 
excitation of in vivo sites of optical probe uptake allows for small animals (e.g., 
nude mice with modest translucence due to thin skin and target-to-light distance is 
minimally interference by scatter), and excitation of a probe by an outside light 
source can make the localized probe emit a response light at a different wavelength 
for remote ex vivo detection. The internal scatter and refl ectance within the animal 
body can be determined in a semi-quantitative manner to provide a scatter- and 
attenuation-corrected uptake value to compare against controls. 

Preface
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 The advent of hundreds of new, highly specifi c, target-oriented animal models of 
disease has allowed us to optimize both the performance of imaging platforms as 
well as the opportunity to optimize the animal models. Imaging scientists now have 
the molecular biology revolution to help defi ne diseases not through the microscope 
but through the visualization of a pathology’s pharmacodynamics, i.e., tracking and 
localizing disease processes using patho-specifi c biomarkers, probes, and chemical 
state. The recent additions of optical imaging with self-illuminating quantum dots 
(QDs), the advances in the libraries of knockout/in animal models, chemical ana-
lytical methods now applied to autoradiographic as well as in vivo imaging (MALDI 
and SIMS-MS and MRS imaging), have all made small regional in vivo sampling 
possible. The drug development paradigm is now shifting from the formalism of the 
pharmacology and toxicology paths of the last century that has served us well to a 
potentially revolutionary path which will reduce animal usage and obtain time rate 
of change of biomarker and physiologic responses to drugs and biologics and create 
new interventional strategies. 

 This book is intended to be a contribution to the understanding of imaging as 
may be practically applied to the regulatory advancement of drugs and biologics. 
The enormity of the subject matter, the diversity of imaging platforms, and the daily 
addition of biomarkers and imaging agents makes this volume “out of date” as soon 
as it is published. However, we invite the reader to delve into this subject matter 
with imagination and to take the knowledge collected from this volume to apply 
these technologies toward the regulatory approvals of his or her own diagnostic or 
therapeutic products. 

 The book is for practical purposes divided into the specifi c platforms used cur-
rently in nonclinical imaging and especially as applied to drug and biologics devel-
opment. That is, following a general introduction to the imaging platforms of 
nonclinical imaging (Moyer; Chap.   1    ) we describe the laboratory environment 
(Stout; Chap.   2    ) and practical setup considerations (Klaunberg and Morris; Chap.   3    ) 
that must be examined to establish a functional and economical asset to the com-
pany or academic laboratory for investigations into the pharmacology and toxicol-
ogy of new chemical entities. In Chap.   4    , we introduce the reader to a large Pharma 
company’s philosophical and practical uses of imaging (Freedman). We step away 
from imaging per se in Chap.   5     for a short lesson on the concept of animal dosing 
and allometric considerations in imaging studies (Moyer). Solon and Moyer (Chap.   6    ) 
takes us through a very old but still highly applicable imaging technique called 
“autoradiography” and he introduces many new applications and analytical 
approaches using NIMS, MALDI, and MRS in tissue slice analyses. Chapter   7     
(Bradley and Wyant) takes us to a favorite topic in the imaging world: Oncology. 
The authors provide examples of several animal models as well as inform on the 
limits of imaging oncology targets and measurement of therapeutic effi cacy end-
points in small animal models. They have provided examples of molecularly engi-
neered imaging probes (i.e. Mabs, etc. ) and animal models that may potentially 
show target specifi city losses from genetic change in the tumor or in the genetics of 
the host animal. Chapter   8     (Loutsios et al.) discusses the imaging of labeled cells 
and methods to maintain functionality with the perturbation of radiolabeling. 
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Golding and Zaitseva (Chap.   9    ) discuss the role of imaging in infections and their 
studies using bioluminescent technologies. Keith et al. (Chap.   10    ) introduce us to the 
very diffi cult work of imaging in the BSL3 and BSL-4 environments where patho-
gens must be controlled and imaging systems must be isolated for maintenance as 
well as operator protection. Moyer et al. (Chapter   11    ) take us through the physics of 
MR and how images are produced but more importantly the limitations of MR in 
resolution, time rates of change of any given pharmaceutical, contrast agent or bio-
marker, and the high signal requirements needed for quantitative imaging in small 
animals. Chapter   12     (Venter et al.) discusses the principles and technologies of 
magnetic resonance spectroscopy imaging (MRSI) and how we can image in situ a 
chemical entity’s metabolomics as a consequence of disease or pathology. Lastly, 
we offer a regulatory chapter (Chap.   13    , Moyer et al.) where we cite the regulatory 
implications of image sensitivity, specifi city, quality and reproducibility, core 
laboratory image reading, image charters, receiver–operator characteristics (ROC) 
analysis of sensitivity and specifi city of an imaging technique, and examine the 
regulatory guidance documents that are written mostly for the development of 
imaging agents and contract agents but where we are attempting to “turn the coin 
over” and examine the other approach, e.g., use known imaging agents that are 
functionally related to a pharmaceutical to advance that drug or biologic to their 
own regulatory approvals. 

 We invite you to read these chapters not as “facts to take back” to the laboratory 
but rather as “ideas to apply” to your own specifi c situation, your animal model and 
pathology and clinical indication that you are investigating. The primary goal of the 
book is to strip down the complexities of imaging (the physics, computational 
requirements, and limitations), the assortment of nuclear, optical, MR, and other 
probes that may be applicable, and the assessment of “practicality” in bringing an 
imaging platform (or more than one as in combined modalities, i.e., PET and CT) 
into your own laboratory setting. Imaging can offer so much “visibility” to pharma-
cology and we do believe imaging technologies will offer any investigator an actual 
vision or understanding of the pathology they are studying. Use of imaging should 
result in more defi ned pathways toward regulatory approvals. The future advance-
ments and improvements in imaging systems that are expected in the next few years 
will certainly move drug and biologics development with even more “clarity of next 
steps” for more rapid drug or biologic advancement to approval. 

 To our imaging colleagues, respectfully.  

       Bedford ,  NH,    USA          Brian     R.     Moyer   
   Hazelwood ,  MO, USA         Narayan     P.S. Cheruvu   
   Washington ,  DC, USA         Tom     C.-C.     Hu      
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   “We are experiencing a paradigm shift from anatomic towards biomarker 
(molecular imaging) as the primary means for assessing treatment response in 
Oncology”

 quote from Dr. Steven Larson, 2005.  

   “The source and center of all man’s creative power … is his power of making 
images, or the power of imagination.” 

 Robert Collier, American motivational author, 1885–1950 

   “Logic will get you from A to B. Imagination will take you everywhere.” 
 Albert Einstein, American Physicist, Nobel Laureate 1921, 1879–1955 

   “You cannot depend on your eyes when your imagination is out of focus.” 
 Mark Twain, American Humorist, Author, 1835–1910    

  Quo tes   
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    Abstract     Medical imaging over the last century contributed signifi cantly in the 
knowledge of disease, disease mechanisms, and even in the molecular manipulation 
of disease with drugs and biologics. The discovery of how molecular biomarkers 
express, locate, change, and often drive physiologic processes has been greatly 
expanded using imaging. The advances in medicine from imaging have driven even 
more development of imaging platforms toward miniaturization for use in the 
 nonclinical laboratory. The recent additions in the area of optical imaging with self- 
illuminating quantum dots (QDs), the advances in the libraries of knockout/in 
animal models, chemical analytical methods now applied to imaging (MALDI and 
SIMS-MS and MRS imaging) have made small regional in vivo sampling possible. 
The drug development paradigm is now shifting from the formalism of the pharma-
cology and toxicology paths of the last century that has served us well to a poten-
tially revolutionary path which will reduce animal usage and obtain time rate 
of change of biomarker and physiologic responses to drugs and interventional 
 strategies. This chapter is intended to be a broad overview of imaging platforms for 
the readers to introduce themselves into this subject matter and to come away with 
a new knowledge of these technologies and how they may assist in the advanced 
development of drug or biologics and toward regulatory approval.  

    Chapter 1   
 Imaging Platforms and Drug Development: 
An Introduction 

             Brian     R.     Moyer    

 Mr. Moyer is currently contracted to the Biomedical Advanced Research and Development 
Authority (BARDA), Health and Human Services (HHS), Washington, DC as Sr. Science Advisor, 
Project BioShield, Chemical, Radiologic and Nuclear Threats (CRN Group, through Tunnell 
Government Services (TGS), Bethesda, MD; He owns and operates his consulting fi rm, BRMoyer 
& Associates, LLC, out of Bedford, NH, specializing in imaging systems and approaches for drug 
development, radiation and chemical injury medical countermeasures, and pharmacokinetics and 
toxicokinetics of drugs and biologics. 

        B.  R.   Moyer (*)     
  BRMoyer & Associates, LLC ,   23 Hawk Drive, Bedford ,  NH 03110 ,  USA   
 e-mail: bmoyernh@gmail.com  
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1.1         Molecular Medicine Has Arrived 

 “Modern medicine” has morphed into “Molecular Medicine” and it has taken on this 
new identity in part due to the capabilities of imaging. Where imaging used to mean 
the view through the microscope in 1800s, it became the view on the silver halide 
photographic plate in the time of the early 1900s. The advent of highly sensitive 
photographic emulsions and manufacturing of uniform fi lms gave science the ability 
to perform autoradiographs of the distribution of radiopharmaceuticals in pathologic 
anatomy which added a physiologic “photo” onto the classic artwork of Frank Netter. 
This new “view” provided a way to discern pathology—an “outside- in” view—of 
internal structures. Autoradiography has changed over the years and is not simply 
histology slides with silver grains (see the chapter on Autoradiography; Chap.   5    ). 

 I place the advent of “modern” imaging at the hands of Hal Anger who 
exploited the known NaI crystal detectors for recording ionizing radiation to cap-
ture gamma photons from emitting radionuclides. He combined a packed array of 
photomultiplier tubes onto a large NaI crystal (approx. 10–15 cm diameter) and 
covered the crystal with lead shielding machined with a designed array of small 
holes (collimation). The result was a way to take a 3-D object with radioactivity 
dispersed in the volume and acquire an image that showed the 3-D object as a 2-D 
projection (i.e., a typical photograph) by collecting an electronic map of oscillo-
scope events (recorded positional scintillations on photographic fi lm using a 
 camera with an open aperture) which acquired for a period of time, provided 
a collection of events that as an aggregate, created an “image” of the distribution. 
Today, with hardware advancements and computational systems that were 
unimagined in the mid-1950s, we utilize novel chemistry and synthetic methods 
to create radiopharmaceuticals tagged with specifi c radionuclides which allow us 
to examine pathophysiology in three dimensions and over time. The use of even 
more regions of the electromagnetic spectrum from infrared (optical imaging) 
through radiowaves (MRI, fMRI, and MRS imaging; see Chaps.   11     and   12    ), we 
can diagnose disease and evaluate treatment success for, to name a few, cardiac 
disease, Alzheimer’s disease, diabetes, cancer, infectious  diseases, and so many 
other pathologies, but now with exceptional resolution in both space and time. 

 Alzheimer’s disease was discovered in the 1800s through examination of post-
mortem brain tissues for the presence of amyloid. Today we can view amyloid 
deposition in vivo with noninvasive imaging platforms and novel molecular probe 
which have affi nity for amyloid. We have an alternative as well by looking for a 
pharmacodynamic effect of amyloid deposition such as reduced glucose metabo-
lism. Knowledge of either the extent of amyloid deposition itself or the manifesta-
tion of amyloid as reduced cognition or glucose utilization may potentially provide 
treatment strategies and also allow us to measure their effectiveness. 

 Molecular medicine is now the exploitation of patho-specifi c “biomarkers” to 
detect disease. Physicians can now “fi nd, fi ght, and follow” disease (e.g., diagnose, 
treat, and measure success of treatment) using imaging and the need for new novel 
disease biomarkers is in high demand. This chapter introduces the reader to the 
 history and signifi cance of selected innovative physical and molecular biomarker 
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probes and the instruments that are now using these probes. The reader gains an 
appreciation of the cleverness and the scientifi c simplicity that imaging has brought 
to the toolbox of medical sciences in the fi ght against disease.  

1.2     Molecular Medicine: What Is an “Image” 

 The intent of this book is to introduce the reader to the use of imaging in drug and 
biologics development by impressing upon the reader the wide array of tools now at 
their doorstep. Modern medicine has advanced to heights our scientifi c predeces-
sors, even those of 20 years ago, could not foresee except in science fi ction. Looking 
into the human body in three dimensions, with clarity and spectacular resolution, 
we can now watch the brain “think” with imaging tools such as functional magnetic 
resonance imaging (fMRI), see if a cognition defi cit is regionally defi ned with glu-
cose utilization, measure a heart variable such as blood fl ow (angiography) or 
metabolism (glucose or palmitate utilization), infection localization, cancer struc-
ture, metabolism and viability (CT, PET and thymidine analogs, MR, resp), and so 
much more. In some ways, however, the imaging fi eld has been like the “blind man 
and the elephant” where one imaging modality defi nes one part of “the picture” and 
another modality defi nes another. In this scientifi c review we attempts to cover 
many of the modalities of medical imaging which have grown in clinical and non-
clinical acceptance as both notional (exploratory) and defi nitive (regulatory body 
acceptance) laboratory tools to add to the drug development laboratory repertoire. 

 Biomarkers include the physical and chemical system responses to disease or 
injury like the expression of a protein or up (or down)-regulation of a receptor. 
Biomarkers include, for example, biologics that are used to monitor and direct ther-
apy in chronic diseases such as cancer (e.g., carcinoembryonic antigen, CEA), dia-
betes (hemoglobin-Alc), and autoimmune disease (Rheumatoid factor). LaBaer 
( 2005 ) outlines eight “biomarker rules”, however, as this review focuses on  imaging  
biomarkers, emphasizes his Rules #3, #4, and #8 which read, respectively: #3: 
“Consider the target and control populations carefully”, #4: “focus on developing a 
sensitive and specifi c test …”, and #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 biomark-
ers are the product or “view” as seen through an imaging system, with or without 
the use of a bioprobe, to defi ne the expression, or “mark”, of disease or injury. 
Biomarkers include changes in anatomy (i.e., bone density or tissue fl uid balance), 
drug actions, receptor binding, genomic expression or adduct formation (DNA/
RNA adducts), metabolite formations (metabolomics and proteomics), change in 
enzyme rates, urinary and blood related adducts (i.e., hemoglobin 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 “biomarker.” The time course,  identity, 
and relative abundance (signal) of biomarkers must be fully characterized in order 
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to use them as surrogate investigative measures in research or diagnosis (LaBaer 
 2005 ; Colburn  1995 ,  1997 ; Daniels and Hughes  1997 ; De Gruttola et al.  1997 ; 
Deyton  1996 ; Ellenberg and Hamilton  1989 ; Frank and Hargreaves  2003 ; DeMeyer 
and Shapiro  2003 ;    Bocan  2010 ,    Fleming and DeMets  1995 ). Bocan ( 2010 ) is a fi ne 
introduction on imaging biomarkers and the imaging platform technologies that are 
discussed in this volume. 

 A typical biomarker is not generally a step function, i.e. “ON” and then “OFF”, 
but may be expressed as a step function when defi ned 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 of the response which can last for months before 
declining, may appear late. The presence of both as a family of events is a 
 “biomarker”. Biomarkers are best described and validated in terms of their pharma-
cokinetics with expression variables such as time to fi rst appearance, or  T  a , which is 
dependent on sensitivity of the assays, the slope of marker expression (rate to full 
expression which can be dose-dependent and nonlinear),  T  max  (time to maximum 
expression),  C  max  (maximal concentration at target or site of measurement), 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 saturation (maximal binding), catabolism and resynthesis of the 
receptor as well as reinsertion into the receptor site, or depletion of expression (con-
sumption rates and delay of replacement rates). Biomarkers must be measurable, 
their kinetics understood, and the link to their source validated. 

 Imaging is a scientifi c discipline which one can utilize the full electromagnetic 
spectrum from high energy gamma rays to low energy radiowaves and mathemati-
cally transforms the energy frequencies detected into a readable format—an 
“image”—to describe a natural phenomenon. In some respects, imaging is simply a 
“pattern recognition” tool used to describe pathologies or anatomical features 
through a translation process. An example of an image pattern is, for example, a 
“heat map” of selected genes which, as an aggregate expression, form a recogniz-
able (sensitivity threshold) “pattern” representing “ON” and “OFF” genetic 
switches (Fig.  1.1 ). Figure  1.1 , taken from one of my previous publications (Moyer 
and Barrett  2009 ), is such an example. Here peripheral blood (PB) metagene color 
profi les describe different gene expression patterns when the blood is exposed to 
chemotherapy or radiation therapy. Genetic array maps are used to show the expres-
sion levels of a family of specifi c genes in peripheral blood taken from healthy 
subjects where a gene is “ON” (yellow to red) or “OFF” (dark blue to light blue). 
Exposure of the PB to chemotherapy or radiation elicits specifi cally different 
expression patterns of metagene change suggesting shared and unique genetic 
responses to the stressors. The graphics on the right are “leave-one-out” depictions 
(mathematical transforms) of the heat map arrays (the “image”) and provide, in 
this case, a way to demonstrate which specifi c gene expression patterns are for 
 chemotherapeutic-treated versus radiation-treated PB. The heat map “image” is 
thus a tool to translate a biologic event or a physiologic change following a stimulus 
(drug or biologic action).

B.R. Moyer
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   Imaging platforms are unique instruments which exploit the electromagnetic 
spectrum by varying temporal and quantitative measures created by the pharmaco-
dynamics of biomarkers. Imaging, and the mathematical transform of images, can 
expand the physiologic limits of our eyes to see outside of the confi nes of the visible 
spectrum. Different wavelengths of energy can be used to describe different things 
not unlike a set of drill bits can be used to probe a target (a building board) so an 
objective (insertion of a screw) can be achieved. Conventional microscopy uses vis-
ible light energies but, to achieve the higher resolution of electron microscopy, one 
uses narrower wavelengths in the x-ray energies which can “see” smaller objects via 
a more defi ned diffraction of structural angles where the larger visible light wave-
lengths are impeded. Electron micrographs thus use high energy “light” to visualize 
structures where a lower energy “light” probe is incapable of discerning structures. 

 Selecting the right imaging system and probe (i.e., wavelength) is a universal 
tool and goes beyond biology with applications in virtually all scientifi c disciplines. 
An example taken from space sciences is depicted in Fig.  1.2 . The fi gures describe 
the amorphous Crab Nebulae as viewed using different wavelengths (energies) of 
“light” (where “light” is the electromagnetic spectrum). When viewed using broad 
coverage wavelengths of light the structure of the nebulae is simply amorphous. Use 
of the Chandra x-ray telescope, however, reveals unique detail not seen with higher 

  Fig. 1.2    False color renditions of the Crab Nebulae viewed using different wavelengths of the 
electromagnetic spectrum. While portions of the electromagnetic spectrum reveal amorphous 
structure, x-ray imaging uniquely reveals a vortex and physical structural detail. Each image is 
from the NASA  Astronomy Picture of the Day  web site   http://antwrp.gsfc.nasa.gov/apod/astropix.
html     and assembled by the author for this depiction (Reproduced from Bioanalysis, May 2009, 
Vol. 1, No. 2, Pages 321–356 with permission of Future Science Ltd)       
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(gamma) or lower resolving (microwave, infrared) energies. Viewing with the x-ray 
wavelength defi nes the structure as a swirling and axially- oriented vortex. The 
x-ray wavelength even allows viewing over time to see “motion” within the struc-
ture. Information derived from any imaging platforms thus depends on the system 
and each system will reveal different content.

1.2.1       Development of Imaging Sciences 

 Medical imaging had a rich history in the twentieth century, especially in the min-
iaturization of electronic systems, powerful and rapid computational systems, and 
molecular structure and synthetic capabilities which each has driven the develop-
ment of imaging platforms. Specifi c examples of achievement over the past century 
include:

•    1900–1920s x-rays employed for imaging and applied as “health elixir”  
•   1930s: Radioiodine thyroid  functional  uptake; x-ray “shoe fi ttings”, Tc-99m 

 discovery (a “man-made” low energy—144 keV—short half-life—6 h—isotope, 
easily capable of leaving the body and yet being absorbed by a NaI crystal); 
gamma counting  

•   1940s: Geiger counter use for fl ow renograms/cell labeling C-14 and other 
biologic- relevant isotopes useful in the photosynthesis; tissue autoradiography 
(grain-counting histology); the Manhattan Project and the handling of nuclear 
materials  

•   1950s: Radioisotope chemistry: Tc-99m conjugations; C-14 photosynthetic and 
metabolic studies; larger array detectors; accelerator sources of radionuclides  

•   1960s: The Anger Camera; chelation chemistry; concept of positron camera; 
digital computing begins; computational programming, CT systems (Hounsfi eld 
units)  

•   1970s–1980s: Trace metals (i.e., mercury in tuna fi sh) spawns novel isotope 
work; development of Mabs; novel animal models—SCID technologies; con-
cepts of computational 3D imaging (tomography) allowing for PET/SPECT/CT/
MR/US  

•   1980s: Computational systems refi nement/complexity; high capacity/rapid 
computer systems; PET synthetic chemistry; new positron radiotracers; high 
Tesla MR systems; PCR and molecular probes; recombinant proteins; knockout/
in animals  

•   1990s: Biomarkers: PCR defi nes pathologies; PEGylated proteins, peptides, 
Mabs and fragments, glycans, new chelation methods; exploitation of cancer 
biomarkers; image-guided radiotherapy; platform miniaturizations for animal 
studies  

•   2000s: Molecular/optical imaging; Quantum dots; use of knockout mice  
•    2010 — The future  :  Hybrid    imaging technologies (MR-PET-CT); carbon nano-

tube probes and delivery systems and nanotechnology for drug delivery—more    

1 Imaging Platforms and Drug Development: An Introduction
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 An imaging “biomarker” is intended to be a direct measure of a 
 pharmacodynamic “effect” from a specifi c pathology or physiologic function. 
Images, as described earlier, are simply patterns. Conventional radiographic 
images, like photographs, are analog density patterns expressed as two dimen-
sional views (2-D;  x  vs.  y ) of three dimensional objects (3-D;  x ,  y , and  z  direc-
tions; i.e., “bread slice technology, or tomography) plus a time rate of change 
component. Modern imaging can collect either analog or digital data and, with 
the use of computer systems, display and quantify regions of interest off of an 
image to display or solve for rate constants. We can “see” (interpret) information 
from the 2-D displays but digital 3-D displays improve pattern recognition with 
the removal of confounding overlaid information (noise) and using digital picture 
element (pixel) values one can quantify the biomarker response and calculate 
statistical certainty from an image pattern. 

 As with the metagene genetic array “heat map” image described earlier, a thermal 
image of a biologic system is also a “heat map”. Infections, infl ammatory mediators, 
burns, or any other cause can initiate changes in localized blood fl ow which can be 
detected by infrared sensors. Thermography is an old military imaging system to fi nd 
heat sources on the battlefi eld. Here the technology is refi ned with smaller sensors to 
see fi nite differences on the skin surface. Thermographic imaging has been adopted 
clinically due to its simplicity, use of various color  displays (user preferences), large 
pixel arrays in the display of event rates (thermal emission in the infrared or long wave-
length; 600–800 nm energies), and generally provides a quick clinical interpretation of 
infl ammatory pathologies, for example, by increased skin blood fl ow. Thermography 
has been used in the evaluation of burns but there are limits in resolution with increased 
depth of the blood fl ow foci. A patient’s localized increase in blood fl ow can be 
 indicative of widely different sources of injury as can be seen in Fig.  1.3 .

  Fig. 1.3    Thermographic images—a pattern recognition “image” where increased blood fl ow is 
mapped. ( a ) Infrared (IR) thermogram of a patient suspected of a left side stress fracture of the 
fi bula. This was not evident on a radiograph but DITI showed suffi cient evidence of local pathol-
ogy to justify a scintigraphic (nuclear medicine) image which diagnosed a stress fracture. 
( b ) Infl ammatory pattern in the neck region that correlated with a diagnosis of digastric lymph 
node infl ammation with swelling. With permission: Meditherm ® ; web site:   http://www.meditherm.
com/thermography_default.htm           
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   Biomarkers may be divided into four principle categories: (1) predictive, 
(2) prognostic, (3) diagnostic, and (4) dosimetric (adopted from    Okunieff et al. 
 2008 ). “Predictive biomarkers” are those that suggest a certainty of a future event or 
known change to be evident in physiologic status and are available  before  a drug or 
action is applied to a target. High cholesterol is a predictive indicator of future heart 
disease. “Prognostic biomarkers” include those that foretell a future event and are 
available at the time of symptoms (pathology) or following a drug intervention. 
Prolonged elevation of plasma glucose after a meal is such a marker and indicates a 
prognosis of diabetes. This is different from “predictive” in that there is less involve-
ment of a future event as  the condition already exists . “Diagnostic biomarkers” are 
those that are common in clinical practice and available at the time of symptoms 
(pathology) or useful markers to follow a drug or biologic’s action on a target. These 
types of markers facilitate a clinical decision to treat or not to treat. The use of ultra-
sound during a cardiac stress test is an imaging platform to assist viewing cardiac 
wall motion irregularities. Dosimetric biomarkers are those that represent outcomes 
of pharmacologic, radiologic, or other intervention (positive or negative over or 
under expression of a biomarker) in response to an event or stimulus. The drug- 
induced cardiac stress test is again an example where we could apply a pharmaco-
logic agent instead of a treadmill. Adenosine, dipyridamole (Persantine), and 
dobutamine are the most widely available pharmacologic agents for cardiac stress 
testing. Table  1.1  describes the four categories of biomarkers and is an adaptation of 
work by Okunieff (2008) to describe these categories with respect to imaging.

   Biomarkers which are useful in imaging refl ect on a variety of targets, targeted 
tissues, and/or biological properties and characteristics as seen in the following:

•     Metabolism —measure glucose utilization of tissues (brain, heart, tumors) using 
F-18 fl uorodeoxyglucose (FDG)—obtain standardized uptake values (SUV)  

•    Growth —DNA turnover using thymidine uptake for turnover, F-18 FLT  
•   Organ or tumor size—CT /MR: anatomical, RECIST; PET/SPECT: functional 

domain of a tumor (living tissue vs. living plus necrotic combined  
•    Vasculature —MR (blood fl ow), MR and CT angiography, SPECT/PET for plate-

let adherence, clot formation, and infl ammatory responses  
•    Markers/receptors —Mabs, peptides, aptamers, cell surface properties  
•    Density differences —CT for mass density, MR for water content and mobility  
•    Physical refl ectivity —Ultrasound and bubble technologies for measuring fl ow 

and defi ning structures via edge detection  
•    Heat —thermal imaging where tumor tissue exhibits higher caloric consumption 

and emission of waste heat  
•    Hypoxia —xenon lung ventilation studies, and functional MR blood fl ow (fMRI)  
•    Gene triggers/promoter sites —optical tracers may be quantum dots or fl uores-

cent probes or, for research purposes, genetically modifi ed mice where a 
 luciferase gene is inserted adjacent to a promoter site  

•    Cell traffi cking and cell surface properties —glycan cell surface decoration and 
speciation, labeled cells can traffi c differently and have different elimination 
kinetics due to infection; stem cell therapies can be followed to observe 
engraftment.    

1 Imaging Platforms and Drug Development: An Introduction
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    Table 1.1    Types of biomarkers and how they are used in imaging   

 Marker class  Defi nition  Example 

 Predictive  A biomarker available 
 before  a drug or action 
is applied to a target 

  Imaging: MRI  
 In Multiple Sclerosis (MS) the brain exhibits 

physical changes in the white matter 
structures which are related to the water 
relaxivity within the brain (the magneti-
zation state of water hydrogen can be 
detected as emission of radiowaves) 
(Phelps  2004 ; Fukushima et al.  2008 ) 

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

  Imaging: PET  
 C-11 β-CFT uptake in the dopamine-rich 

regions of the substantia nigra is 
signifi cantly reduced following exposure 
to the neurotoxin MPTP, a byproduct of 
improper chemical synthesis of metham-
phetamine (Cercignani et al.  2001 ; Filippi 
et al.  1998 ) 

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

  Imaging; PET  
 C-11 PIB as an indicator of amyloid 

deposition in the brain of suspected 
Alzheimer disease patients (Brooks  2004 ) 

  Imaging: PET  
 F-18 detection of suspected lung cancer with 

standard uptake value (SUV) of >5 
(DaSilva et al.  1993 ); ischemic myocar-
dium: animated gated PET and SPECT 
images (Christian et al.  2004 ; Rabinovici 
et al.  2007 ; Minn et al.  1995 ) 

  Imaging: fMRI  
 rCBF (regional cerebral blood fl ow) in 

regions of the brain during thought or 
physical movement—BOLD (blood 
oxygen level dependent) technique to 
localize fl ow change by stroke (Pineiro 
et al.  2002 ) 

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

  Imaging: Microscopy  Chromosomal 
aberrations (dicentrics) using microscopic 
imaging (radiation dosimetry) (   Anderson 
et al.  2006 ) 

  Imaging: SPECT  
 Application of cell traffi cking In-111 WBCs 

recognizing changes in tissues, i.e., 
cytokines to elicit NK cell proliferative 
dose response; infections 
(Sinha et al.  2004 ) 

  Inclusive of defi nitions and examples of which image platform and/or imaging marker may be 
employed. Many imaging systems and how they are used are uniquely suited for specifi c tasks and 
use as a marker class (Table is adapted from Moyer and Barrett  2009 ) 
 Four other references elaborate further on these points: Wang and Deng  2010 ; Agdeppa and 
Spilker  2009 ;    Eckelman  2003 ; and    Sun et al.  2001   

B.R. Moyer
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 In theory, for a biomarker to serve as an effective end point or substitute for the 
clinical outcome, effects of intervention on the biomarker must reliably predict the 
overall effect on the clinical outcome. In practice, this requirement frequently fails 
(DeMeyer and Shapiro  2003 ). Any drug applied as a therapeutic also has the 
 possibility that it may affect a clinical outcome by unintended, unanticipated, unrec-
ognized, and potentially saturable mechanisms of action that operate independently 
of the disease process. Fleming and DeMets ( 1995 ) provide several examples of 
how selection of a biomarker may be incorrect and may actually be indicative of 
unrelated pathways and outcomes. Biomarker response can be confusing in the 
milieu of all the other potentially confounding biologic activities which, in turn, can 
alter biomarker responses. True biomarkers must be elicited by the intervention on 
a disease and then be refl ective of the clinical outcome. In 2003, Eckelman ( 2003 ) 
published a detailed treatise on biomarker behavior by imaging knockout mice, e.g., 
genetically altered mice, i.e. a specifi c animal model generated for improved target 
specifi city. Knockout mice were shown to have high utility by decreasing the 
 “biologic noise” early in the drug discovery phases of nonclinical experiments and 
could be seen to reduce time, animal numbers, and cost by avoiding “classical” 
(but inherently more “noisy”) pharmacologic models. 

 In 2003, Smith et al. ( 2003 ) provided a treatise on “ Biomarkers in Imaging: 
Realizing Radiology’s Future .” Their sense of the science was that imaging of bio-
markers was a defi nitive way to shorten the “bench to bedside” timeline. Imaging 
biomarkers may have an enormous potential to shorten the drug development time-
line but they should never be considered a solution to every preclinical or clinical 
question. They also noted that imaging could be a successful tool in determining the 
PK and/or PD of new drug candidates. Imaging could be used to validate binding 
(measure rate constants) with respect to known cellular or organ-specifi c disease 
targets. Measurement of the effect of formulation change on in vivo distribution 
over time, specifi c targeting effi ciencies, the time to  C  max  at the target, metabolism/
catabolism rates, and even elimination rate would all be a huge cost savings if they 
could be determined in fewer animals needed to capture all these endpoints. Imaging 
also affords multiple views over time such as in cancer therapy (i.e., CT RECIST 1  
and MRI measurements), or when the target is elusive or moving, i.e., heart motion 
and blood fl ow (US fl ow measures, cardiac imaging), or when the target is not 
anatomy but rather simply a function, i.e., thinking (regional brain blood fl ow with 
fMRI; PET correlations). Table  1.2  is adapted from their paper and describes, from 
my perspective, how imaging of biomarkers that can be used over various imaging 
platforms to improve the drug development timeline.

   Table  1.3  describes the parameters that currently represent the path of drug 
development and the impact that an imaging biomarker may have on that parameter 
(adapted from Smith et al.  2003 ).

1   RECIST: Response Evaluation Criteria in Solid Tumors (Therasse  2002 ). 
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   Table 1.2    Role of imaging biomarkers in drug development and clinical medicine   

 Product development 
stage 

 Applicability 
of imaging 
biomarkers  Imaging modalities a  

 Target identifi cation  YES     Molecular imaging, PET, SPECT, ARG 
 Target validation  YES  Molecular imaging, PET, SPECT, ARG 
 Lead candidate 

identifi cation 
 LIKELY  Biomarkers would preferentially be specifi c or 

directly linked to the target pathology and not a 
surrogate or secondary indicator 

 Lead optimization  YES  Molecular imaging, PET, SPECT 
 Preclinical testing  YES  Molecular imaging, PET, SPECT, US, CT, OP, ARG 
 Clinical trials  YES  CT, MR, fMR, PET, SPECT, US, OP, TH, 

conventional radiography 
 Diagnosis  YES  CT, MR, fMR, PET, SPECT, US, OP, TH, 

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

radiography 
 “Animal Rule” trials  YES   Animal  Effi cacy  Rule  (21 C.F.R. § 314.610, drugs; 

§ 601.91, biologics); Examples: Radiation or 
chemical agent injury and Select Agents in 
BSL-3/4 environments to test therapeutics in 
animals where ethics prohibit the use of humans. 
Open to all imaging platforms 

   a  CT  computed tomography,  PET  positron emission tomography,  SPECT  Single photon emission 
computed tomography,  MR  magnetic resonance,  fMRI  functional magnetic resonance (blood 
fl ow),  OP  optical and fl uorescent tracers,  ARG  autoradiography (whole body or histologic with 
grain counting),  TH  thermography; modifi ed from: Smith et al. ( 2003 )  

   Table 1.3    Biomarkers in imaging: traditional end points in drug development and the effect of use 
of an imaging biomarker   

 Parameter  Traditional biomarker measure  Imaging provides 

 Time to results  May be long, esp. mortality indices  Potentially SHORTER 
 Objectivity  May be low, esp., morbidity  Potentially INCREASED 
 Cost  High, esp., with long endpoints 

(animal housing, care and 
laboratory services 

 Relatively LOW cost 

 Ability for study 
blinding 

 May be diffi cult, esp. for devices  Relatively easy to perform 
blinding with images 

 Detect subtle 
change 

 Often low probabilities  Routinely available 

 Patient as own 
control 

 Possible to diffi cult  Often possible 

 Access to resources  Dedicated infrastructure, but often 
available, in-house validated 
assays for early development 
need technology transfer for 
full acceptance 

 Widespread, costs can be 
defrayed by routine clinical 
use of a platform and 
simple to do tech transfer 
of known platforms 

  Modifi ed from Eckleman ( 2003 ); For a far more detailed table of high resolution, small animal 
imaging systems see Table  1.1  in a review by Rudin and Weissleder  2003   
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1.2.2        Selected Imaging Modalities, Biomarkers, 
and Drug Development 

1.2.2.1     Computed Tomography 

 Computed tomography (CT) is one of the most widely used medical imaging 
 technologies used to detect density differences and in vivo edge discrimination. The 
history of CT is really that of three histories 2 : (1) the history of tomography itself, 
(2) the development of the algorithms used to reconstruct the image, and (3) the 
development of high-speed digital computers. CT measures the density of objects 
and has units of density called Hounsfi eld units 3 . The initial prototype CT scanner 
used in clinical trials shown here had some less than inspiring specifi cations: scan 
time: 9 days, reconstruction: 2.5 h; print the image: 2 h; resolution: 80 × 80 (voxel 
elements for a 20 cm × 20 cm 2-D slice). The modern device is a rotating x-ray 
source surrounding an object (patient) where the instrument measures a fan beam 
of x-rays onto a set of detectors on the opposing side of the object. A series of 
x-ray projections around an object and the resulting absorption maps of the incident 
beam and reduction on the x-rays reaching the detectors (attenuation) is recon-
structed to represent the interior of an object. 

 CT scans can, for example, measure bone density in assessing an osteoporosis 
patient. Therapeutic intervention with a drug to enhance bone formation or prevent 
bone loss can be measured over time using CT where the change in Hounsfi eld units 
(HU) of density serves as a biomarker of treatment success or failure. Also, detec-
tion of lung tumors or mammary tumors using CT represents a contrast change in 
regional HU relative to the air-fi lled 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 lead to less contrast by CT over time until the tumors are killed and resolved. 
Changing to another imaging biomarker such as metabolic markers or perfusion 
markers can improve clinical observations during treatment. 

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

2   http://www.bioclinica.com/blog/evolution-ct-scan-clinical-trials, The Evolution of CT Scan 
Clinical Trials, Stuart Jackson blog on July 22, 2011. 
3   The Hounsfi eld unit (HU) scale is a measure of the attenuation coeffi cients within an object in 
which the radiodensity of distilled water at standard pressure and temperature (STP) is defi ned as 
zero HU and the radiodensity of air at STP is defi ned as −1,000 HU. Muscle and bone will measure 
as HU exceeding 30 and 300 HU, on average, respectively. 
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While CT is a well-adopted imaging modality in both the clinical setting and the 
nonclinical laboratory, it is not of high interest other than as a marker of density in 
animal test systems and overlay in multi-modality imaging, i.e., with PET, SPECT, 
and optical probes. We will not have a chapter on CT except as a co-investigative 
tool for the imaging platforms discussed in this book. 

 It is important for the reader to recognize some imaging tools like CT have 
become so much a part of the clinical setting that their inherent risks are lost or 
ignored in their everyday use. CT in the USA has grown to where it has become a 
standard clinical tool, and is often seen as technically required for protection of 
physician liability. As such, CT has become a primary diagnostic at many institu-
tions and it is used in excess with radiation dose complications due to overuse and 
accidents. Physicians have been known to ignore the concomitant dosimetry in favor 
of a “more precise” or “higher resolution” image. The New York Times in June 2011 
provided an article on the overuse of CT scans in hospitals across the USA where 
they reported on the rate of duplicate chest CT scans (refer to:   http://www.nytimes.
com/2011/06/18/health/18radiation.html?pagewanted=all&_r=0    ). The link includes 
an interactive map (shown as Fig.  1.4 ) where one can select individual hospitals and 
view their respective chest CT scans per annum and how many are repeated:   http://
www.nytimes.com/interactive/2011/06/17/us/hospital-ct-scans.html?ref=health     
The dose of x-rays from a chest CT is not insignifi cant and doubling the patient’s 
exposure and adding to their cumulative lifetime dose is a serious consideration.

   It is imperative in this context, that the Reader understand, for each of the imag-
ing modalities described in this book, that there are inherent benefi ts  as well as risks  
for each and every modality described in this text. Each modality, its purpose and 
risks, must be considered in their nonclinical as well as clinical environments. The 
primary clinical risk for CT is with respect to ionizing radiation, but other imaging 
signal systems employ other kinds of risks including magnetic fi eld effects, infrared 
heating, DNA intercalation or delivery of a biomarker at suffi ciently high focus to 
initiate injury or delayed risk of injury. Users must always understand the risks to 
the animal handlers and any other imaging personnel.  

1.2.2.2     Nuclear Medicine and 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 fi nger. The discovery that 
radiation could provide an image on photographic fi lm led to many applications of 
contact radiography which matured to the modern slice technologies of CT, SPECT, 
PET, and MR mimicking the whole body slice to a more useful histologic tool, 
autoradiography, to show the biodistribution of radionuclides and radiolabeled bio-
chemical entities. 

 One of the fi rst techniques employed using radioactive materials was contact 
radiography. The technique added signifi cantly to the fi eld as an adaptive technol-
ogy to histology (Caro and Tubergen  1962 ). Radiolabeled substances and their 
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distribution following injection, or other mode of entry, can be “seen” using 
 autoradiography. Radioactive tissue can be prepared as a histologic slide, immersed 
in a fi ne silver halide photographic emulsion. Exposure of the tissue section allows 
for silver grain formation over time and development of the slide, like a photo, and 
inspection of the slide by microscopy following standard histologic staining, 
can reveal the distribution of the radioisotope in the tissue. With the success of 
 histologic plus radiotracer imaging, whole animal (body) autoradiography (WBA) 
was developed as a macro tool to map the tissue kinetics and biodistributions of 
drugs in whole animals. Highly engineered cryomicrotome devices for whole ani-
mal sectioning were developed to avoid “chatter” (change in section thickness) and 
provide uniform 20–50 μm sections over sample (carcass) distances of 10–30 cm 
(depending on the device) allowing the sectioning of small mammals such as the 
Cynomolgus or the Marmoset nonhuman primate. The devices as refrigeration 
units also sublimate thin sections overnight and the tissue section can then be 
placed in intimate contact with high resolution x-ray fi lms or highly sensitive elec-
tronic photo-plates in direct contact systems (for beta emitting isotopes) such as 
the phosphoimager systems (   Johnston et al.  1990 ;    Solon  2002 ,  2007 ; Solon and 
Kraus  2002 , and (  http://www.perkinelmer.com/Catalog/Family/ID/Cyclone%20
Plus%20Phosphor%20Imagers    ). Readers are directed to the chapter on 
Autoradiography which will provide a look at the modern analytical assays of this 
technique which still utilize whole body sections to quantitate regional distribu-
tions of molecular entities but with advanced analytical tools such as MALDI 
(matrix-assisted laser desorption/ionization mass spectrometric imaging) and 
NIMS methodologies (Solon et al.  2010 ). For a practical web-based review of 
autoradiography and especially as it relates to F-18 FDG PET vs. C-14 FDG imag-
ing/quantitation, the Reader is directed to a full review provide through Loats, 
Inc., as “Application Notes—Metabolic Autoradiography”   http://www.loats.com/
AppNotes-2DeoxyGlucose.PDF    . 

 As was indicated in a previous section, formulation changes often can lead to 
surprising changes in biodistribution of drugs. One such example was a cytokine 
I was working with which was formulated in sodium dodecyl sulfate (20 %) for 
solubility and the cytokine exhibited a pulmonary toxicity which was interpreted 
as a “normal” response for the indicated cell stimulations that were expected. 
Upon radiolabeling the cytokine and examining the immediate post-dosing distri-
bution using whole body autoradiography (WBARG) of the radiolabel, it was 
observed that the protein was aggregating in vivo and that the aggregates were 
accumulating as punctate islands of radioactivity in the spleen (Fig.  1.5 ). Upon 
reformulation in a glycine buffer at the appropriate concentration to reduce in vivo 
aggregation, the spleen in thin section whole body autoradiography fi lms were 
seen as uniform and toxicity, resulting from localized cytokine stimulation, was 
reduced signifi cantly and there was a noted improvement in effi cacy due to the 
resultant increase in the AUC and  C  max  parameter estimates (data not shown) 
which allowed the reduction in the effective dose and widened the cytokine’s 
therapeutic index (TI).
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      Planar, SPECT, and PET Imaging 

 Nuclear imaging has become a standard noninvasive clinical tool to examine 
 functional anatomy and functional processes. In the 1950s Hal Anger developed 
several of the fi rst nuclear medicine imaging systems at Donner Laboratory at the 
University of California Berkeley (Wagner  2003 ). One of the fi rst was the rectilinear 
scanner, a moving bed that traveled over an array of 64 photomultiplier tubes (four 
rows of 16 tubes) to provide a two dimensional “whole body” image (Fig.  1.6 ). An 
Am-241 photon source over the bed was used to provide a silhouette image of the 
object being scanned to allow for spatial identifi cation of radioactivity in the image 
 silhouette. He later created the fi rst gamma “camera” (now known as an Anger 
 camera) which was a large NaI crystal with an array of photomultiplier tubes. The 
array produced a 2-D map of counts from radioactivity impinging on the crystal and 
the camera was able to discern a planar image.

  Fig. 1.5    WBARG of a rat showing two serial adjacent sections (separated by about 300 μm) 4 h 
after being administered a cytokine radiolabeled with I-125. The image depicts the localized 
uptake ( dark grains ) in the spleen demonstrating RES clearance of protein aggregates. The cyto-
kine was administered 4 h prior to the animal being euthanized and frozen for cryostat sectioning. 
The images show the aggregation of the protein and clearance via the splenic islands (white pulp 
by image—anatomy correlation (superimposed histology and image). The formulation effect of 
promoting in vivo aggregation led to RES clearance and focal stimulation at sites of aggregated 
protein which led to unwanted toxicities. Reformulation promoted a more uniform biodistribution 
and allowed for a reduction in the clinical dose for the same level of effi cacy in an animal cancer 
model (personal archives)       
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   Radioisotopes with appropriate gamma energies for absorbance by 1 cm thick 
NaI detectors were sought as these had the appropriate effi ciencies to use the 
devices. Energies below 50 keV had low capacity to escape deep tissues to interact 
with the detector and energies in excess of 250 keV were to energetic and would 
have low detector effi ciencies (ability to create a scintillation event in the crystal). 
The 140 keV gamma emitting Tc-99m discovered by Nobel laureates Segre and 
Seaborg in 1939 (daughter isotope of Mo-99 decay) met the energy and half-life 
(6 h) need for the Anger camera and discoveries on ways to attach (chelate) Tc-99m 
to drugs, proteins, peptides, and other chemical entities had a dramatic effect in 
opening the door for nuclear medicine development. 

 The discovery of CT in the 1960s led to computational method to reconstruct 
images from projections and created the notion of imaging tomographic sections—
“bread slices”—through the body (Friedland and Thurber  1996 ). Out of these com-
putational methods and the known physical properties of isotopes emitting positrons 
(positive nuclear emissions which annihilate upon meeting an electron and resulting 
in the formation of two opposing gamma rays of 511 keV energies 180° in opposi-
tion) led to Positron Emission Tomography (PET). It was only a matter of time, and 

  Fig. 1.6    Imaging laboratory at Donner Laboratory, University of California at Berkeley (circa 
1972) where Hap Anger developed these two devices. ( a )  To the left  is an original Anger camera 
and  to the right  is a whole body scanner. ( b ) An early WBS image (isotope unknown) with an 
Am-241 suspended above the patient serving to create a patient silhouette allowing for regional 
2-D localization of the isotope in the body (images from the author’s archives)       
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truly inventive reconstruction mathematics, to take single photon emission isotopes, 
like Tc-99m, Tl-201, and many others, and create a way to do 3-D imaging which 
we term Single Photon Emission Computed Tomography (SPECT). Three major 
textbooks on SPECT and PET imaging technologies have been published recently 
(Christian et al.  2004 ; Valk et al.  2003 ; Phelps  2004 ). 

 In PET, it is the emission of the 511 KeV gammas that results in (1) a suffi ciently 
high enough energy to have low tissue absorption, (2) a physical reduction in scatter 
by only counting coincident events in a ring detector system, and (3) construction of 
a linear chord for coincident photons an the progressive overlay of these ring events 
creates a defi ned distribution of the chord representing the 3-D location of the radio-
activity in the object (patient or animal). PET and SPECT systems differ as depicted 
in Fig.  1.7 . For educational purposes the reader is directed to a web-based collection 
of PET and SPECT imaging studies where there are details on the way 3-D images 
are collected, processed, and interpreted clinically. 4 

      PET and SPECT in the Molecular Imaging of Cancer 

 Imaging for the detection of cancer, from its fi rst use with conventional chest x-ray 
and mammography, has been propelled by major advances in instrumentation 
molecular mechanisms of cancer. Imaging instrumentation and electronic noise and 
scatter correction algorithms have signifi cantly improved resolution, data fi delity 
through computational advances, and the introduction of molecular probes has 
exceeded expectations and opened many new avenues of research. The Journal of 
Nuclear Medicine in 2008 has an entire issue dedicated to the molecular imaging of 
cancer (J Nucl Med, Suppl 2,  2008 ) and it introduced, as the fi rst article in the issue, 

4   A Doctor’s Guide to Nuclear Medicine, Barry E Chatterton, Sr. Dir., Nuclear Medicine, Royal 
Adelaide Hospital;   http://www.rah.sa.gov.au/nucmed/nucmed/ncmd_docguide.htm . 

  Fig. 1.7    PET and SPECT imaging systems. The PET system is depicted in the left image where a 
ring of detectors creates the array of positron coincident chords which 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 fi rst obtained to determine the image’s 
attenuation correction coeffi cients for each projected angle. (Reproduced from Bioanalysis, May 
2009, Vol. 1, No. 2, Pages 321–356 with permission of Future Science Ltd.)       
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the dramatic changes in nuclear imaging instrumentation (   Pichler et al.  2008 ; 
Vastenhouw and Beekman  2007 ). Advances in PET and SPECT imaging, novel 
molecular probes, and the understanding of genetic diseases, biomarker expression/
metabolism, etc., have all advanced the art and been instrumental in the defense of 
regulatory approval for several new therapeutics. A major treatise on the employ-
ment of molecular probes in PET/SPECT oncologic drug development was 
 published in 2005 and covers essentially all areas of oncologic interest that may be 
investigated via nuclear medicine approaches (Kelloff et al.  2005 ). 

 Modern cancer imaging employs a wide variety of radiolabeled (for PET and 
SPECT) or contrast-labeled (for CT and MR) probes to image phenotypic expres-
sion of biomarkers. These probes include peptides, Mabs and Fab’ fragments, 
aptamers, cell markers, growth markers, lipids, angiogenesis markers, metastatic 
markers, hypoxia markers, and several others. New imaging tools with higher 
resolution and the mathematics of image processing employed in planar, SPECT 
and PET modalities, MR and optical imaging platforms has revolutionized 
 cancer medicine. 

 Three dimensional images of objects as small as the nude mouse are now possi-
ble using microSPECT (and microPET systems) and small regions can be resolved 
using projections of axial slices (coronal, sagittal, and transverse) (Vastenhouw and 
Beekman  2007 ). Both the MicroPET and MicroSPECT systems are marketed with 
the capability of doing CT imaging for the same specifi c slice to provide density 
correction (isotope attenuation correction) which facilitates image statistics correc-
tion for small animals. The Reader is directed to our chapter on cancer imaging 
which covers a wide variety of small animal systems applicable to the nonclinical 
drug development laboratory setting.  

   Drug and Biomarker Kinetics Using Nuclear Imaging 

 Imaging, particularly nuclear medicine and radiotracer technologies, provides a 
view of pharmacokinetic behavior of biomarkers as one can map the distribution, 
transit, targeting, and elimination of radiolabeled drugs. Nuclear medicine is unique 
in imaging as it can provide both anatomical and functional measures of biology. 
The “functions” that can be described using nuclear imaging include several impor-
tant pharmacokinetic and pharmacodynamic expressions such as:

•    The “ input function ”: IV, IM, SQ, oral, nasal, lymphatic; input to organ 
systems  

•   The “ transit function ”: gastrointestinal absorption and transit time, lymphatic 
fl ow, blood fl ow, mucosal transit  

•   The “ distribution function ”: receptor-based elimination from the blood; oil–
water coeffi cients, blood brain barrier, and other stops  

•   The “ binding function ”: receptor affi nity (Kd value), the “on-off rate”  
•   The “ time to effect ” and/or “ time to toxicity ” pharmacodynamic functions  
•   The “ degradation function ”: enzyme kinetics, pH effect, metabolism  
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•   The “ elimination function ”: renal, hepatic, biliary, ventilation, sweat, e.g., 
 geriatric differences (impaired renal or hepatic clearance); effects of concurrent 
medications (drug–drug interactions); pediatric (body surface area relationships)  

•   The “ allometric function ”: pharmacokinetic parameter estimates based upon 
allometric scaling using body surface area, heart rate, etc.  

•   The integral of all these functions is what can be called the “ drug signature ”    

 Three mathematical methods are commonly practiced in the analysis of F-18 
FDG drug kinetic behavior from images. These include the Logan Plot (Logan et al. 
 1990 ), the SUV (Standardized uptake value) (Christian et al.  2004 ; Phelps et al. 
 1979 ; Ferl et al.  2007 ; Krohn et al.  2007 ; Huang  2000 ; Keyes  1995 ), and the 
Reference Tissue Method (Sandella et al.  1998 ). The  Logan Plot  defi nes the kinet-
ics of radiolabeled compounds in a compartmental system where the compartments 
are described in terms of a set of fi rst-order, constant-coeffi cient, ordinary differen-
tial equations. The  Standardized Uptake Value , or SUV, is a common method to 
defi ne tumor metabolic rate for glucose in relative terms. It does not require an input 
function as does the Logan Plot. It relies upon uptake in a region of interest (tumor) 
standardized to total dose distribution (nontarget). The SUV method defi nes a 
region uptake against a reference (no uptake) tissue (brain = cerebellum; lung 
tumor = other lung region; heart = skeletal muscle). The SUV is typically done at one 
time point after a defi ned clearance but can be done dynamically. There are draw-
backs to this method as described by Huang ( 2000 ) and Keyes ( 1995 ). The third 
methodology is the  Simplifi ed Reference Tissue Method  or SRTM. This is a com-
mon method employing a reference ligand kinetic model but does not require an 
input function. The model assumes one compartment and requires a starting (refer-
ence) ligand kinetic model (example: erythrocyte uptake). The SMRT differs from 
SUV as it does  not  correct for nonspecifi c binding and typically uses the cerebellum 
as a reference (baseline) region-of-interest (ROI) for the input function term. 

 Each of these mathematical methods of image analysis has applications, with 
modifi cations, to a variety of biomarker candidates. The Readers are encouraged to 
read the chapters on Oncology and Allometrics which touch on these processes. The 
dose selection allometrics may not be important in use of radiotracers simply 
because these are typically non-physiologic doses, but rather in the use of the drugs 
under study using imaging where molar excess concentrations may be used in safety 
studies (or in the case of MR contrast agents), target saturation could occur, or dif-
ferences in receptor occupancy through species specifi city of the drug or biologic 
under study may be involved.  

   Imaging the Neuroendocrine System, Neuroantomy, and Function 

 PET is currently the preferred technology for state of the art brain metabolism imag-
ing, CT is the preferred imaging modality for general anatomic imaging, and MRI 
is the current standard for brain imaging for specifi c water-mediated signaling. CT, 
while used extensively as a fi rst pass imaging system is limited to anatomical injury 
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assessment where displacement is measured by a range of densities from bone to 
air. Tissue contrast may identify clinically relevant targets such as distortion of 
structure from a tumor. The initial anatomic information aids in further imaging 
using PET or MRI systems. Sossi ( 2007 ) provides an excellent review of PET brain 
imaging describing new detectors, reconstruction algorithms, and the use of PET in 
movement disorders and Alzheimer’s disease. 

 Brain damage was observed in the early 1980s in subjects using crudely synthe-
sized methamphetamine which created a byproduct known as MPTP (   Schober 
 2004 ). This byproduct is a neurotoxin to the dopamine centers of the brain and left 
drug abuse victims with an irreversible loss of their dopamine production (substan-
tia nigra) and early Parkinson’s symptomology. Figure  1.8  depicts a nonhuman 
 primate with unilateral destruction of the substantia nigra using MPTP and imaging 
the brain 2 weeks later using C-11 β-CFT. 5  Movement disorders such as Parkinson’s 
disease are studied using new radiotracer dopamine analogs. Two new biomarkers 
of dopaminergic neurologic diseases include C-11 β-CFT ([C-11]2-carbomethoxy- 
3-(4-fl uorophenyl)-tropane) and C-11 tetrabenzine. A mouse model for PET imag-
ing of MPTP-induced degeneration of dopaminergic neurons has been successfully 
developed using the radiotracer 18F-DTBZ, an analog of MPTP, and allows for 
evaluation of new  Parkinsons disease therapies (Toomey et al.  2012 ).

      Imaging Alzheimer’s Disease 

 Alzheimer’s disease (AD) is a dementia is characterized by the accumulation of 
Aβ-amyloid which serves accumulate over time and force denervation through cor-
tical neuron separations plus impeding vascular fl ow. Amyloid deposition and con-
fi rmation of Alzheimer’s Dementia had classically been detected only at death with 

5   β-CFT, is a cocaine-derived drug used in dopamine stimulation scientifi c research. CFT is a 
phenyltropane- based dopamine reuptake inhibitor. 

  Fig. 1.8    Images of a nonhuman primate subjected to the neurotoxin MPTP which has a severe 
toxic effect of destruction of the substantia nigra in the mid-brain (6.5 kg Rhesus macaque). 
MicroPET P4 images at 2 weeks post-lesion induction using C-11 β-CFT shows 90 % denervation 
of the dopamine transporter in the substantia nigra; the normal contralateral side shows specifi c 
binding of the C-11 β-CFT. (Reproduced from Bioanalysis, May 2009, Vol. 1, No. 2, Pages 321–
356 with permission of Future Science Ltd.)       

 

B.R. Moyer



23

confi rmatory histologic staining of the brain with thiofl avin stains and Oil Red O. 
Original imaging with F-18-FDG PET to detect regional brain usage of glucose 
helped defi ne the actual regions of the brain affected fi rst by amyloid deposition. 
Researchers at the University of Pittsburgh developed a thiofl avin-like radiotracer 
called Pittsburgh Compound-B labeled with C-11 ( 11 C-PIB). C-11 PIB specifi cally 
binds to fi brillar amyloid-beta (Aβ) plaques (Mintun et al.  2006 ) and can help dis-
criminate AD from frontotemporal lobar degeneration (FTLD), a non-Aβ amyloid 
form of adult dementia (   Rabinovici et al.  2007 ). As mentioned earlier in this chap-
ter, a new imaging agent for detection of amyloid with a longer half-life isotope, 
F-18 (2 h vs. 20 min) was recently approved by the FDA (AMYViD; a Lilly and 
AVID Pharmaceuticals venture). This new imaging agent is now art of the Lilly 
therapeutic drug venture for AD for testing their monoclonal Ab, Solanezumab, in 
the clinical setting using AMYViD as a POS diagnostic imaging agent. This is in 
line with the earlier statement of “Find, Fight and Follow” as a paradigm of devel-
oping diagnostics that can help with the therapeutic effi cacy assessments. 

 Advances is the development of RNA aptamers has used them as biomarkers for 
imaging and the detection of AD (Ylera et al.  2002 ). High-affi nity RNA aptamers 
against the βA4(1–40) have been isolated from a combinatorial library of ∼10 15  
different molecules. The apparent dissociation constants  K  d  of these aptamers for 
Aβ-amyloid are 29–48 nM, which is quite acceptable for nuclear imaging agents, 
especially if at that nanomolar concentrations, it does not elicit activation. Heiss 
and Herholz ( 2006 ) provide a review of brain receptor imaging and describe the 
increasing number of potential probes for neurologic biomarkers. In the fi eld of 
autism, Williams and Minshew ( 2007 ) describe the impact that imaging would have 
on the study of autism and the potential to develop therapeutics to relieve this 
 disease’s increasingly social and fi nancial impact. Esposito et al. ( 2008 ) describe 
their efforts in measuring neuroinfl ammation in AD using C-11 arachadonic acid 
and PET imaging. Imaging and molecular medicine are coming even closer in the 
article by Diehn et al. ( 2008 ) as they provide evidence that surrogate imaging 
probes may be able to be tied to specifi c gene expressions in brain cancers. Agdeppa 
and Spilker ( 2009 ) have provided a major review on imaging agent development 
and give an excellent overview of microdosing (as described above) and “theranos-
tics”, that is, compounds which are diagnostics at a low dose but turned into 
 therapeutics at higher doses.  

   Imaging Infection and Infl ammation and Imaging in BSL-3/4 Environs 

 Occult infection remains a diffi cult target for imaging. The biomarkers associated 
with infection such as C-reactive protein and cytokine expressions are all suffi -
ciently nonspecifi c to not be adequate to use as a biomarker in the sense we have 
described earlier. The detection of appendicitis remains problematic. Labeled white 
blood cells or platelets with radioisotopes of In-111 or Tc-99m have been modestly 
successful but cells must be harvested from the patient, isolated, radiolabeled, rein-
jected, and then allowance of suffi cient time is necessary for targeting as well as 
clearance (Arndt et al.  1993 ). A specifi c biomarker for defi nitive identifi cation of 
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infection and infl ammation is yet to be developed, however, In-111 WBCs, F-18 
FDG, and F-18 FLT (fl uoro-thymidine) are routinely used in clinical research as a 
fi rst pass test. 

 The fi rst use of a radiolabeled aptamer specifi cally for imaging infl ammation was 
by Charlton et al. (    1997 ). The aptamer was created to target human neutrophil elas-
tase and was labeled with Tc-99m. The aptamer was able to image neutrophils in a 
rat infl ammation model with a peak target-to-background ratio of approximately 4 
at 2 h postinjection. Aptamer uptake was compared against conventional IgG meth-
ods, which has decidedly slower clearance but IgG agents demonstrated a two- to 
threefold greater absolute uptake versus the aptamer. 

 Bioluminescence applied to imaging of infection and infl ammation is a major 
new avenue of nonclinical development and is covered in full in Chap.   9     by Hana 
Golding and Marina Zaitseva from the NIH and FDA on optical probes. The Reader 
is also invited to read Chap.   10     by Lauren Keith et al., from Ft. Detrick MD, where 
they have created an imaging theater with specially modifi ed PET/SPECT/CT and 
MR imaging systems and added high-level safety procedures to study dangerous 
infectious organisms in the BSL-3 and BSL-4 environments. 

 Cell-labeling techniques have expanded well beyond the In-111-oxine labeling of 
white blood cells (Arndt et al.  1993 ; Sinha et al.  2004 ) and now techniques in biolu-
minescence and fl uorescence allow for tumor angiography as well as confocal micros-
copy and imaging of vascular fl ow patterns, transient adherence and tumbling of cells 
in the vasculature in situ (Michalet et al.  2005 ). There is an outstanding review cover-
ing magnetic resonance techniques (esp. using paramagnetic T2* relaxation) and spe-
cial probes like SPIO particles where one can resolve to 50 μm in live animals (   Muja 
and Bulte  2009 ). Also the Reader is encouraged to review the work of Thurner and 
Sundgren ( 2008 ) for imaging of and diagnostics for slow virus infections.  

   Cardiac and Atherosclerosis Imaging 

 Nuclear medicine imaging of the heart and measuring cardiac performance has been 
a major goal of modern medicine. Biomarkers of cardiac imaging began with K-40 
studies in the middle of the last century (History of nuclear medicine discoveries:  
  http://www.thealaragroup.com/amh/historicalmomentsinnuclearmedicine.doc    , 
Society of Nuclear Medicine History:   http://interactive.snm.org/index.
cfm?PageID=1107&RPID=10    ). PET imaging has employed a potassium analog, 
Rb-82, but it is a 75-s half-life positron emitter which is generator produced but has 
practical limitations (Santana et al.  2007 ). The advent of SPECT imaging brought 
another potassium analog, Tl-201, into clinical practice (   Valk et al.  2003 ; Machac 
et al.  2006 ). PET imaging of cardiac sugar metabolism with F-18 FDG began in 
the1980s and is now a clinical imaging standard. Newer tracers for metabolic imag-
ing of the heart, such as I-123 BMIPP, a fatty acid substrate (radioiodine-labeled 
15-( p -iodophenyl)-3-( R , S )-methyl pentadecanoic acid (I-BMIPP), more accurately 
test the heart as fatty acids are the primary fuel for the cardiac muscle (Fukushima 
et al.  2008 ). Lack of uptake of I-123 BMIPP is a clinical sign of cardiac injury. 
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Research into radiolabeled biomarkers for vascular disease such as aneurysms, ath-
erosclerosis, lipid accumulation in the vessel walls, and “unstable plaque” are all 
under development by big and small pharmaceutical  companies. Radiolabeled lip-
ids and lipid–DNA complexes have been investigated (Yamada et al.  1998 ; Niven 
et al.  2000 ). Platelet anomalies and deep vein thrombosis are explored using SPECT 
agents such as Tc-99m GPIIbIIIa peptide antagonists (Bates et al.  2003 ; Taillefer 
et al.  2000 ). An excellent resource on SPECT and PET cardiac imaging is available 
as web-accessible document from the American Society of Nuclear Cardiology   . 6  
The University of Kansas also has a web-accessible set of images with examples of 
F-18 FDG in full 3-D axial plane displays used for clinical diagnosis and they dis-
play gated studies of cardiac performance as animations. 7  

 The ideal biomarker for myocardial perfusion will need to not interact with car-
diac 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 
fl ow over physiological as well as exercise or pathologic-induced stress uptake over 
normal ranges and the agent should lack redistribution from the heart (target loss) 
during the imaging period. No biomarker currently provides all these attributes. The 
four biomarkers of cardiac performance that are currently used in clinical practice 
include: Tc-99m Sestamibi (ion channel imaging), Tc-99m Tetrafosmin (ion chan-
nel imaging), Tl-201 (as a K analog), and F-18 FDG (glucose metabolism). As men-
tioned earlier, I-123 BMIPP is a myocardial fatty acid metabolism imaging agent 
that is now approved worldwide in the assessment of “ischemic memory” using 
SPECT (Koyama et al.  2011 ). “Ischemic memory” is a phenomenon where, even 
after weeks post-recovery from an acute myocardial ischemic event, heart muscle 
areas still retain diagnostic anomalies in fatty acid metabolism that remain at-risk of 
further infarction even after successful reperfusion (Mouchizuki et al.  2002 ). 

 New novel SPECT designs (U-SPECT and D-SPECT) have begun a revolution 
in the design of high-resolution SPECT systems for cardiac imaging (Vastenhouw 
and Beekman  2007 ;    Gambhir et al.  2009 ). The novel D-SPECT camera technology 
uses nine collimated detector columns arranged in a curved confi guration to con-
form to the shape of the left side of the patient’s chest. The application of these 
newer designs has yet to be brought into the preclinical design with miniaturization. 
Potentially, both the U-SPEC and the D-SPECT molecular imaging technologies 
will be integrated with other existing modalities including CT, MRI, and ultrasound 
systems, providing high defi nition fused images.  

6   ASNC IMAGING GUIDELINES FOR NUCLEAR CARDIOLOGY PROCEDURES, Stress pro-
tocols and tracers Milena J. Henzlova MJ, Cerqueira MD, Hansen CL, Taillefer R, Siu-Sun Yao 
S-S,  http://www.asnc.org/imageuploads/ImagingGuidelinesStressProtocols021109.pdf  and, ASNC 
IMAGING GUIDELINES FOR NUCLEAR CARDIOLOGY PROCEDURES Single Photon-
Emission Computed Tomography, Thomas A. Holly TA, Abbott BG, Al-Mallah M, Calnon DA, 
Cohen MC, DiFilippo FP, Ficaro EP, Freeman MR, Hendel RC, Jain D, Leonard SM, Nichols KJ, 
Polk DM, Soman P,  http://www.asnc.org/imageuploads/ImagingGuidelineSPECTJune2010.pdf . 
7   Animation of gated F-18 FDG cardiac PET images (from the Univ. of Kansas Medical School, 
Nuclear Medicine Dept.:  http://www.rad.kumc.edu/nucmed//clinical/pet_gated_fdg.htm  and 
 http://www.rad.kumc.edu/nucmed/clinical/PET_gated_FDG_3v_animated.htm. 
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   Biomarkers of Tumor Hypoxia 

 Tumor hypoxia (necrotic center and attenuated by drug-induced apoptosis) has been 
a challenging biomarker for imaging (Krohn et al.  2008 ; Blankenburg  2008 ; Hiller 
et al.  2006 ). Reactive oxygen species (ROS) which arise due to anaerobic metabo-
lism, radiation treatment, and the generalized reduction of drug permeation into 
tumors with anoxic regions are the principal issues in fi nding good probes. Gradient 
perfusion from the vascular supply (normoxic regions) to sites of active metabolism 
is highly regulated by tumor angiogenesis, apoptosis, and vascular integrity. Acute 
hypoxia must be reversed or the tissue physiologic condition moves to apoptosis or 
cell death. Chronic hypoxia will lead to an adaptive genomic change which will be 
“survival directed” and increase metabolic behavior to escape from hypoxic envi-
ronments. Hypoxia is fast becoming as important a biomarker target in solid tumors 
as identifi cation of glycolysis, angiogenesis, apoptosis, or distant metastases. 

 Identifi cation 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 oxygenation. This is termed the OER or oxygen enhancement ratio. 
Radiation therapy is best performed under oxygenated conditions as tumors are 
typically more radioresistant under hypoxic conditions and many tumors exhibit 
central necrosis due to hypoxia (   Skarsgard and Harrison  1991 ; Verheij  2008 ). 
Tirapazamine, a hypoxic cytotoxin, is commonly used as a potentiator of radio-
therapy in combination with the common chemotherapeutic cisplatin. For survival, 
hypoxic cells undergo genetic modifi cations to adapt to the stress of hypoxia including 
generation of mutant p53, glycolysis, and HIF-1. Understanding the heterogeneity 
of the tumor with respect to the regional hypoxia allows for a more successful 
irradiation plan, including more precise radiation dose delivery (enhancement) to 
hypoxic (radioresistant) regions, and a likely better outcome for the patient is pos-
sible. Tumor stage, grade, size poorly predict hypoxia so a nuclear or other imaging 
modality is an important part of therapy planning. 

 Krohn et al. ( 2008 ) have described the radiotracer F-18-labeled nitroimidazole 
F-18 FMISO as the choice for imaging tumor hypoxia. Other nitroimidazoles include 
FAZA, FETA, FETNIM, EF3, EF5, and IAZA. The methylthiosemicarbazone 
ATSM, labeled with Cu-64 (a longer half-life PET tracer with 0.53 day half- life), is 
a new imaging agent for hypoxia (Anderson and Ferdani  2009 ; Mankoff et al.  2008 ; 
Obata et al.  2003 ). Cu-64 ATSM is selective for hypoxic tissues due to the increase 
in the redox trapping mechanism in hypoxic cells. The agent accumulates avidly in 
hypoxic cells and remains in hypoxic areas within tumors, whereas in normoxic cells 
the product washes freely out providing contrast within the tumor body. Anderson 
and Ferdani ( 2009 ) have published a detailed treatise on Cu-64 PET agents. 

 MRI (directly or with contrast) imaging of hypoxia is also an alternative. Using 
fMRI and the BOLD signal of paramagnetic deoxyHb from O 2 Hb one can see the 
regional hypoxia in the tumor (Evelhoch et al.  2000 ; Ferris et al.  2011 ). O 2 -sensitive 
contrast agents, such as perfl uorotributylamine, hexafl uorobenzene, hexomethyld-
isiloxane, trifl uoroethoxy-MISO can be used for MR imaging of hypoxic tumors. 
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Also, lactate is a metabolic waste that is a result of hypoxia and lactate signal can 
be detected by MR spectroscopy, NIR, and bioluminescent probes and ESR 
(the electron spin resonance line width is sensitive to O 2 ) can delineate poorly oxy-
genated areas. 

 Hypoxia is an important aspect of stroke, myocardial hypoxia (stunned myocar-
dium), diabetes, infection, arthritis, transplantation hypoxia, and other conditions. 
F-18 MISO data analysis requires only a single image at approximately 2 h postin-
jection (intravenous) and uptake is not generally limited by blood fl ow. F-18 MISO 
uptake is the same in most normal tissues and, unlike FDG, no arterial input func-
tion sampling or metabolite analysis is required or needed for quantitation. Synthesis 
of F-18 MISO can be accomplished in high yield via modifi cation of the FDG Box 
technology. Figure  1.9  shows a glioma imaged with F-18 FMISO and the difference 
in the hypoxia image from that of FDG is also shown for comparison. The glioma 
structure is viewed using MR and the regional metabolic differences of two bio-
markers (glycolysis and hypoxia) are evident with F-18 MISO uptake setting within 
the borders of the FDG image.

1.2.2.3         Magnetic Resonance Imaging, Functional MRI, 
and Mass Spectroscopy Imaging 

 Magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) 
are not new players in imaging but they are in terms of biomarkers. MR is basically 
an imaging tool which utilizes radiowave emission in response to the action of an 

  Fig. 1.9    Glioma imaging with MRI, F-18 MISO, and F-18 FDG:  Left : anatomy by MRI, MRI 
imaging of a glioma with MR contrast agent reveals the tumor location.  Middle image : PET image 
of F-18 MISO uptake in the tumor hypoxic center;  Right image : PET image of F-18 FDG showing 
uptake in the tumor periphery (active growth region). The hypoxic FMISO-avid region is concen-
tric and within the FDG uptake and both surrounding the tumor’s actual necrotic core. The necrotic 
core is absent of both tracers. Courtesy: (Reproduced from Bioanalysis, May 2009, Vol. 1, No. 2, 
Pages 321–356 with permission of Future Science Ltd)       
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imposed magnetic fi eld,  B o, on a biologic system. An excellent textbook on MR 
imaging and spectroscopy has been published by Westbrook et al. ( 2005 ) entitled 
 MR in Practice . MR is almost universally an anatomical tool but it is capable of 
measuring metabolites using resonance spectroscopy (MRS). MR does not measure 
anatomy in the same sense that CT does with measuring density. MR measures the 
state of water. Ice and water are actually quite different in “structural” terms where 
liquid water has a mobility, or T2 relaxation time (stated as “apparent diffusion 
constant” or ADC) of 3,000 ms, while ice has a T2 relaxation time of 0.019 ms, 
more than 5-orders of magnitude. Tumors also demonstrate T2 ADC values which, 
under suffi cient power (gauss) of an MR imaging system, can discriminate water 
mobility in muscle (ADC = 0.54 ms) versus tumors (ADC = 0.74 ms). Normal tis-
sues range from 0.595 to 0.237 for brain to intestine, respectively, and thus if a 
tumor has a suffi ciently different “water structure” (ADC value), a tumor may show 
a discrimination from normal tissues. Indeed, we can think of MR as a way to mea-
sure water mobility change as an effect of radiation or chemotherapy exposure or to 
drug therapy. ADC maps are parametric images of the apparent diffusion coeffi -
cients of diffusion weighted to create images. The term “apparent” refers to the 
dependence of these coeffi cients on factors other than prior molecular mobility. 
ADC maps are also called diffusion maps and represent a distinct biomarker of suc-
cessful chemotherapy. They can also be a biomarker image of stroke as the changes 
in brain ADC with absence of fl ow can markedly be detected using this technique 
and can also show recovery of the neural area if intervention is successful (Schlaug 
et al.  1997 ; Chenevert et al.  1997 ; Morse et al.  2007 ; Ross et al.  2003 ). Other appli-
cations are in cardiac apoptosis (Hiller et al.  2006 ) and, as described earlier in this 
chapter, cell labeling and tracking using MR imaging in animal models of disease 
using paramagnetic probes and novel iron-tagged and gadolinium-tagged contrast 
agents (Muja and Bulte  2009 ). 

 The Reader is asked to read the chapters on Oncology Imaging and the chapter 
on Autoradiography where MALDI is discussed and also the chapter on MRS 
Imaging, where the physics of MR is further explained and the engagement of MRS 
applied to imaging is fully covered by Venter and his colleagues, respectively. 

   Functional MRI and Blood Flow in the Brain and Lungs 

 While anatomical images with MR are viewed as high resolution, a lower resolution 
MR tool has been developed for brain blood fl ow imaging, functional MR imaging 
(fMRI). fMRI is an imaging technique to measure blood fl ow (BF) and blood oxy-
genation BO) where increased fl ow and increased oxygenation are fundamentally 
“interpreted” as neurologic activation, or “stimulated” by reason of BF enrichment. 
This technique has particular implications as a biomarker tool in psychiatry, stroke 
(Pineiro et al.  2002 ), and neuropharmacology and there is an excellent review in 
animal studies by Ferris et al. ( 2011 ). 

 fMRI scans display changes in BF using the phenomenon of oxygen enhancement 
of the local water—blood—signal. In essence, “thinking” (use of a brain region) 
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promotes (increases) blood fl ow to a region of the brain where the increased BF 
 suggests neurologic activation. A test to stimulate recall of a memory, for example, 
may increase BF to the hippocampus, a brain region known to be important for  memory. 
Measurement of the BF changes thus has a role in the assessment of cognition and may 
help in diagnosis of memory loss, AD, or neurologic defi cits from other causes. 

 Hyperpolarized gases are also a tool of imaging with MR. Dugas et al. ( 2004 ) 
describe hyperpolarized Helium 3 ( 3 He) in mice where they were investigating the 
fl ow of gases in and out of the lung. The murine lung fi eld is indeed small and 
requires the high resolution of MR coupled with appropriate mechanical ventilation 
that can be used in imaging (Hedlund and Johnson  2002 ). With respect to MR, lung 
imaging provides two major challenges: (1) lungs are typically low in water content 
(use CT if you want to fi nd consolidations) and (2) the air–tissue interfaces of bron-
chioles and arterioles reduce sensitivity due to variations in the magnetic suscepti-
bility (causes short T2 and T2*relaxation times; see Chap.   11     for physics of MR). 
Hyperpolarized helium-3 introduced directly into the gas exchange regions of the 
lung allows for high-quality imaging of the lung, even in small mammals. What is 
imaged is the ADC (apparent diffusion coeffi cient; see Chap.   11    ) which is greater 
that controls by as much as 25 % in elastase-induced emphysema murine models 
which is a suffi cient “delta” to allow for determination of effi cacy of a drug or 
 biologic to reduce such a change. This approach has been used for emphysema 
models using the pig, dog, guinea pig, rat, and mouse. Human studies to evaluate 
lung gas exchange using this technique have been employed clinically and, as 
described  previously in this chapter, one can now image smaller animals with sys-
tem miniaturizations.  

   Ultrasound Imaging 

 Ultrasound imaging, or sonograms, is a technique that utilizes sound waves to 
exploit a property of the tissues such as edges or discontinuity of density (Riess 
 2003 ; Wirtzfeld et al.  2005 ). In some respects, it is similar to CT, but with decidedly 
poorer resolution, in what it can detect. Imaging advancements in the technique 
through instrumentation, image reconstruction and the use of contrast agents 
(microbubble agents) can aid in the discrimination of edges and detection of anoma-
lous surrounding tissues. The imaging technique can detect “biomarkers” of pathol-
ogy such as blood clots (Cogo et al.  1998 ), kidney stones, tumors of the breast 
(calcium grains in breast DCIS), and in the abdomen, and it can be used for ven-
tricular wall thickness and wall motion. While this imaging modality has many 
clinical indications, it has only limited small animal drug development applications 
and will not be covered in this book where we want to focus on imaging platforms 
that offer demonstrated translational capability and can more likely contribute to 
product licensure or approval. Readers are encouraged to seek more information on 
such topics as fl uorocarbon-based injectables (Riess  2003 ), cardiac wall motion 
(Nagel et al.  1999 ), and a transgenic prostate cancer mouse model (Wirtzfeld et al. 
 2005 ). Nagel et al. have provided an excellent review of MRI imaging of 
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ischemia- induced wall motion abnormalities. They used high-dose dobutamine for 
evaluation by stress MRI (DSMR) and then compared their outcomes against 
 dobutamine stress echocardiography (DSE). They did fi nd that DSMR yielded a 
signifi cantly higher diagnostic accuracy compared to DSE which, while not 
 unexpected, the DSE was still equally diagnostic. 

 Several different antibody- or peptide-targeted microbubbles have been success-
fully tested for visualizing receptors overexpressed on tumor blood vessels and on 
atherosclerotic plaques (Kiessling et al.  2012 ). Kiessling et al. reported the fi rst 
molecularly targeted microbubble formulation to diagnosis and localize prostate 
cancer was entering a Phase 0 trial. Other potential uses of the microbubbles tech-
nologies include thrombolytic therapy and enhancement of drug delivery across 
biologic barriers (i.e., the BBB).  

   Optical Tomography, Quantum Dots and Luminescence Imaging 

 Optical imaging systems are the current “vogue” in the nonclinical animal imaging 
laboratory as the systems are simple, relatively good resolution in the murine 
 models, and the technique has had major advancements in chemical fi delity of test 
agents which have improved light persistence and reduction of image noise. 

 One of the problems with commonly used luminescent or fl uorophore probes in 
histology and microscopy imaging is their rapid light emission decay following an 
excitation pulse. Colloidal semiconductors, or quantum dots (QDs), are single  crystal 
nanoparticle whose size and shape can be closely controlled (Medintz et al.  2005 ; 
Michalet et al.  2005 , So et al.  2006 ; Frangioni  2006 ). The size controls their absorp-
tion and emission and they have been designed to show prolonged light emission 
decay time. When a QD is linked to a biomolecule it can be used as a probe in a tissue 
section or in vivo using a light capture imaging platform. The pharmaceutical 
probe emits a characteristic wavelength of light upon absorbance of an excitation 
pulse (light/laser or other source). The photon signal decay of a QD which is internal-
ized in a cell is markedly persistent from that of the same, but unconjugated, fl uoro-
phore where the QD signal can last well beyond 180 s versus a near complete decay 
of emitted light by 60 s for the internalized fl urophore (Lopez  2003 ; Wu et al.  2003 ). 

 QDs can be synthesized from a variety of semiconductor materials, i.e., CdSe, 
CdS, CdTe, InAs, PbSe, and more. A detailed review of the QD technology, their 
synthesis and light-emitting properties, was published in 2005 by Michalet. QDs 
have a unique size-dependent property of releasing specifi c wavelengths of light 
in the near infrared (>700 nm) when an incident wavelength of light by a tuned 
laser at another wavelength excites the nanoparticle. QDs are being used in mul-
tiple probes for tissue microscopy, especially confocal microscopy, for imaging 
structures deep into tissue or are in a fl ow situation and are now being explored 
for in vivo imaging of surface structures and tumors in nude mice. QDs do pro-
duce strong background autofl uorescence, have self-absorption, and signifi cant 
light loss by tissue scatter of emitted photons. Figure  1.10  depicts a cartoon of a 
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QD in tissue with an incident light excitation and the resultant emission scatter. 
A graph of excitation energy spectra versus the unique emission wavelength of the 
QD is also shown. The tunable QD emission color characteristics are principally 
based upon the nanoparticle size and they typically range from 2 to 9.5 nm. The 
emission light ranges from 400 to 1,350 nm with each emission peak having a full 
width at half maxima of about 30–50 nm.

   Little incident light is available for QD excitation at nonsuperfi cial locations. 
New QD designs are  trifunctional  having tags of light-emitting products such as 
luciferase (LUC8) and the high-affi nity probe for localizing the QD complex and a 
means of auto-excitation. The binding portion of a QD complex to a receptor can 
trigger the bioluminescent complex to excite the associated QD due to separation 
distances and the QD becomes the energy acceptor from the donor luciferase light 
(rather than external visualization of the luciferase) and the QD becomes activated 
emitting its own signature wavelength. Trifunctional structures allow QDs to work 
without the need for an external (ex vivo) excitation source (laser). This new tech-
nology is called BRET, or Bioluminescence Resonance Energy Transfer, which has 
excellent potential to allow for deep tissue in vivo excitation of QDs and detection 
via specifi c wavelength directed laparoscopy or other techniques. BRET, or self- 
illuminating QDs, is described in Fig.  1.11  (So et al.  2006 ; Frangioni  2006 ).
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  Fig. 1.10    Tunable quantum dots (QDs) for optical imaging. ( a ) An idealized quantum dot that 
may target a biologic entity uniquely can be tagged with a reporter or receptor-binding entity (i.e., 
DNA, iRNA proteins, Mabs, peptides, other binding entities). The QD does require external illu-
mination to have an emission line. ( b ) is the incident excitation spectra ( sloping line ) and the 
resulting unique photopeak of the QD (30–50 nm FWHM) and, ( c ) examples of the emission col-
ors which are dependent on the QD core size between 2 and 9.5 nm. Emission wavelengths range 
from 400 to 1,300 nm. (Courtesy: Jinghong Rao, Stanford University, Molecular Imaging 
Laboratory, Stanford, CA; with permission)       
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1.3           Summary 

 This brief introductory chapter has hopefully set the stage for the Reader to venture 
to each of the upcoming chapters which will cover specifi c aspects of imaging plat-
forms in the drug discovery and development laboratory. Appendix  1  of this chapter 
attempts to format a wide variety of imaging applications, the platforms and selected 
authors. The Reader should also visit the references listed at the end of this chapter 
(and all the references of each chapter) as although they are cited for specifi c rea-
sons in the body of this chapter, there are many additional and important imaging 
suggestions and procedures that the Reader may fi nd informative. The last chapter 
of this book will hopefully address any regulatory questions the readers may have 
and we invite all readers to query any of our authors. We have discussed several 
examples of ways to image specifi c biologic processes as well as use of selected 
biomarkers, but it is an impossible task to list or discuss all the possibilities and 
ideas that are being generated about the uses of imaging as they are published faster 
than this book can be published. In some ways this book will be outdated nearly by 
the time it is published. This text will be published in print and electronically to 
allow for updating these technologies Imagination is the only limit at this time. The 
editors and the authors of this book recognize the value of imaging in drug and 
biologics development and all also understand that no one image platform tells the 

  Fig. 1.11    BRET technologies are potentially useful for obtaining higher energy QD emission than 
from luciferase itself. Deep in vivo tissue excitation of QDs from non-external laser excitation is 
the main advantage of BRET QD probes. (Courtesy: Jinghong Rao, Stanford University, Molecular 
Imaging Laboratory, Stanford, CA; with permission)       
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story of a drug or biologic and not one text can either. The Editors have created a 
resource and we are hopeful you will fi nd important and practical imaging ideas 
which move your product(s) to approval. 

 The following key points are for you remember as you explore the chapters of 
this book as any new imaging platform, or any new imaging probe, should be exam-
ined under these critically important caveats or precepts:

•    Biomarkers assessed by imaging essentially fall into four categories: (1) predic-
tive, (2) prognostic, (3) diagnostic, and (4) dosimetric.  

•   Useful imaging targets or biomarkers need to be “causal”, i.e. they must be 
mechanistically related, plausible, and proximal to a disease endpoint to provide 
accurate, confi rmatory, and supportive evidence of a therapeutic intervention’s 
effi cacy.  

•   Biomarkers exploited in imaging can represent biochemical/anatomical/patho-
logical process(es) or be representative specifi c pharmacological response(s) to 
therapeutic intervention.  

•   Biomarkers can serve as surrogate markers or replace a conventional clinical 
endpoint for effi cacy and/or toxicity if the linkage is validated and the relation 
defensible.  

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

•   Biomarkers can provide a mechanistic bridge between preclinical study out-
comes and clinical trial results.  

•   From a regulatory perspective, biomarker development must be validated prior to 
utilization in a proposed drug development plan.  

•   The Prentice criteria (   Prentice  1989 ; Fleming and DeMets  1995 ; Campbell 
 2006 ), a unifying statistical approach for surrogate marker validation must be 
satisfi ed (   Wagner et al.  2006 ), that is, a surrogate for a true endpoint 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 endpoint.  

•   It is becoming clear that future clinical endpoints will not be univariate (single 
outcomes or single biomarker reads) but rather composite endpoints and a mul-
tivariate approach.  

•   Clinical medicine needs better ways to measure individual responses in pivotal 
clinical trials rather than simple mean analysis, perhaps using biomarker probes 
will be benefi cial.  

•   Biomarker use in medical practice may help create individualized, i.e. personal-
ized, medicine, and the regulatory process is a critical consideration (Woodcock 
 1997 ).  

•   Imaging is such a diverse technique to measure biomarkers. Physical properties, 
metabolism, pharmacokinetic and pharmacodynamic responses, and physiologic 
status can all be measured now with high resolution, minimal intervention, and 
high predictive clinical value.  
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•   Lastly, nonclinical and clinical imaging platform may not, and are likely to 
not, provide equivalent outcomes. One must consider the “imaging equiva-
lence” across species in drug and biologic development is a measure of the 
imaging physics, the product and probe chemistry, and the species transla-
tional fi delity.         

    Appendix 1. Selected Biomarkers and Interventional Probes 
Useful in Imaging a  

 Biomarkers/imaging targets 
(used in drug development)  Tracer or probe 

 Imaging 
modality 

 Suggested 
citations 
(see the full 
ref. listing) 

  Sugar and lipid metabolism :  F-18 FDG  PET  Phelps   ; Valk; 
Huang,   Cancer chemo/

radiation therapy 
 –  MR T2 

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

 PET 
 PET 

  Brain metabolism/fl ow 
  Lung cancer (SSTR+) 

 N-13 ammonia/Rb-82 
 Tc-99m Depreotide 

 PET 

  Pancreatic cancer  Ga-68 DOTA-NOC or  SPECT 
  Brain chemistry  F-18 DOPA  PET 
  HDL and LDL 

metabolism 
 Tc-99m HDL and LDL  SPECT 

  Free fatty oxidation rates  C-11 acetate  PET 

  Blood fl ow  ( vascular ):  PET 
  BOLD signal–oxygenated 

Hgb 
 fMR (@ 3T b )  Ferris 

  Cardiac and brain 
perfusion 

 Rb-82, O-15 H 2 O;  N -13 
ammonia 

 PET 
 SPECT 

  Vascularobstruction/
aneurysms 

 Tc-99m ECD *Neurolite ®  

  Blood cells or labeled 
albumin 

 Gd contrast; 
Fenanoparticles 

 In-111 oxine; Tc-99m 
HMPAO 

 MR 
 SPECT 

  Apoptosis  Tc-99m Annexin V  Schlaug 
  Stroke/hypoxia  ADC change  MR  Krohn, 

Corbett; 
Dugas 

 Elastase-induced 
emphysema 

 Hyperpolarized Helium-3  MR 

  Cardiac : 
  Glucose metabolism  F-18 FDG  PET  Phelps 
  Perfusion  Rb-82,  O -15 H 2 O;  N -13 

ammonia 
 PET 

  Fatty acid metabolism  I-123 BMIPP; I-124  SPECT; PET 

(continued)
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 Biomarkers/imaging targets 
(used in drug development)  Tracer or probe 

 Imaging 
modality 

 Suggested 
citations 
(see the full 
ref. listing) 

  Cationic pumps  Tc-99m—Sestamibi  SPECT  Machac 
 Tc-99m Tetrofosmin  SPECT  Machac 
 Tc-99m furifosmin (Q12)  SPECT 
 Tl-201  SPECT  Machac 

  Acetylcholinesterase  C-11 Edrophonium 
 C-11 Pyridostigmine 

 PET 

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

 PET  Lu 

  Infl ammation/infection : 
  Neutrophil elastase  Apatamer interference  SPECT  Charlton 
  White blood cells  In-111-oxine  SPECT  Sinha 
  Neuroinfl ammation  SPECT/PET  Deyton 
  HIV  PET  Esposito 
  Cell labeling  Various. Incl BLI.QD  SPECT/PET/

BLI 
  Generalized/focal 

infections 
 FDG/FLT  PET  Van Waarde 

  Muscarinic receptor    : 
  M2  F-18 FP TZTP  PET  Eckelman 
  Dopamine transporters   C-11 Cocaine  PET  Eckelman 
  Dopaminergic/Serotonin : 
  D2 receptor  O-15 U91356a 

 C-11 Raclopride 
 C-11 β-CFT 
 C-11 β-CIT 
 C-11 β-CNT 

 PET  Eckelman 

  Dopamine metabolism : 
  D1 receptor  O-15 SKF82958  PET  Eckelman 
  Benzodiazepine receptor   O-15 Lorazepam  PET  Eckelman 
  NMDA receptor   (dopamine 

release)  
 C-11 Raclopride  PET  Eckelman 

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

  5-HT2A receptor   F-18 Setoperone  PET  Eckelman 
  Neurologic disease :  PET  Klunk 
  Alzheimer’s disease (AD)  F-18 FDG; C-11 PIB;  Sossi 
  Aβ-amyloid  AMYViD; F-18 

 FDDNP; Fe accumulation 
 PET, MR T2  Esposito 

  Neuroinfl ammation  C-11 Arachidonic acid  MR 
 ADC change (with 

contrast) 
  Glioma  F-18 FDG  PET 
  Pheochemocytoma  I-123/I-124 MIBG  SPECT/PET 
  Multiple sclerosis  ADC changes  MR 

(continued)
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 Biomarkers/imaging targets 
(used in drug development)  Tracer or probe 

 Imaging 
modality 

 Suggested 
citations 
(see the full 
ref. listing) 

  Bone : 
  Density/metastases  NaF (F-18); F-18-FLT  CT; PET 
  Marrow cellularity  In-111 HPAMO WBCs  SPECT 

 Diffusion weighted MR  MR 
 F-18 FDG. F-18-FLT  PET 

  Cancer and Tumor Hypoxia : 
  Hypoxia  F-18 FMISO  PET  Krohn 

 Other nitroimidazoles: 
FAZA, FETA, 
FETNIM, EF3, EF5, 
IAZA; Cu-64-ATSM 

 O 2 -sensitive MR contrast 
BOLD agents: 

 MR 

  Perfl uorotributylamine, 
  Hexafl uorobenzene, 
  Hexomethyldisiloxane, 
  Trifl uoroethoxy-MISO 
 Lactate MRS as a 

consequence of 
hypoxia: 

 MRI, NIR, BLI 

  O 2 -line width sensitivity  ESR 
  Glioblastomas  F-18 FDG  PET 

 I-123/I-124 MIBG  PET 
  Prostate  I-123-MIP-1095  SPECT 
  Pheochromocytoma  C-11 Me-CGS 27023A  PET 
  Matrix metalloproteinases  C-11 Me-halo-CGS 

27023A 
 PET and BLI 

 C-11 Biphenylsulfonamide  PET 
  Luciferase-PET probes 

(for mice) 
 C-11  d -luciferin methyl 

ester 
 PET/BLI 

 C-11  d -luciferin methyl 
ether 

 PET/BLI 

  Renal function : 
  Renal stones  contrast  CT; MR 
  Renal fl ow  Tc-99m inulin  SPECT 
  Tubular secretion  In-111 DTPA  SPECT 
  Bowel function : 
  Obstruction/torsion/

transit time 
 X-ray (with contrast), CT  CT, US 

  Appendicitis  In-111 WBCs, peptides  SPECT, PET, 
CT, US, 
MR 

  Diffusion-weighted MR  DW-MR 
  Hepatic function : 
  Biliary fl ow  Tc-99m HYNIC-GC  SPECT 

(continued)
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 Biomarkers/imaging targets 
(used in drug development)  Tracer or probe 

 Imaging 
modality 

 Suggested 
citations 
(see the full 
ref. listing) 

  Genitourinary function/cancers : 
  Cervical cancer  Cu-64 DOTA-Cetuximab  PET  Anderson 
  Prostate cancer 
  Lung function/cancers : 
  Fibrosis  (ROI scoring; HU 

measures) 
 CT 

  Ventilation  Xe-133, Tc-99m MAA  SPECT 
  SSTR + lung cancer  Cu-64-TETA-octrotide  PET 
  Vascular disease and function  :  
  LDL  Gd-DTPA-SA-LDL  MR 
  DVT (deep vein thrombo-

sis) and pulmonary 
embolism 

 Tc-99m IIbIIIa receptor 
antagonists 

 SPECT 

  Aneurysms  Gd-MS-325/vascular 
contrast 

 MR 

  Angiography/Venography  X-ray contrast  CT  Taillefer; 
Bates   GI fl ow/distortions  Microbubbles  US 

   Abbreviations :  NIR  near infrared,  BLI  bioluminescent imaging,  ESR  electron spin resonance,  OI  
and  QD  optical and quantum dot,  PET  positron emission tomography,  SPECT  single photon emis-
sion computed tomography,  CT  computed tomography,  Planar  single projection nuclear image, 
 US  ultrasound,  MR  magnetic resonance,  fMR  functional MR using the BOLD (blood oxygen level 
dependent) 
  a The listing is not meant to be exhaustive and does not intentionally exclude other innovative 
probes 
  b 3T: 3 Tesla (3T) magnetic fi eld strength required   
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    Abstract     In this chapter we delve into the primary components and operational 
issues that need to be considered in the setup and operation of a dedicated animal 
imaging facility with the use of PET, SPECT, CT, MR, and other platforms. The 
special conditions required for successful animal models, needs of the animals dur-
ing imaging, and the avoidance of environmental and physiologic artifacts to the 
images are discussed.  

2.1         Introduction 

 Preclinical molecular imaging research using animals typically focuses on measur-
ing a metabolic process associated with a disease using PET, SPECT, or optical 
methods, often in conjunction with an anatomical imaging modality such as MR or 
CT (Phelps  2000 ). The purpose is to elucidate diagnostic or treatment options for a 
disease, then translate those fi ndings into human applications. It is vital to under-
stand whether the measurement being made is relevant, since handling conditions 
can alter the in vivo distribution of the imaging probe (Fueger et al.  2006 ). 

 With the advent of imaging systems suitable for work with mice, most preclini-
cal research now utilizes mice or rats, which often provide very useful indications 
of what will happen in humans (Stout and Zaidi  2009 ). However there are situations 
where these animals have differences from humans that could be important. For 
example, rodents typically metabolize substances much more rapidly than humans, 
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resulting in shorter circulating blood times, and if investigating the metabolism of a 
radiolabeled drug, the metabolites (including the radiotracer) may be cleared faster 
resulting in higher radioactive dose to bladder wall than might be estimated using 
other species. For preclinical imaging work, perhaps most important of all is that the 
biodistribution of imaging agents can be markedly altered based on how the animals 
are treated and how the data are both created and analyzed. Anesthesia, heating, and 
other factors alter physiological conditions (Fueger et al.  2006 ; Lee et al.  2005 ; 
Toyama et al.  2004 ), which in turn alter the images of metabolism obtained from 
PET scans by altering both distribution and kinetics of metabolism. There are often 
multiple choices for constructing PET and SPECT images (i.e., fi ltered back projec-
tion, ordered subset expectation maximization [OSEM], maximum a posteriori 
[MAP]), and the way images are analyzed can be quite subjective. 

 Characterization of how labeled imaging agents behave in vivo can be deter-
mined in several ways, including single imaging sessions, imaging the same  animal 
multiple times, sacrifi cing animals at various time points for whole-body static 
(in situ) images, or individual tissue gamma counting for organ quantitation 
 (percent of injected dose; %ID) or histologic/ en face  (liquid photographic emul-
sion) autoradiography (see Chap.   6     by Solon and Moyer). Whether    optical, PET, 
SPECT, or MR methods are used, except in rare cases, anesthesia is essential to 
ensure the animals stay immobile during the imaging process. All anesthetic agents 
alter physiology, which in turn alters in vivo metabolism (Toyama et al.  2004 ). The 
question is what these effects upon the experiment at hand are and what can be 
done to control, minimize, measure, or remove those effects on the process under 
investigation. 

 This chapter will describe factors that can alter metabolism and measurements 
made in vivo. There are multiple ways to mitigate, measure, or control these factors, 
and the best method depends upon the specifi c experimental conditions. An exam-
ple of the process of taking an imaging probe from idea to FDA approval through 
investigational new drug (IND) approval is presented as an example of how various 
preclinical investigation methods can be combined to take an imaging agent from an 
idea to clinical application and how one may utilize such agents in new novel drug 
and biologic discovery and development.  

2.2     Animal Models 

 The choice of animal model to use depends on many factors, including availability 
of an appropriate model of the human disease, size with respect to the imaging 
 system capabilities and resolution, overall operating cost, animal housing consider-
ations, and perhaps whether the species of choice is well characterized for the type 
of experiment and data analysis required. In some cases, use of endangered species 
and animals commonly kept as pets is constrained by both regulatory and safety 
 concerns. In    some cases, drugs and biologics for treating certain threats (smallpox, 
anthrax, radiation, chemical warfare agents, or select agents (National Select Agent 
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Registry, CDC,   http://www.selectagents.gov/select%20agents%20and%20toxins
%20list.html    )) have only animal models to demonstrate effi cacy since testing in 
humans would be unethical (see the Animal Rule: 21 CFR 314.600 for drugs; 21 
CFR 601.90 for biological products;   http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/ucm078923.pdf    ). 

 Larger species, such as dogs, primates, or pigs, have advantages with respect to 
how well they lend themselves to observation and measurements of small struc-
tures. The limited resolution of imaging systems means that a larger object may be 
the only way to measure certain structures, especially in imaging substructures of 
the brain. Large animals have bigger blood pools that may be needed for rapid and 
frequent blood time-activity sampling and metabolite analysis. Surgical interven-
tions are easier and most veterinarians or medical doctors are able to work easily in 
larger animals. 

 The drawback to larger animals includes high cost, diffi culty in handling, and 
that they often can be imaged only using human imaging systems. There may be 
regulatory barriers to imaging animals and humans in the same system or diffi culty 
with availability of scanner time (clinical use over animal use) and radioisotope 
selection. Many primates are endangered, and even with breeding colonies there are 
often high costs and safety issues that preclude using primates. Perhaps the biggest 
limitation is the small number of studies, usually just one or two, that can be done 
per day compared to smaller species using miniaturized PET and SPECT systems. 
Furthermore, larger animals require expensive and large caging systems and require 
careful handling for physical safety, since there may be biological pathogens and 
parasites that could be transferred to humans, such as hepatitis and tuberculosis. 

 There are times when the only justifi able species to use may be primates. One 
example is the study of Parkinson’s disease, where biochemical, behavioral, and in 
vivo metabolic information can be obtained. The larger size of primates enables 
visualization of the caudate and putamen brain structures, which in turn allows for 
earlier and more accurate detection of the disease. Further, primates replicate the 
human disease very well using a neurotoxin-induction model that does not affect 
rodents (Leenders et al.  1988 ). 

 Small animals such as mice and rats have a number of advantages. The entire 
animal can often be imaged all at once, making it far easier and more accurate to 
measure biodistribution of probes and radiation dosimetry. Smaller animals are less 
expensive and easier to handle, and large numbers can be housed together and 
imaged in a short time. The smaller sizes also afford less scatter, attenuation, and 
less radioactivity needed for imaging, which also reduces personnel exposure. Mice 
in particular are available with a wide range of genetic knock-in and knockout 
genes, thus can be used to look at many different genetic conditions. The availabil-
ity of immune-compromised SCID and nude mice and rats enables oncology 
research using human tumor lines, which means that experimental results should 
ideally translate directly to human use. 

 However, rodents are not always the ideal option because surgical interventions, 
blood sampling, and injections are not easy. The small size means that in general 
only organ-level measurements are possible using most methodologies, and long 
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scan times are likely necessary to obtain high-resolution MR images. In some cases, 
rodents are not well matched to humans for certain diseases. One example is the 
lack of a gallbladder in rats making gastrointestinal imaging and studies where bili-
ary clearance is important diffi cult to investigate and interpret.  

2.3     Animal Handling 

 From the time animals are received from a vendor until completion of the project, 
there are many steps where environmental conditions must be carefully considered. 
A well-designed imaging center or neighboring coordinated facilities are necessary 
to conduct the necessary procedures to create the animal models (Fig.  2.1 ). For 
imaging work, heating, anesthesia, pathogen control, positioning, and post-imaging 
disposal are necessary to acquire useful data in a safe and effective manner. Even 
before work begins, animals must be acclimatized to their surroundings to reduce 
the stress of transport (Conour et al.  2006 ; Jennifer Obernier and Baldwin  2006 ).

   For genetic and oncology work, there are biosafety concerns for viral vectors, 
human tumor cell lines, and potentially carcinogenic or biohazardous chemotherapy 
agents. An appropriately furnished location is essential to safely work with these 
agents, monitor tumors, and conduct any surgical interventions. Local regulations 
vary widely, but the general requirements can be considered to be a barrier facility 
with proper ventilation, biohazardous capabilities, and perhaps a surgical area with 
anesthesia and heating support. 

 Depending on local requirements, it may be necessary to quarantine or isolate 
animals based on their health status, immune condition, or due to the use of 

  Fig. 2.1    Good    ergonomic design puts everything in close proximity where needed and uses space 
for radiation safety where possible. The biosafety cabinet is located between the PET and CT 
systems, with the computers located to one side to avoid radiation exposure       
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infectious or select agents (see Chaps.   9     (Golding and Zeitseva) and   10     (Keith et al.) 
on imaging infections with optical probes and under regulated biosafety level (BSL- 
3/4) containment, resp). Quarantine may be due to disease or parasites or might be 
due to the use of neurotoxins or other biohazardous agents that may be excreted and 
pose a handling risk. The space requirements for this can pose a serious problem 
and might prevent experiments if no suitable locations are available. One option 
frequently used is the use of disposable microisolator cages (Fig.  2.2 ), where each 
animal is in an enclosed space without exposure to adjacent cages. This requires the 
use of individually ventilated cage racks (IVC) and cage changing using a biosafety 
cabinet and proper barrier techniques. One caveat is that IVC housing systems can 
create or exacerbate cold stress in animals, which may have deleterious or unex-
pected consequences upon translational research.

   For imaging work, nearly all studies are done with animals under anesthesia. 
This is necessary to acquire suffi cient data over a period of time to create a useful 
image where mobility affects positional information while it is being acquired by an 
imaging platform. Animals might be imaged dynamically from the time of injection 
or may be allowed a period of time for uptake and nonspecifi c agent clearance prior 
to a brief static imaging session. For dynamic work, typically 1 h is suffi cient for 
mice and F-18 (positron isotope; ~2 h physical half-life)-labeled probes; however, 
this is highly dependent on the imaging agent, its biologic half-life in the species of 
interest, and its physical half-life. For experiments requiring longer times to observe 
specifi c biomarker signals, often animals will be injected with isotope having 
12–72 h half-lives and the animals imaged multiple times over several days. For 
static imaging work, there may be relatively large numbers of animals being imaged 

  Fig. 2.2    Heating plates are located throughout the imaging center, positioned wherever animals 
are located. Preheating animals ensures minimal brown fat activity and a stable reproducible envi-
ronment essential for reproducible metabolic data       
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together. These animals might be injected with short-lived isotopes such as F-18 and 
imaged multiple times over the course of several weeks using repeated injections. 

 Ideally the imaging systems will have proper physiological support systems for 
establishing and maintaining a reproducible metabolic state. To date, few systems 
provide these features, despite the importance of stable physiology for measuring 
changes in metabolism. Several equipment vendors have started offering heating 
and anesthesia options, along with imaging chambers; however, most are still unfor-
tunately third-party additions to the system. Recently a new system has become 
available that integrates anesthesia, heating, chambers, and a prep station for com-
prehensive PET imaging for mice (Fig.  2.3 ).

   To keep track of all the animals, data fi les, billing, and usage information, a data-
base is essential (Fig.  2.4 ). The archival system, animal identifi cation, and session 
information can be part of the database, making it simple and easy to track informa-
tion for each experiment. Password protection and access strategies can be put into 
place to enable restricted and fl exible access to both the database information and 
image data. The example shown in Fig.  2.4  is used to create session information, 
billing reports, usage reports for grants, oversight committees, and other needs, 
along with features for archival and retrieving of data.

   To aid in accurate data analysis and animal safety, reproducibility of positioning is 
highly desired. This can be accomplished through the use of imaging chambers designed 
to deliver anesthesia, heating, and reproducible positioning (Suckow et al.  2009 ). 
Properly designed chambers can provide a pathogen-free environment necessary for 
working with immune-compromised rodents typically used for oncology research 
(Fig.  2.5 ). To facilitate high throughput of animals in a cost-effective  manner, the anes-
thesia systems ideally should be simple and easy to use without requiring adjustable 
fl ow meters.

  Fig. 2.3    This system has no lines to connect for the chamber, a simple plug and scan confi gura-
tion. The system has both X-ray and photographic imaging components; thus, anatomical informa-
tion is provided and CT imaging may not be necessary. The system has video monitoring of animal 
that provides a readout of the respiration rate, thus providing information to adjust anesthesia 
accordingly       
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  Fig. 2. 4    An easy to use image archiving strategy is essential. Database must include all relevant 
data related to the experiment, both for investigator’s subsequent image analysis and for reports 
generated for various regulatory agencies and grant reviews       
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2.4        PET/CT 

 The logistics of imaging multiple animals in a short period of time requires good 
ergonomic design of the workspace (Stout et al.  2005 ). Our center primarily images 
immune-compromised animals; thus, we conduct all of our animal preparation 
work in biosafety cabinets. To avoid mistakes, use of two gas anesthesia boxes is 
recommended to separate injected from non-injected animals (Fig.  2.6 ). Heating 
should be provided for cages, induction boxes, work areas, chambers, and recovery 
areas to ensure mice are properly warmed to facilitate good blood fl ow and stable 
enzymatic activity. Without heating, animals will rapidly become hypothermic 
under anesthesia, and this will alter physiology and any metabolic measurements. 
This can result in poor blood fl ow to peripheral and subcutaneous tumors and will 
highly activate brown fat in the neck region (Baba et al.  2007 ) (Fig.  2.7 ). Mice ther-
moregulate body temperature via tail blood fl ow, so the ability to inject and deliver 
probes via tail vein injections depends on both tail and body temperature.

    The injection of an imaging agent can be quite challenging. The small volume, 
typically 50–200 μl, small size of the mouse, and high energy of PET radiation 
mean that use of a shielded syringe is not feasible or practical. The better option to 
reduce the hand dose of the animal handler is to practice and become profi cient in 
quickly injecting mice using an unshielded syringe. Most injections are made into 
the tail vein of animals. However, intraperitoneal or retro-orbital injections are 
sometimes possible depending on the experimental conditions. 

 One major complication with injecting in the tail is the unknown amount of 
radioactivity which extravagates and is left in the tail. Usually the injection location 
is not within the fi eld of view of the imaging system, and the amount left behind is 
unknown, is highly variable, and can be quite signifi cant. This complication can 
lead to highly inaccurate estimates of the total injected dose for subsequent 

  Fig. 2.5    The microPET-CT imaging chamber provides reproducible positioning, constant gas 
anesthesia, multimodality imaging capability (PET, CT, MR), barrier for immunocompromised 
mice and rats, and temperature control. The optical chamber provides gas anesthesia and barrier 
conditions       
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quantitative analysis. Practice and developing good injection expertise or the use of 
a catheter to inject can reduce the residual activity. If accurate injection activity is 
needed, it is best either to measure the tail activity or to quantify based only on what 
is present in the body, excluding the tail activity since it was not bioavailable for 
metabolic determinations. 

  Fig. 2.6    Usually several mice are undergoing injection, uptake, and preparation for imaging at the 
same time. With the demands of anesthesia, injection, chamber assembly PET scanning, CT scan-
ning, and recovery happening in each 12 min block of time, the process needs to be straightforward 
and everything within easy reach. Set-it and forget-it arrangements for heating and anesthesia are 
essential       

  Fig. 2.7    Cold animals compensate by activating brown fat, a highly metabolically active tissue 
that can mask nearby FDG signals. Proper preheating can eliminate this signal       
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 How animals are injected, treated, and handled can dramatically alter the uptake 
pattern of imaging probes. An example of this is the ability of heart myocardium 
muscle to switch from glucose to fatty acids as an energy source (Fig.  2.8 ). If mice 
are fasted, the heart uptake of FDG can be essentially switched off (Kreissl et al. 
 2011 ). This might be unwanted for cardiologists but could be ideal for looking at 
signals in the lungs. Another example for oncologists is the uptake of imaging 
probes in peripheral subcutaneous tumors. If animals are hypothermic, blood supply 
is constricted to preserve core body temperature, so probe uptake may be dramati-
cally reduced due to temperature rather than intervention (Fueger et al.  2006 ). Often 
tumors are placed on the upper fl ank to avoid bladder signals. However, with FDG 
there can be extremely high brown fat uptake in the neck region that may interfere 
with tumor measurements (Fig.  2.7 ). Many imaging probes cross through cellular 
membranes by active transport, which is subject to competition by endogenous 
compounds, such as glucose or amino acids. Often probes are specifi cally retained 
by phosphorylation by enzymes, which are known to be linked to temperature and 
circadian rhythm (Jilge  2004 ). Rodents thermoregulate their body temperature 
based on blood fl ow in the tail, which may alter tail injection clearance and blood 
pressure and fl ow.

2.5        Biodistribution and Radiation Dosimetry 

 When developing a new imaging agent, the most common experiment is to look at 
where the radioactivity goes over time. These biodistribution studies can be rela-
tively short, 1–2 h, or may require multiple imaging sessions over time, based on the 
pharmacokinetics of the labeled probe. Rodents can usually be imaged safely for 

  Fig. 2.8    Endogenous glucose competes with FDG for tissue uptake. In the heart, fatty acid versus 
glucose utilization plays a big role in myocardial tracer uptake       
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1–2 h; however, longer times are possible if subcutaneous saline is given to help 
keep the animals hydrated. Many small molecules will clear fairly rapidly in rodents 
within 1 h, either by renal kidney excretion or through hepatobiliary excretion via 
the gallbladder from liver through the gastrointestinal tract. Most F-18-labeled 
probes will rapidly accumulate in the bladder. It is important to understand the elim-
ination process, in order to design the targeted uptake region to avoid these struc-
tures. For example, tumors are best placed in the upper fl ank or shoulder region, 
rather than anywhere near the bladder. Labeled peptides or antibodies typically 
require many hours or even days for specifi c targeting and clearance of nonspecifi c 
signal; thus, these experiments will require imaging over the course of several days 
(Kenanova et al.  2005 ). 

 Biodistribution data is typically expressed as the amount of injected dose in each 
organ over time. This requires knowing the amount that was injected, the amount in 
each organ over multiple time points, and the organ weight (i.e., percent injected 
dose, %ID, and %ID/gm over time). As mentioned before, knowing how much was 
injected is not as simple as measuring what was in the syringe, but rather how much 
activity was available to the body over time, disregarding anything remaining at the 
injection site. When dynamic imaging is started from the time of injection, a simple 
way to check on the injection quality is to look at the whole-body total activity over 
the course of the imaging session. Since the activity is decay corrected for the iso-
tope half-life by the image reconstruction software, the total activity seen in the 
image over time should rapidly reach a peak and stay constant over time. If the 
activity rises, then there is leaching in of activity from outside the fi eld of view 
(typically from the tail injection site), as the animal is not capable of generating 
radioactivity on its own. 

 With the knowledge of the amount of radioactivity in each organ over time, 
determining radiation dosimetry is fairly straightforward. By removing the isotope 
decay correction, the number of disintegrations over the course of imaging can be 
determined. Presuming that changes in biodistribution are fairly complete by the 
end of the imaging time, then one can safely assume that the remainder of the radio-
activity will stay in the same location. By taking the last biodistribution time point 
and assuming no change in location, one can compute the number of disintegrations 
for the next fi ve or so half-lives, which will account for over 95 % of any dose. 
Integrating the total dose over time, the dose per organ can be determined, and the 
dose per injected activity amount can be established. The term used for the number 
of disintegrations in any given organ is called the “residence time,” which is a func-
tion of both the biological and physical half-lives of the labeled probe. Using Olinda, 
the only FDA-approved dosimetry software package, the amount of dose delivered 
to each organ can be determined (Stabin et al.  2005 ). From this data, the maximum 
safe injectable dose for humans can be determined and used to obtain approval for 
fi rst use in human studies with new imaging probes. 

 Animals provide a reasonably accurate estimation of human radiation dosimetry 
(Seltzer et al.  2004 ). Although historically primates or larger animals have been 
used, it turns out mice provide reasonable and slightly conservative estimates. An 
advantage to mice is that since the entire animal can be observed at once, better 
temporal sampling is acquired for all organs at the same time.  
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2.6     Metabolic Profi le and Toxicology 

 It is vital to keep in mind that nuclear medicine images, whether SPECT or PET, 
provide information only about the location of the isotope decay. Excluding posi-
tron range, the images show where the isotope was located, but not what atom it was 
attached to at the time. A decayed and recorded photon event in an imaging system 
could have come from either free isotope, a metabolite, or from the intact labeled 
imaging probe. Without knowing the metabolic profi le of the imaging agent, there 
is no way to know what the image signal actually represents. For this reason, it is 
imperative that the metabolic fate of the injected probe be carefully studied in vivo 
before any claims are made about the performance of the imaging agent. 

 Characterization of a labeled probe is typically accomplished by taking blood 
samples over time and examination using high-pressure (or performance) liquid 
chromatography (HPLC). Imaging probes can remain unchanged in vivo or may be 
phosphorylated or metabolized into a different molecule. Retention times of known 
standards measured via UV absorption versus the retention times of the radioactive 
peaks indicate the metabolic fate in vivo. Understanding what the images are show-
ing is essential to understanding the experimental results. 

 When the time comes to move an imaging probe into human application, it is 
necessary to ensure that there are no toxicological effects of the imaging probe 
resulting from normal metabolism. Toxicology testing is accomplished by injecting 
generally 100× the normal expected mass amount of the imaging agent into animals 
and observing the physiology for any changes. It is not necessary to inject radiola-
beled probe, so this work can be done using the unlabeled substance itself. Given 
that most PET imaging agents are used in picomolar or nanomolar concentrations, 
toxicology testing is often accomplished using only 1–2 μg of the compound. This 
tiny amount of material is diffi cult if not impossible to detect by any means other 
than having it labeled with radioactivity. To date, no probe examined by or known 
by the author has elicited any physiologically recorded response or safety issues 
following injection at the concentrations expected for routine imaging use. 

 Since toxicology testing can be very rigorous and expensive, it is worth making 
the distinction between testing required for FDA approval of a new agent and what 
is required for preliminary fi rst use in human (FIH) studies. For initial evaluation, 
testing in rats is ideal as the species is suffi ciently large to acquire blood samples 
prior to injection, immediately after injection and at 2 h postinjection. These blood 
samples are examined for any changes, and it is important to separate changes nor-
mally found with anesthesia from those that might possibly occur due to the injected 
agent. The rats are examined frequently over several hours to look for any physio-
logical changes in temperature and heart and respiratory rates. This preliminary data 
is suffi cient to show lack of any effect and to obtain initial approval for fi rst use in 
humans for compounds already approved by the FDA. 

 When the time comes to seek FDA approval under the investigational new drug 
application (IND) for more routine use in humans or for a new molecule not previ-
ously approved, more stringent toxicology testing conducted under regulatory man-
dated good laboratory practices (GLP) is required. The guidelines for these 
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procedures are available through the FDA website      (http://www.fda.gov/Drugs/
DevelopmentApprovalProcess/HowDrugsareDevelopedandApproved/
ApprovalApplications/InvestigationalNewDrugINDApplication/default.htm)    . 
These requirements are similar to the cGMP requirements for producing radiola-
beled human use probes and describe the need for careful monitoring and validation 
of each step in the process. An independent auditor must review the data to make 
sure everything is conducted according to plan and that any deviations are properly 
documented. Toxicology testing at this level is often quite expensive and until 
recently has required evaluation in two separate species. As will be explained below 
(and Chap.   13     of this volume), another option is to develop in-house services as 
opposed to the more expensive contract research companies.  

2.7     Radiochemistry 

 It is worth noting the distinction between the conditions now required by the FDA for 
imaging probe production for human use versus nonhuman use. Since December 
2011, all production of labeled imaging agents used in humans must follow cGMP 
requirements laid out by the FDA (Norenberg et al.  2011 ). Production of preclinical 
research probes generally falls under the US Pharmacopeia regulations, though this 
is not clearly defi ned for preclinical work intended for eventual human use authoriza-
tion. Given the high cost differential between various production options, it is impor-
tant to know ahead of time what conditions are required for regulatory approvals.  

2.8     From Idea to IND: The Story of FAC 

 At the author’s institution, a decision was made to develop a new PET imaging 
probe targeting immune system cancers for diagnostic purposes. One of the strengths 
of an academic institution is the availability of a diversity of expertise from multiple 
fi elds. A group of people was assembled and given a deadline of several months to 
identify candidates for looking at upregulated receptors in the activated immune 
system. We wanted to specifi cally look at only what was activated in a disease state, 
not in normal metabolic function. Using various tests, including microarray gene 
mapping, literature knowledge, and various in vitro tests, we arrived at a candidate 
molecule, called 2′-deoxy-2′-[18F]- d -arabinofuranosylcytosine ( d -FAC). This 
gemcitabine analog is a specifi c substrate for deoxycytidine kinase (dCK) receptors, 
which are upregulated in activated lymphoid organs (Radu et al.  2008 ; Laing et al. 
 2009 ). The imposition of a deadline was useful incentive to move quickly, as was 
the presence of a leader (Dr. Michael Phelps) who kept everyone focused on meet-
ing the goal in a time-effi cient manner. 

 With the knowledge that there were several stereoisomers of the FAC molecule, 
we examined each of them with in vitro cell and in vivo preclinical studies to decide 
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the best candidates for subsequent human work. We examined three of the isomers 
in depth, including metabolic profi ling and in vivo biodistribution and toxicology 
testing. We    were able to synthesize the probes, investigate in mouse models and 
begin investigations in humans within 9 months, a staggering feat compared to his-
torical trends of 10 years or more. For the second isomer, we did this in only 6 
months. With further investigations using human subjects, we moved on to fi ling 
with the Food and Drug Administration (FDA) via the investigational new drug 
(IND) process, obtaining approval 30 days after submission. The third isomer was 
also submitted, in case it turns out that this isomer works better in humans compared 
to rodent results. 

 To accomplish this effort in such a short time, the right people, skills, and equip-
ment were needed. Our group has a long history of developing new PET imaging 
agents, along with careful characterization of the biological fate in vivo and going 
through the approval process. For preclinical work, we had already put into place 
expedited approval processes, imaging equipment and procedures, and developed 
biodistribution and dosimetry services. We moved quickly by knowing how to make 
the regulatory system work in an expedited manner and from having the tools and 
techniques honed that would enable us to quickly acquire, analyze, and move for-
ward with additional experiments. 

 One reason it has been fairly straightforward to obtain FDA approval is that PET 
probes are not a drug intended to treat any disease but rather an imaging agent used 
at only one dosage. For this reason, and since PET agents are used in vanishingly 
small concentrations (often nano- or picomolar), we sought approval using only one 
species (rat) and one dosage for toxicology. Simplifying the submission and provid-
ing only the relevant required testing results meant that the approval process was 
faster and much more economical. Estimates are that we obtained approval at less 
than 10 % of the usual costs for new IND fi lings for therapeutic indications. 

 The key to successful imaging probe development is an effective and effi cient 
preclinical imaging infrastructure together with good radiochemistry and clinical 
support. These three often separate groups must work together to make and evaluate 
imaging probes and then move them through the regulatory process. We added our 
campus veterinary group to this triad, which helped establish good laboratory prac-
tices (GLP) for the toxicology testing program that would have been too diffi cult 
and expensive to pursue without their help. With the establishment of GLP toxicol-
ogy testing, together with the approvals for animal work established through the 
preclinical imaging center, we now offer this service campus-wide and on a contract 
basis to outside parties. 

 Several services were added to the preclinical imaging center, namely, autoradi-
ography, biodistribution, radiation dosimetry, and toxicology testing. These were 
added because the complexity, expertise required, and coordinated nature of con-
ducting the studies would have been extremely diffi cult for any one faculty member 
to manage. Often these services are used intensely, but infrequently, so the knowl-
edge and skills can be lost as students or postdocs rotate through labs or staffi ng 
changes occur. 
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 Autoradiography support was added by purchasing a microtome for tissue 
 sectioning and a whole-body slicing system. The whole-body cryotome was very 
useful in observing where the labeled probe went at various times with resolution 
down to the cellular level (Stout and Pastuskovas  2011 ). This was particularly 
important for FAC, as the gut uptake observed in the PET images was localized to 
the intestinal villi due to blood transport and receptor binding rather than transit of 
hepatobiliary excretion from the gallbladder into the GI tract. Although not used 
frequently, autoradiography was a crucial step to take in the process of identifying 
exactly what was being observed in the PET images. Autoradiography can provide 
detailed radioactivity distributions, down to about 25 μm, which is far greater reso-
lution than nuclear medicine-based approaches (see Chap.   6     for more details on 
autoradiography applications). The reader is encouraged to read Chap.   6     (Solon and 
Moyer) for a full treatise on autoradiography. 

 Biodistribution kinetic information is readily obtained from dynamic PET or 
SPECT imaging by experienced personnel. The process of creating the optimal set 
of images to capture the changing distribution patterns takes time and skill, both 
with image reconstruction and image analysis. From this information, estimates of 
translating the animal biodistribution kinetic data to human radiation dosimetry can 
be measured. Olinda, the successor to MIRDOSE, is the only FDA-approved dosim-
etry program, which is used to determine the maximum safe allowable radiolabeled 
imaging agent dose for use with humans (Stabin et al.  2005 ). Fortunately mice usu-
ally provide a conservative estimate of a safe injectable radiation dose, since the 
limiting organ for many imaging agents is typically the bladder wall where renal 
elimination and persistence of a high concentration of radiolabel is most often evi-
dent. Mice often metabolize and eliminate into urine the radiolabel from imaging 
agents much faster than humans, so the maximum safe injection values we deter-
mine are often lower than what is later determined from human studies. 

 For toxicology, we took a two-step approach: simple tests for previously FDA- 
approved molecules via the Radioactive Drug Research Committee 1  (RDRC) 
approval and GLP level testing for IND fi ling with the FDA. To validate that there 
were no measurable changes in heart rate, respiration, temperature, or blood chem-
istry, we inject 100× the expected dose into fi ve rats and monitored them for 1 h, 
followed by necropsy reports at 2 weeks. The amount of injected agent was 1.2–
1.6 μg. At this low a concentration, it is not surprising that we saw no changes in 
physiological parameters. We did see some drift in the blood chemistry measure-
ments over time, which we confi rmed using saline injections in control animals to 
be related to anesthesia rather than any effect from the injected agent. These 
 preliminary toxicology tests, together with biodistribution and dosimetry measure-
ments in mice, were suffi cient to satisfy RDRC requirements for fi rst use in humans, 
for up to 30 patients. 

 An interesting and important note is that the probe that we found worked best in mice 
was not the one that works best in humans, at least not so far in our limited investigations. 

1   http://www.fda.gov/Drugs/ScienceResearch/ResearchAreas/Oncology/ucm196481.htm . 
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This is one reason that it is important to pursue multiple imaging isomers and to begin 
work in humans as rapidly as possible. Considerable time, money, and resources can be 
spent in preclinical models which might not replicate well in humans. By moving drug 
development rapidly into human use, we can better know where to devote our time and 
effort for other clinical and preclinical research. A similar fi nding was noted by the group 
at UC Davis (Gagnon et al.  2009 ), where the predictions based on in vitro testing did not 
lead to the best candidate in vivo. Since they evaluated a range of different compounds, 
they were able to identify ones that were most suitable to move forward into human 
testing. 

 Once the ideal candidate was determined, the next step was to assemble the tests 
required for IND fi ling. The major requirement was GLP level toxicology testing. 
Where we could have pursued one agent together with one control group, we chose 
instead to evaluate three agents at once. This saved having to test two additional 
control groups, thus by pursuing all three agents at the same time; we spent 33 % 
less for the testing of four groups instead of six. Conducting the testing in-house, 
even with invasive surgeries to directly measure blood pressure, we spent ~$160K 
for four groups, both sexes, one species. We were prepared with animal use approv-
als to investigate a second species, but ultimately we were not required to do so. 

 To accomplish these tasks, instead of obtaining regulatory approvals for a spe-
cifi c investigator, we decided instead to create an animal use protocol for the imag-
ing center which included all the necessary testing steps. Investigators can readily 
pursue their own research under their own approvals, but now they can also ask for 
these tests to be done and do not need to devote their lab’s personnel, time, and 
resources to carrying out these tasks. These tests are often infrequent, so having 
central staff trained and able to consistently carry out the tasks save having to train 
new students, staff, or postdocs in various labs who may turn over between tests. All 
the necessary steps can be put into one protocol and maintained ready for any group 
to use as needed. 

 In addition to the preclinical work to evaluate the dosimetry and toxicology, the 
IND fi ling required a description of the mechanism of action (MOA), metabolic 
fate, and a detailed description of the synthesis conditions (IND CMC requirement). 
For use in humans, a plan of action such as a clinical protocol and expected out-
comes of that trial are required, along with any previous information about use in 
humans (i.e., outside of FDA jurisdiction). 

 The regulatory environment is a considerable hurdle and can at times become a 
substantial roadblock to research. Working together with these oversight agencies, 
a fast-track system can be established for adding new imaging agents to approved 
protocols. When one considers that everything done in an imaging experiment is 
essentially identical to previous imaging work, other than what is within the injec-
tion syringe, adding a new agent that is usually in the nanomolar range should be a 
simple authorization that does not require a full committee review of each agent. 
For a more detailed view of the regulatory landscape for imaging in general, please 
see Chap.   13     on Regulatory Issue with Imaging.  
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2.9     Summary 

 Successful and accurate preclinical data acquisition in support of regulatory 
 authorization for a novel imaging agent requires a well-designed and well-integrated 
imaging center that supports all the logistical elements of the process. Attention to 
detail is critical, as a seemingly minor problem may invalidate the entire fi ling pro-
cess, requiring additional work. Good    design for fl ow of people; animals; radiation 
usage, including human subject dosimetry estimation; and data management can 
help to ensure that standardized procedures are followed, appropriate data are col-
lected, and optimal physiological conditions for metabolic imaging are followed. 

 Once    data has been acquired, processing of images into useful metabolic infor-
mation requires in-depth knowledge of the imaging systems and image reconstruc-
tion and a clear understanding of the physiology of the selected animal models. For 
FDA fi lings to use a new imaging probe in humans, a careful understanding of the 
regulatory requirements and documentation of the entire experimental process is 
essential. The scope of knowledge required will almost certainly require a team 
effort of people with a variety of skills, including physics, biology, radiochemistry, 
statistics, dosimetry, and regulatory compliance. While managing to meet all these 
requirements is daunting, once the process has been created and documented, sub-
sequent work can become fairly routine.     
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    Abstract     In vivo imaging techniques are rapidly becoming routine procedures 
for biomedical research and drug/biologics development. Imaging is an outstand-
ing tool for noninvasively testing the response to therapy by examining animals as 
whole organisms. Many kinds of imaging platforms are now commercially avail-
able, and many are optimized for smaller species. Before beginning construction 
for a centralized in vivo imaging facility, one must fi rst defi ne the requirements 
and limitations of the facility. The planning should involve laboratory animal vet-
erinarians, investigators, imaging specialists, occupational health specialists, and 
administrators. Considerations include the animal models of interest, the scien-
tifi c questions to be addressed, inclusion of radiochemistry (PET/SPECT), select 
agent use (BSL requirements), logistics and laboratory fl ow, and personnel safety 
within the imaging environment. Architects must incorporate functional design 
into the technical requirements and building aesthetics. The limitless variables 
prevent the production of a step-by-step imaging center design manual; however, 
we suggest a foundation of advice learned from our experiences with the National 
Institutes of Health Mouse Imaging Facility. Magnetic resonance imaging is an 
infrastructure- dependent platform and is a recommended base to start facility 
design. The importance of preplanning and clear communications for success 
cannot be overemphasized.  

    Chapter 3   
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  Abbreviations 

   BAS    Building automation system   
  CT    Computed tomography   
  ECG    Electrocardiogram   
  EEG    Electroencephalogram   
  FDG    2-[ 18 F]fl uoro-2-deoxy- d -glucose   
  HVAC    Heating, ventilating, and air conditioning   
  LAN    Local area network   
  MHz    Megahertz   
  MPW    Medical pathological waste   
  MRI    Magnetic resonance imaging   
  NHP    Nonhuman primate   
  PET    Positron emission tomography   
  PPE    Personnel protective clothing and equipment   
  RF    Radio frequency   

3.1           Introduction 

    Biomedical research requires periodic glimpses of the inner workings of an organ-
ism. This may be accomplished by a variety of means to determine the effects of 
disease or treatment. Animal research plays a key role in the advancement of medi-
cine and drug discovery. In the past, as researchers developed animal models of 
human diseases, dissection at important timepoints enhanced our understanding of 
those diseases and their treatments. Old experimental designs included cohorts of 
animals large enough to sacrifi ce subsets of subjects along the course of the timeline 
to observe effects. Each individual animal was considered part of the whole, and 
another set of animals served as untreated or sham controls. A modern approach to 
the same experiment now includes in vivo imaging. Imaging allows the researcher 
to observe biological processes in the animal in a noninvasive fashion and document 
those changes over time in an individual. The ability to use an animal as its own 
control and observe the effects of disease or treatment noninvasively results in the 
use of fewer animals. Imaging provides excellent anatomical, physiological and/or 
functional details in individuals because it more closely resembles the use of human 
models (who are not sacrifi ced during experimental timepoints). Additionally, the 
use of fewer animals results in a signifi cant reduction in the cost of research, prob-
ably totaling in the millions of dollars overall. 

 Preclinical in vivo imaging modalities span a wide range of options from low- 
resolution anatomical scanners up to devices capable of measuring specifi c molecu-
lar functions on a cellular level. In the context of drug discovery, it may be prudent 
to include as many options as possible. This would allow for investigation of 

B.A. Klaunberg and H.D. Morris



65

unanticipated effects, both benefi cial and detrimental. In fact, it may lead to new 
discoveries as occasionally occurs with drug development. 

 The Food and Drug Administration (FDA) requirements for new drug approval 
include safety and effi cacy testing in two animal species prior to being used in 
clinical trials. An ideal design for a drug development imaging center would allow 
for imaging of multiple species of animal models. Unfortunately, imaging devices 
optimized for larger species may not generate acceptable data for smaller species, 
thus commanding the need for double the amount of equipment. But if money and 
space were unlimited, this would be the ideal situation. As budgets tend to be 
restricted, one should carefully consider what equipment could serve multiple spe-
cies most effi ciently. The services of an experienced imaging consultant may be 
money well spent. 

 The experimental animal varieties and types of imaging equipment will defi ne 
the remainder of the imaging center’s design. These are the two most important 
decisions and must be made fi rst and before any other considerations. Thoughts for 
future expansion will allow for fl exibility once researchers are familiar with imag-
ing methods and its utility. Preclinical imaging technologies are continually advanc-
ing, and an ideal imaging facility will include suffi cient design fl exibility (and 
space) to expand and incorporate new techniques such as imaging of transgenic 
animals (Budinger et al.  1999 ). Species-specifi c housing designs may be found in 
any laboratory animal facility design and planning guide. We attempt to point out 
the species-specifi c issues worth consideration when designing an imaging facility. 

 Providing a step-by-step guide for designing an animal imaging center is nearly 
impossible; however, based upon our experiences with the National Institutes of 
Health Mouse Imaging Facility, we will offer advice for an ideal laboratory animal 
imaging center. This paper will be divided into fi ve major sections: (1) facility 
design (including general considerations, animal support, MRI-specifi c consider-
ations, and miscellaneous topics), (2) animal imaging support, (3) personnel, (4) 
imaging equipment, and (5) data management. MRI is heavily infrastructure depen-
dent. MR imagers require particular structural specifi cations in the building and 
trained personnel to operate and maintain the equipment, and the MRI environment 
brings unique occupational safety hazards. Because of its restricting conditions, we 
use MRI as the limiting factor for the rest of the facility design. It is often easier to 
incorporate other imaging devices as the facility expands without the need for major 
construction, as is usually the case with MRI. We lend advice specifi c to various 
aspects of design as appropriate. Generic discussion of other topics leaves the facil-
ity planners to accommodate the unique and specifi c needs of the facility; however, 
we suggest that an ideal imaging facility for drug development includes research 
and technical support for imaging optimization, contrast enhancement and intellec-
tual collaboration, technical expertise for animal procedures, and an informatics 
division. A successful facility design is the result of attentive forethought toward 
facility short- and long-term goals and future plans and collaborations with special-
ists in the various aspects of the center components.  
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3.2     Facility Design 

 Countless factors infl uence the function and design of an in vivo animal imaging 
facility. This paper will explore what we consider the four major topics in facility 
design. The fi rst discusses general facility needs for employees involved in animal 
research. Much of this discussion applies to any types of workspace, offi ce space, 
storage space, restrooms, break rooms, and conference rooms, building environ-
mental parameters, and the pathways which animals and humans take to get to vari-
ous locations. Animal imaging support, including procedure rooms, housing, and 
euthanasia, is discussed in the second section. The third major topic focuses on the 
design specifi cs associated with MRI. These include structural requirements, tools 
and magnet location, as well as MRI magnet room environmental concerns and 
cryogen gas usage and storage. Lastly we explore assorted ancillary equipment that 
is useful in the imaging and animal research areas (biological safety cabinets, 
chemical fume hoods, autoclaves) and various other safety issues (radiation, 
biological). 

3.2.1     General Facility Considerations 

 When planning a preclinical imaging center, always remember the prime directive: 
to image numerous animals with high-quality data as easily and effi ciently as pos-
sible. This includes minimizing stress to the experimental animals as well as the 
employees. Key decisions will determine several building design factors: the types 
of imaging animals and their proximity to the imaging facility; the traffi c patterns 
relative to animal entry, room layouts, and loading docks; and the use of modules 
or blocks constituting repetitive design. Incorrect assumptions, inaccurate informa-
tion transfer, and lack of communication may result in planning errors (Ruys  1990 ). 
Communication mistakes and erroneous professional judgment, including failure 
to ensure that all assumptions upon which decisions are made are correct 
 assumptions, are more diffi cult to guard against and could prove catastrophic in 
accomplishing a successful design. Soliciting the opinions of knowledgeable and 
experienced consultants may prevent the need for costly corrections of design 
errors. Do not assume that the architect is familiar with all the functions of a 
research animal facility. Be sure to communicate functional design priorities with a 
clear explanation of the reasoning behind the design to ensure the architect’s under-
standing. Aesthetics have no value if the building design does not support an 
 effi cient workfl ow, and project success depends on the architect’s comprehension 
of the functional design criteria. Keep all communications clear and concise. 
Summarize all discussions in writing for all parties, emphasizing the functional 
goals and reiterating the rationale for the design layout (purpose, workfl ow) at the 
risk of redundancy. 
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 The imaging center planning committee should include a variety of people with 
several areas of expertise. Laboratory animal veterinarians experienced with each of 
the desired imaging species and managing the required support staff will be knowl-
edgeable in logistics of animal transportation, preparation areas, emergency sup-
port, and meeting the requirements of AAALAC accreditation (if desired). 
Specialists with expertise in citing the various desired imaging modalities can point 
out the specifi c building design requirements needed for the equipment and support 
areas. The input of an occupational health specialist will prove invaluable for a 
healthy work environment as well as a design to accommodate imaging pathogens 
with higher designations. Imaging scientists will offer insight into some of the 
ancillary support equipment that may enhance the imaging environment. Examples 
of supplementary equipment and space may include planning for an area to perform 
surgical procedures prior to imaging, perfusion fi xation for post-imaging histology, 
a room for euthanasia and tissue harvest, and a clinical laboratory area for time- 
sensitive assays that may need to be run immediately prior to, during, or after imag-
ing (blood gasses, ammonia levels, clotting factors, blood levels of drugs or 
metabolites). Inclusion of an administrator, human resource person, or someone 
otherwise nonaffi liated with imaging may offer a unique and valuable perspective 
for personnel requirements and visitors to the center. It is easy to get tunnel vision 
regarding the desired imaging goals and overlook “normal” requirements for the 
employees such as break rooms.      

 Traffi c Patterns. When planning corridors and access points, consider all people, 
animals, and equipment (corridor width) that will need to get from one place to 
another. Ideally the animal housing facility is incorporated within the imaging center 
or conveniently adjacent. Animal transportation can cause physiological stress (and 
therefore confound physiological imaging data) so it is best to keep travel time, dis-
tances, and environmental factors to a minimum. Plan for easy, direct routes from 
building entrances to preparation areas and imaging suites. Additionally, locate imag-
ing areas such that people and animals do not pass through other imaging areas to 
arrive at the designated location. A perfect scenario would include an animal prep and 
recovery area adjoining each distinct imaging area. These imaging areas would have 
solid walls and doors to provide physical barriers to prevent any cross contamination 
when multiple imaging devices are being used simultaneously. Additionally, attention 
to study fl ow improves effi ciency when there is adequate working space such that one 
animal can be prepped while one is being imaged and another is recovering. 

 Remember to place the personnel offi ces (with a dedicated human entrance) out-
side of the animal imaging areas. Working with laboratory animal species generally 
requires the use of personal protective equipment (PPE) to protect both the animals 
and employees from any cross contamination or allergens. It is not practical to have 
areas where PPE is required and areas where PPE is not required (offi ces) within the 
same sections of a building. Areas designated for animal work and people have dif-
ferent environmental requirements with regard to temperature, humidity, air 
exchange, and relative air pressure. Keep the animal imaging and procedural areas 
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physically separated from the human areas to maintain the most effective and 
 convenient animal biosecurity and occupational health standards. 

 Designated corridors for animal transportation to and from imaging and proce-
dure areas and restricted corridors for human traffi c only are ideal. This separation 
will help to minimize the potential of one species posing an infectious disease threat 
to another species. Old world nonhuman primates (NHP) may carry endemic herpes 
viruses that can be deadly to new world NHP and humans ( Coulibaly et al. 2004 , 
Gay and Holden  1933 ; Loomis et al.  1981 ; Weigler  1992 ; Wilson et al.  1990 ). 
Additionally, humans are a signifi cant risk to both old and new world NHP with 
regard to measles and tuberculosis. The risk of infectious pathogen exchange may 
be somewhat reduced between human and rodent species, but risk still exists. 
Additionally, it has been demonstrated that laboratory workers may develop aller-
gies or asthma to rodents (Aoyama et al.  1992 ; Bardana  1992 ; Chan-Yeung and 
Malo  1994 ; Hollander et al.  1997 ) so it is best to prevent unnecessary occupational 
exposure to allergens. 

 Cross contamination of murine pathogens can be prevented through good 
practices and management strategies. A preclinical imaging center may serve 
rodents of varying health status. While a strict barrier facility tolerates no murine 
pathogens, it may be impractical to try to maintain barrier status for imaging 
animals unless the imaging equipment is located within the barrier. Conventional 
housing facilities offer some leniency with regard to pathogen tolerance and may 
facilitate movement of animals to and from imaging more easily. Animals of vari-
ous levels of immunocompetency may be needed for cancer studies and other 
immunomodulatory drug research, as well as animals purposely infected with 
pathogenic organisms that require containment. Consider all these factors when 
planning corridors within the facility. An example of an imaging facility design 
is offered in Fig.  3.1 .        

 Supply Storage Rooms. Storage space is often in short supply and comes at a pre-
mium price. When planning a new imaging facility, be sure to consider all aspects 
of the facility operations to ensure adequate storage space allocation. It may be 
benefi cial to defi ne these areas as “support space” instead of “storage space” to 
make certain its value is not depreciated. Each imaging suite should have 
designated areas for frequently used consumable items such as    personal protective 
equipment (PPE), gloves, disposable drapes, syringes, and needles. The amount of 
space within each room may vary by imaging equipment type, as some devices 
require minimal supplies. Contrast agents, emergency support drugs, anesthetics, 
sterile eye lubricants, and other pharmaceuticals would also be ideally located 
within the imaging suite. Spare boxes of paper hand towels, gauze sponges, and 
tape could be stored in each room. These types of consumables could easily be 
stored under laboratory bench tops or within portable storage cabinets. Lockable 
storage is always desirable and may be required. Dedicated storage rooms are 
needed for larger quantities of consumables and general supplies since they can 
require quite a bit of space. It is likely not practical to order small weekly quantities 
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of provisions. Garbage bags, medical pathological waste (MPW) containers, empty 
sharps containers, clean mop heads, etc., will all need a larger storage area and may 
also require safety shielding for radiopharmaceutical waste, animal carcasses, and 
tissue that are being held for counting/processing. Remember to allow storage space 
for administrative supplies such as CDs and DVDs, printer paper, toner cartridges, 
pens, notepaper, and fi les. 

 Hazardous chemical storage (including cleaning solutions) will require special 
consideration such as fi re and explosion proof cabinetry. OSHA and your Department 
of Occupational Health and Safety will determine the requirements. It may be use-
ful to over-anticipate current needs to allow for greater fl exibility for future 
experiments. 

 Each specifi c imager will have its own unique storage needs. Most MRI magnets 
are superconducting and thus necessitate allocated space to store large cylinders of 
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cryogens such as liquid helium and liquid nitrogen. This storage area requires easy 
access to a loading dock for cylinder exchanges and liquid gas refi lls. Various 
 imaging accessories such as MRI gradients and coils should be conveniently stored 
near the magnets for easy access, including magnet safe tools and devices. Space 
within magnet rooms is often ideal so storage cabinets or shelves could be built in 
during construction. Remember to consider the best location for a loading dock to 
receive animals and supplies.       

 Administrative and Personnel Offi ces. An imaging facility requires skilled 
people to run the scanners and maintain daily operations of the facility. Each 
employee needs a space for desk work and their personal belongings and to eat 
lunch. Strategic locations of offi ce space in close proximity to workspace will 
provide a pleasant work environment while meeting the demands of the center. 
Senior laboratory staff and scientists, principal investigators, and facility manag-
ers should all have private offi ces, and upper level personnel should be provided 
enough space to have collaborative or private discussions. Animal imaging tech-
nical support staff (veterinarians, technicians) may have double duties within the 
housing facilities and imaging suites. Depending on where they spend most of 
their time, offi ce/desk space may be located within the imaging or housing facil-
ity. If animals are maintained in a barrier, it is more practical to have support staff 
offi ce space adjacent to the barrier, but if personnel are dedicated to the imaging 
facility, then desks within the facility are more practical. Consider space allot-
ment for visiting scientists and other temporary personnel such as postdoctoral 
fellows and graduate students. Remember to include storage space for common 
offi ce supplies, fax/copy machines, and mailboxes. Reference manuals, standard 
operating procedures, and animal study proposals should be located in a secure, 
employee- accessible area. 

  Break rooms  are a welcome addition to each fl oor of a busy facility. Personnel need 
space to safely consume food and beverages outside the imaging and animal areas. 
Sound buffers are desirable so that employees can enjoy a brief respite from loud 
imaging equipment and support areas. Since break rooms are gathering places, a 
white board, tack board, table, and chairs will provide a comfortable environment 
and an opportunity to discuss issues or post announcements. Since dining is the 
primary function of the break room space, the room is ideally equipped with a 
refrigerator, microwave, countertop, and a sink for washing hands and dishes. In the 
age of “green thinking,” cabinets will provide space for reusable mugs, dishes, and 
silverware, and if space allows, a dishwasher is a welcome convenience. Remember 
to set aside space for waste and recycling containers of appropriate volumes. 

  Restrooms and Showers . Restrooms are required in any type of building and 
should meet Americans with Disabilities Act (ADA) requirements. Central loca-
tions for restrooms allow minimal disruption to the workday’s activities. The size of 
the facility and number of employees will dictate the number and locations of 
 restrooms. Showers may be necessary within the animal housing facility but are 

B.A. Klaunberg and H.D. Morris



71

optional for an imaging facility. Their necessity should be discussed with the labo-
ratory animal veterinarian and occupational health specialist. 

  Conference rooms  are valuable meeting rooms and can serve multiple functions. 
A conference room is an ideal location for invited speaker presentations, scientifi c 
discussions with investigators, sales representatives, journal club, employee train-
ing, and orientation and continuing education. The size of the imaging facility and 
number of researchers will suggest the number of conference rooms needed. The 
room should be equipped with state-of-the-art audiovisual equipment (adequate for 
large media fi le presentation), appropriate lighting control, and sound buffering for 
effi cient communication. Access to the Internet via hardwire or wireless communi-
cation is necessary in the current world of cloud computing. Conveniently located 
electrical outlets are necessary to provide power to laptop computers or other 
devices such as vender equipment demonstrations. A dry erase board or blackboard 
is convenient for illustrating discussions. 

 A comfortable conference room is an ideal location for a laboratory animal 
imaging resource library. The bookshelves offer pleasant room aesthetics and the 
quiet room a refuge for study. The library’s textbooks and manuals are also handy 
for quick reference sources during meetings. The conference room is ideally located 
in a quiet section of the building near personnel offi ces and outside of any restrictive 
areas that may contain magnet fringe fi elds or radiation hazards. 

  Environmental Considerations .    Zoned control for temperature and humidity is 
desirable in the design of an animal imaging facility. Humans and animals have dif-
ferent environmental requirements than do equipment and computer areas. Both 
humans and animals will appreciate humidity levels between 30 and 70 %, but inde-
pendent supplies and controls for human areas and animal areas are needed to meet 
the individual requirements of the experimental animals and personnel. Animal 
room temperatures range between 65 and 85 °F, but the animal species will dictate 
the desired ambient temperature so there may be different set points for different 
rooms. Most important is the ability to maintain the animal room temperature within 
2 °F of the set point (Institute for Laboratory Animal Research  2011 ; Hessler and 
Leary  2002 ). 

 Computer rooms and many types of associated imaging equipment generate a lot 
of heat during daily operations. Stand-alone supplemental air conditioning is rec-
ommended for these areas to avoid overwhelming the building automation system 
(BAS). It is also a cost-effective alternative to overdesigning the BAS when these 
heat-generating areas are only a fraction of the entire building. The specifi c environ-
mental requirements for specifi c imaging platform suites are defi ned in the manu-
facturer’s siting recommendations. 

 Air exchange rates and relative air pressures are an important environmental con-
trol for air quality and biological security. Generally areas occupied by personnel 
maintain positive air pressures relative to corridors to prevent entrance of airborne 
hazards. By the same token, animal areas are usually adjusted to negative pressures 
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to contain animal odors, allergens, and potential pathogens. These parameters can 
certainly be set and adjusted after the building construction is fi nalized, but careful 
thought during the planning stages may help to avert any major HVAC renovations 
at a later date.   

3.2.2     Animal Housing and Imaging Support 

 A preclinical imaging center is ideally located next to an animal holding facility. 
This ensures convenience for researchers and minimizes transport time for animals. 
Multiple species will be needed for drug development, and each has its own hus-
bandry requirements. Regulated species necessitate an extra level of planning (such 
as outdoor exercise pens for canines). Guidelines for animal housing facility plan-
ning and construction can be found in many sources and will not be discussed in 
great detail here (Institute for Laboratory Animal Research  2011 ; Hessler and Leary 
 2002 ). Do consider the need to bring in animal models from outside sources. With 
numerous genetically manipulated mouse models available, it may be more appro-
priate for a study to use a model that is not available from a commercial source (i.e., 
from researchers in academia). The health status of outside sources may differ from 
that of the main colony, so quarantine areas and the ability to isolate populations are 
paramount and must be planned accordingly. The laboratory animal veterinarian 
can offer practical advice during the planning phase. 

  Housing and Holding Rooms .    While animal housing and holding space is vital to 
a well-planned imaging facility, for the purposes of this document, we assume that 
the animal housing location is immediately adjacent to the imaging areas. Specifi c 
requirements and recommendations for each animal species can be found in several 
references (Institute for Laboratory Animal Research  2011 ; Hessler and Leary 
 2002 ) and are beyond the scope of this chapter. It may be appropriate to incorporate 
a small temporary housing area for smaller species like rats and mice if serial imag-
ing will take place during a short period of time (6–24 h). Additionally, it may be 
benefi cial to house radioactive animals from PET/SPECT studies within the PET/
SPECT imaging area until the radiation emissions return to a safe level. It is 
 sometimes permissible to house animals on bench tops for brief periods, but the 
environmental controls in imaging areas may not match the species requirements. If 
space allows the facility to provide “normal housing” identical to the home housing 
facility, it may help to minimize any anxieties the animals may have associated with 
the new imaging domain as well as maintain any microenvironmental controls. 
Additionally, if the home housing facility is a 10 min walk from the imaging suite, 
but the temporary housing space is within 1 min, its proximity adds to study/work 
effi ciency. Temporary housing should use the same equipment as the home facility 
to facilitate interchangeable parts. A mouse or rat cage could be used for transport-
ing the animal to the imaging suite in toto and then placed in the temporary housing 
rack without the need for a cage change. This temporary housing space could be 
located in a prep area adjacent to an imager or in a separate nearby location. 
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For both the home housing rooms and temporary rodent housing area, position the 
room away from loud and repetitive noise as it can produce deleterious effects on 
mice (Turner et al.  2005 ,  2007 ). If temporary housing areas exist within the imaging 
facility, appropriate accommodations for husbandry supply storage, cage changing, 
cage/wash washing, etc., all come into play. This may be avoided by utilizing the 
home housing facilities resources or use of disposable caging systems. 

  Procedure Rooms .    General anesthesia is usually required to immobilize animals 
during imaging sessions, so every imager will need some type of animal procedure 
area. The complexity of the preparation space is defi ned by the imaging modality. 
For example, bioluminescence and fl uorescence optical imaging is a relatively sim-
ple procedure compared to other modalities. An anesthetized animal is placed on an 
imaging platform (or under an imaging probe or microscope) and an image acquired 
over seconds to minutes. It may be necessary to inject a substrate (i.e., luciferin), but 
a small area where animals can be anesthetized, injected, and fur removed may suf-
fi ce. On the other end of the complexity scale is MRI. After being anesthetized, 
animals are positioned on an imaging platform (or bed in a clinical scanner), an 
external heat source is positioned (if not built into the platform), sensors for physi-
ological monitoring are applied, intravenous access established (if dynamic contrast 
study or blood draws for drug or biomarker kinetic analysis), and then the imaging 
coil is secured in place (or the animal is placed within a coil). For small animals 
such as rats and mice, this all may be done on a properly equipped bench top, but 
larger animals will need suffi cient space for personnel to be able to properly prepare 
and have access to the animal for MR imaging. Larger animals are often intubated 
and ventilated, so allow space for stationary or portable large ventilators. Our facil-
ity performs a large number of NHP brain imaging procedures, and the animal is 
often positioned within a head stabilizer that is also used with stereotaxic coordi-
nates for surgical procedures. Accurate animal positioning is critical to acquiring 
useful data and cannot be casually applied. Additionally, consider an emergency 
scenario: do personnel have enough room to perform cardiopulmonary resuscitation 
or rapid anesthetic induction, if needed? Ideally, the procedure room is located adja-
cent to each imaging room. It may be possible to design a shared space for several 
imagers, but this could hinder any simultaneous imaging on neighboring scanners. 
Cross contamination could also be a variable in a shared space. 

 Each procedure room/area should be equipped with the necessary tools for 
 general anesthesia, imaging and associated procedures, and emergency situations. 
The basics for inhalation anesthesia include an induction chamber or induction 
drugs, precision vaporizer and vehicle gasses, intubation tubes or face masks, and 
ventilator (depending on species). Maintenance of normal physiological parameters 
is most important, so an external heat source and physiological monitoring equip-
ment are also needed. All equipment used in proximity of scanners must be MRI 
compatible if preparing an animal for MRI, or low-density, low photon attenuation 
equipment for PET or SPECT. Emergency drugs and life support equipment and 
drugs should be conveniently located and readily accessible. An adequate method of 
handling waste anesthetic gasses is required to meet OSHA standards and assure 
personnel safety. Procedure rooms are a convenient location for eye wash stations 
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and NHP bite and scratch kits. Consultation with the laboratory animal veterinary 
staff during planning will ensure that the rooms are appropriately stocked and 
 functionally designed. 

 If imaging will occur immediately prior to or after a surgical procedure, it may 
be useful to provide a surgical area. Larger animals require a properly designed 
dedicated surgical area. If imaging facility space is not available for a dedicated 
surgery suite, then surgical procedures are best done in the home housing facility. 
For smaller animals, transportation under anesthesia is much more challenging, so 
the ability to perform surgery and imaging in neighboring rooms is advantageous. 
If possible, follow the same guidelines for designing a small animal surgical suite as 
would be used for regulated species. This not only assures a suitable surgical envi-
ronment for small animals but allows for future fl exibility should a surgical area be 
needed for a regulated species. 

  Euthanasia . Euthanasia techniques should be done as painless and stress-free as 
possible and performed in such a way to minimize any animal distress and anxiety 
prior to loss of consciousness. Stressed animals emit alarm pheromones that can 
affect other animals within a room, thus propagating the distress and anxiety 
(Brechbühl et al.  2008 ). If euthanasia will be performed in awake animals, an iso-
lated room should be dedicated for euthanasia procedures to comply with interna-
tional standards (AVMA  2013 ; Institute for Laboratory Animal Research  2011 ). 
The home housing facility will surely be equipped for these procedures so it may 
not be needed in an imaging facility. Animals under general anesthesia for imaging 
can easily be euthanized under the same anesthesia to avoid the necessity of a dedi-
cated area. Additionally, it is aesthetically better than recovering the animal from 
anesthesia and then performing euthanasia. Space to perform perfusion fi xation and 
tissue harvests at the time of necropsy are discussed in other sections. A cold room 
or freezer for carcass disposal may be convenient to investigators in the imaging 
facility, and its size should be coordinated with the species undergoing the imaging 
studies as well as the rate of animals needing these disposal sites.  

3.2.3     Magnet (MRI)-Specifi c Facility Designs 

  Location . MRI magnets have specialized building and environmental requirements. 
The architect or engineer needs to work closely with the end users and the MRI 
manufacturers to determine the structural details required for the instruments. 
Instrument makers provide detailed installation documentation to end users and the 
facility engineers to assure a successful installation and operation. The magnetic 
fi eld in and around the MRI magnet can inactivate or alter life support devices such 
as pacemakers, neurostimulators, and insulin pumps. The location of MRI scanners 
must be carefully considered and planned such that the magnetic fi elds surrounding 
these instruments (fringe fi elds) do not interfere with other equipment or present a 
health hazard to personnel. Fringe fi elds of neighboring instruments may overlap, 

B.A. Klaunberg and H.D. Morris



75

but the manufacturing engineers should be consulted before fi nalizing plans. 
A magnetic fi eld of 5 gauss is the FDA limit for the general public including people 
with pacemakers or other internal devices (Erdogan  2002 ; Faris and Shein  2006 ; 
Shinbane et al.  2007 ; Expert Panel on MR Safety  2013 ).    The 5 gauss (G) fringe 
(peripheral to the magnet core) fi eld lines should be well marked and protected from 
inadvertent access. Areas that personnel or visitors may use (hallways, offi ces, rest-
rooms) must be located outside of all 5G contours. In addition to electromagnetic 
instruments, static MR imaging magnets must be isolated from large moving metal 
masses such as elevators. The latest American College of Radiology (ACR) MR 
safety guidelines should be consulted prior to start of any major MRI project. 
Though written for scanning of human patients, most of the major points also apply 
for preclinical imaging subjects (Expert Panel on MR Safety  2013 ). 

  Structural Considerations . Depending on the equipment’s specifi cations, MRI 
magnets may be located within electromagnetically shielded rooms. This forms a 
physical isolation of the magnet that isolates and protects the magnet and personnel 
from safety hazards. The RF shielded room is specifi cally to isolate the MRI plat-
form from the surrounding electromagnetic spectrum in the RF frequency range. 
MRI uses RF to generate images, and RF from other devices (such as physiological 
monitoring equipment) can interfere with imaging. The shielded room also serves 
to decrease the level of ambient noise generated by the operation of the MRI to 
operators outside the room. Special acoustical design features may be required to 
mitigate the transfer of sound and vibration through the structure to adjacent areas. 
Pits may be needed for the larger pieces of equipment. Many MRI scanners are 
located on basement or ground levels due to the weight of the instruments. The 
fl oors of scanner rooms may require reinforcement to support weights from 200 to 
20,000 kg (44,200 lbs). Access and clearance, both vertical and horizontal, around 
the equipment must be carefully planned for equipment requirements, maintenance, 
and initial delivery and setup. The weight and size of these instruments may require 
that they be lowered into their resting places by a crane through a specially designed 
roof hatch opening. This is another reason that it may be practical to locate the 
imaging equipment outside the main footprint of the building. In all cases, it should 
be considered to have an installation access pathway for the magnet into the shielded 
room or the MRI suite outside of a standard or wide standard door. It is most likely 
that end users will want to exchange or upgrade the MRI as technological develop-
ments and user sophistication makes a newer instrument or instrument modifi ca-
tions an attractive possibility. 

  Cryogen Gasses . The large majority of MRI magnets are superconducting, so 
special cooling requirements will be determined by the specifi cations of the 
instrument. Consideration must be given to the access and storage of liquid gas 
Dewar fl asks with the clearance needed to add cryogens to the devices. Typical 
cryogens are liquid helium and liquid nitrogen. These inert gasses pose a threat of 
asphyxiation if released in an enclosed space with poor ventilation, so each mag-
net room must include an oxygen sensor at standard head height that alarms when 
oxygen levels fall below normal limits (usually 18 %). If possible a method of 
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increasing ventilation in the MRI room during cryogen service operation should 
be included. All superconducting MRIs include manufacturer-mandated emer-
gency ventilation from the magnet in case of a failure. The design engineer or 
architect must comply with these safety requirements when installing the 
 emergency vent system. 

  Environmental Considerations . MRI suites require stable temperature and humid-
ity control in the vicinity of the magnets and the supporting electrical equipment 
room. The design of the control systems must be coordinated with the mechanical 
systems design such as HVAC, plumbing, and other support services to minimize 
environmental condition fl uctuation across magnets. The typical MRI room will 
require constant monitoring of temperature, humidity, and oxygen levels. Humidity 
requirements must be coordinated with the equipment manufacturer but will usually 
be around 20–25 % with minimal fl uctuation. Requirements of the dehumidifi cation 
system requirements should be listed with the system used. 

  Work Areas and Tools . Besides the magnet room itself, several operational spaces 
are needed. The ancillary equipment such as power supplies, RF amplifi ers,  gradient 
power supplies, and magnet cryogenic refrigerators are located close to the magnet 
room itself. The requirements for this operational equipment can be as large and 
specifi c as the magnet itself. Depending on the type of MRI system, the location can 
be within the publically precluded fringe fi eld which allows a more effi cient use of 
space. The operator console area should be able to support the scanner console and 
observer space. The console area is where the MRI scans are confi gured, initiated, 
and monitored. It is ideal to have additional workspace adjacent to the console area 
for laptops or analytical workstations. Animal preparation workspace must also be 
considered. Simple surgical instruments such as scissors, scalpels, and needles can 
become life-threatening projectiles if taken too close to the magnetic fi eld. 
Additionally, repairs and periodic maintenance within the magnet room will require 
use of nonmagnetic tools (including screwdrivers, wrenches, scissors). Nonmagnetic 
tools (e.g., beryllium-copper alloy or titanium) are an additional expense that cannot 
be dismissed as unnecessary because standard instruments made of stainless steel 
and iron are rendered useless in the magnet room if not outright dangerous depending 
on proximity to magnet. Nonmagnetic light sources (such as fl ashlights) and cleaning 
supplies (brooms, mops, and buckets) are another necessity. Due to the magnetic 
fi eld, there are signifi cant safety hazards associated with working in the MRI envi-
ronment. We recommend required safety training for all personnel and facility users.  

3.2.4     Additional Facility Design Considerations 
(PET/SPECT, etc.)      

 Radiation Safety. Ionizing radiation is a useful tool for imaging functional pro-
cesses with positron emission tomography (PET) or single photon emission 
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computed tomography (SPECT) and targeted tissue studies using autoradiogra-
phy. Its use warrants  special consideration during building planning phases and 
should involve a radiation safety specialist. The management of radioactive 
reagents, animals, and radioactive waste must satisfy nuclear regulatory require-
ments as well as any local and institutional policies. This includes restricted areas 
to prevent unauthorized entry and lockable storage containers. Reagent prepara-
tion areas, space for a  scintillation counter, waste storage, record keeping, and 
decontamination chemicals (laboratory surfaces and skin contamination) must all 
be considered. 

 The half-lives of many commonly used PET radionuclides are short lived (some 
only minutes to hours) so commercially available imaging probes are often limited 
(e.g., 2-[ 18 F]fl uoro-2-deoxy- d -glucose (FDG); half-life of 109 min (Vijayakumar 
et al.  2006 ). These short-lived isotopes require space for a nearby radiochemistry 
(radiosynthesis) laboratory, and a cyclotron to produce custom radionuclides is an 
ideal laboratory situation. Delivery routes of the radioactively labeled probes, 
whether custom or commercially produced, must be designed to minimize person-
nel exposure and transportation time and facilitate emergency procedures in the 
event of a spill. 

 Animals given radiolabeled probe may require special housing which can include 
metabolic caging to capture urine and fecal excretions for metabolic or kinetic anal-
yses. It may be useful to incorporate temporary rodent housing within the imaging 
areas to allow decay to safe levels before returning animals to home facilities. For 
larger species, it may be prudent to plan for housing radioactive animals away from 
the main facility to avoid exposure to non-treated animals and to staff while an 
 animal may await multiple images to follow the biodistribution. Animal waste, 
 bedding, etc., may require special handling and must be taken into account during 
the planning phase. 

 Occasionally, radioactive reagents may be used during other types of imaging for 
later validation of imaging methods (e.g., autoradiography, longer-lived tracers, i.e., 
C-14, S-35, I-125). These methods require similar consideration for reagent prepa-
ration areas, space for a scintillation counter, autoradiography fi lming (potential 
need for a darkroom for fi lm or liquid photographic emulsions) or phosphorimager 
methods, isotope accounting, study record keeping, dosimetry, and decontamina-
tion chemicals. The reader is encouraged to also see the chapter on autoradiography 
techniques included in this volume.       

 Animal Biosafety. The option to perform research involving the use of infectious 
pathogens and biohazardous reagents should be determined in the planning stages 
of the facility design. Specifi c environmental controls must be incorporated in the 
building design in order to achieve adequate biosecurity. Additionally, the specifi c 
pathogen status of the experimental animals must be considered. With the explosion 
of genetically manipulated mouse models (and other species), researchers may want 
to bring animals from noncommercial sources into the facility for their research. 
Containment (quarantine facilities) and transportation routes should be considered 
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during planning phases to minimize contamination potentials. Biosafety works in 
two directions: preventing animals or people from being exposed to a known 
research- associated biohazard (viral vectors, toxic metabolites) and preventing 
research animals from inadvertent exposure to environmental hazards (employees 
with infl uenza, immunocompromised animals and opportunistic pathogens). When 
allocating appropriate workspaces and storage for biohazardous materials during 
planning phases, give special consideration for decontamination procedures in the 
event of a biosecurity breach. This could include facilities for autoclaving of bed-
ding and waste in the case of infectious disease imaging. The reader is encouraged 
to read the chapter in this volume on BSL-3 and BSL-4 nuclear and MR imaging. 

  Laminar fl ow hoods  provide a unidirectional air fl ow at a fi xed velocity that creates 
a protective “air curtain” within the hood. Several different types of biological 
safety cabinets (BSC) exist, each with varying levels of protection. Class I BSCs 
offer protection to personnel and the environment, but not the object within the cabi-
net. These are often used for procedures that have potential to create hazardous 
aerosols or equipment enclosure such as centrifuges. All class II BSCs are designed 
to protect the contents within the hood from contamination, as well as the personnel 
and environment (Chosewood and Wilson  2009 ).    

3.3     Animal Imaging Support 

 The use of laboratory animals in drug discovery cannot be entirely avoided. In 
order to collect useful imaging data, it is imperative to minimize or prevent move-
ment during acquisition for many in vivo imaging devices. Although it is possible 
to train some animals to accept restraint during certain imaging sessions through 
reward training, most animals are imaged under general anesthesia. Anesthesia 
allows the researcher to position a relaxed animal for optimal imaging data, mini-
mizes motion artifact, and eliminates any animal stress or fear during restraint. This 
“animal normalization” tends to promote more uniform image data, especially in 
neurotransmitter imaging or functional MRI (blood fl ow; blood oxygen level-
dependent imaging, BOLD). The facility’s laboratory animal veterinarian will 
serve an important role in determining the best anesthetic protocols for each type of 
experiment. The following section will examine anesthesia equipment in the imag-
ing environment, physiological monitoring equipment, and useful ancillary 
resources for imaging studies. 

3.3.1     Anesthesia Equipment 

 We are currently fortunate to have choices of many safe, effective, and reasonably 
priced anesthetic options for the laboratory animal. There are many injectable 
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agents to achieve various levels of restraint or a surgical plane of anesthesia, and 
some are even rapidly reversible. Additionally, there are also several approved inha-
lational anesthetics. Every drug has a desired effect as well as potentially undesir-
able secondary effects. Researchers should discuss the experiments in detail with 
the laboratory animal veterinarian so the veterinarian can design an anesthetic pro-
tocol to minimize undesired effects that could impact results. 

 Inhalation anesthesia has many advantages over an injectable agent. Small ani-
mals such as rodents can be anesthetized with minimal stress of handling. They are 
gently placed in an anesthesia induction chamber, and the anesthetic agent is deliv-
ered by a gas vehicle, such as 100 % oxygen or oxygen-enhanced gas mixtures. 
Once the rodent is unconscious and unresponsive, they can be maintained under 
anesthesia with the aid of a nosecone. It is possible to intubate rodents, but aside 
from the technical challenges of correctly placing a rodent intubation tube, we 
found it more problematic due to respiratory secretions clogging the airways. 
Details about rodent anesthesia can be found in many sources (Fish et al.  2008 ). 

 For larger species, general anesthesia is usually achieved by administering an 
injectable induction agent, but we still prefer using an inhalant anesthesia during in 
vivo imaging. The single most important advantage of inhalant anesthesia in the 
imaging environment is the ability to rapidly adjust the level of anesthesia remotely 
(preferred design is outside the imaging room). Once an animal is positioned within 
a scanner for optimal imaging, it is not effi cient to stop a scan in order to administer 
another dose of anesthetic agent.    Several additional advantages of inhalational anes-
thesia include the following: it has physiological properties of minimal metabolism 
and rapid clearance which make it relatively safe to use in healthy and compromised 
animals, it provides an ability to titrate to effect, and it is not a controlled substance. 
Disadvantages of inhalational anesthetics include the required use of expensive pre-
cision delivery vaporizers that must be cleaned and calibrated annually, accessible 
sources of delivery gasses (oxygen, medical air, nitrogen, nitrous oxide), potential 
need for a species-related ventilators (larger species), and management of waste 
anesthetic gasses (WAG). 

 Injectable anesthetic agents offer many conveniences. The drugs are portable, 
and some can be administered by a variety of routes (intravenous, intraperitoneal, 
subcutaneous, oral). For brief periods of restraint during short imaging sessions 
(with no painful procedures), injectable anesthetics may be suitable. Disadvantages 
of some injectable anesthetics are that once given, the dose cannot be adjusted; the 
resultant effects are sometimes unpredictable and variable in individuals; and the 
drug must be metabolized by the body making any impairment to metabolism 
(renal, hepatic, or circulatory systems) prolong its clearance. Poor clearance can 
lead to toxic exposures over time, and some of these anesthetic drugs are schedule 
II controlled substances and require special handling and accounting. An exception 
to the disadvantages of injectable class of anesthetics is propofol. Propofol is ultra-
rapidly metabolized and easily titratable to effect, and its cost has come down in 
recent years. The use of propofol could prove to be just as safe as an inhalant anes-
thesia under certain circumstances except that it requires a continuous intravenous 
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infusion to maintain general anesthesia. While this may be easily achieved in larger 
species, it is challenging in rodents. 

 We recommend that all imaging areas be designed to incorporate use of inhalant 
anesthesia. Access to sources of anesthetic delivery gasses (oxygen, medical air, 
nitrogen, nitrous oxide) is required. Central sources of gas piped through the facility 
will provide convenience to users. Consider planning for an area to generate house 
oxygen. Waste anesthetic gas (WAG) is an occupational hazard so methods for its 
management must be considered during planning (US Dept of Labor  2013 ). A cen-
tralized vacuum that vents to the rooftop after passing through some fi ltration is an 
excellent way to handle WAG. Depending on the species to be imaged, the facility 
may need several different ventilators and associated equipment. Facility plans for 
storage areas when these devices are not in use are advised. Before purchasing any 
laboratory equipment, remember that some items may need to be MRI compatible.  

3.3.2     Physiological Monitoring 

 Several modes of in vivo imaging prevent direct visualization of animals while in 
the device for scanning. In order to ensure that the animal is alive, physiologi-
cally stable, and at the proper level of anesthesia, it is important to utilize physi-
ological monitoring equipment. The animal species will determine the type of 
monitoring equipment that can be used. Human and veterinary devices work well 
for larger species, but rodents and animals with heart rates above 300 beats per 
minute (and breathing rates above 60 breaths per minute) require specialized 
equipment. Technology has fi nally caught up to the demand so that now there are 
several physiological monitoring devices that can reliably measure heart rate, 
respiratory rate, body temperature, and pulse oximetry in rodents and they can be 
easily found by key word web searches. Other physiological parameters that may 
be measured include electrocardiogram (ECG), electroencephalogram (EEG), 
and respiratory  wave patterns. Blood pressure, end-tidal carbon dioxide (ETCO 2 ) 
levels, anesthetic gas levels, and blood gasses (O 2 , CO 2 ) can be measured in 
larger species noninvasively, but such measures are currently challenging for 
rodents. Fiber optic pressure monitors exist for measuring arterial/venous blood 
pressures in mice. The challenge always lies in catheter placement in the smaller 
rodent species. 

 Anesthesia is known to interfere with the brain’s homeostatic control of core 
body temperature. It is important to plan for the use of supplemental heat to keep 
animals warm during imaging. Several options are available for patient warming 
such as warmed air devices or warmed circulating water pads. Before installing any 
warming or physiological monitoring devices, be sure to consult with the imaging 
specialist. It is important to determine if the device may introduce noise into the 
image data; additionally, it must be safe to use in the imaging environment (MRI). 
Wires and tubes attached to the animal may need to be connected to a central unit 
outside the imager so their route must be considered. Electronics are often 
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connected through a patch panel for MRI. Detailed anesthetic records should be 
maintained for every animal regardless of the species to help with image interpreta-
tions or to understand anomalous results.  

3.3.3     Ancillary Support 

 During drug development, all aspects of effi cacy and safety will likely be explored 
as best as possible. Equipment used to examine various physiological parameters 
may be located in laboratory space or the housing facility. It may also be convenient 
to consider having a diagnostic laboratory with microscopes, serum chemistry 
machines, hematocrit centrifuges, and complete blood count analyzers located near 
the imaging suites. While the animal is under anesthesia for imaging, the potential 
exists to collect tissue samples (such as blood), and rapid processing is usually ben-
efi cial if not required. Noninvasive blood pressure monitors and electrocardiograms 
may be useful to compliment the imaging data. 

 When imaging is at the experimental endpoint, it is possible to perform the 
euthanasia before recovery from imaging anesthesia. This is aesthetically more 
pleasant for animal care staff. A chemical fume hood conveniently located near the 
imaging suite will also facilitate perfusion fi xation procedures without the need to 
recover the animals and transport them to another location.   

3.4     Personnel 

 A successful laboratory animal imaging center requires a team approach to person-
nel which have a variety of skill levels and skill sets to effi ciently and successfully 
master the tasks at hand. An ideal imaging laboratory will be self-contained in terms 
of critical core personnel such that any problem or opportunity can be addressed in 
a timely fashion to minimize downtime. The ideal facility would employ imaging 
specialists, animal support technicians, computer information technologists, and 
building staff appropriate for the installation. These different positions are discussed 
below in piece. 

  Imaging Specialists . Generally each imaging modality needs some imaging spe-
cialist to lead operations, planning, and technical developments on each modal-
ity. Depending on the modality, the level of training will vary. In an imaging 
facility that does technical development and research in addition to providing 
routine imaging services, additional expertise is required. To facilitate the scien-
tifi c collaborations and nurture the advancement of the animal imaging technolo-
gies, doctorate-level researchers are necessary. The physics, chemistry, and 
biology peculiar to each imaging modality can be uniquely singular from the 
other imaging methods in the facility. Specialized training will be required to be 
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profi cient at any imaging method so staffi ng and regular trainings are expected to 
maintain profi ciency and reproducibility across studies. For MRI, the specialist 
should be skilled in the physics of the imaging process in order to develop new 
methodologies as required. For CT, PET, or SPECT, the specialist will need 
 training regarding the physics of the imaging process, radiation safety and mea-
surement, and knowledge of chemistry and physiology to develop new methods 
and application of radiopharmaceuticals and contrast agents. Specially trained 
personnel are needed to maintain the imaging magnets, CT systems, optical 
 platforms, autoradiographic equipment, and PET/SPECT scanners. All modern 
imaging modalities are heavily dependent on cutting edge computer technology 
and data handling/storage to operate the scanners, reconstruct the data into useful 
images, and process the images into physiological relevant information. This can 
be accomplished via service and maintenance contracts with the vendors or other 
providers at the expense of imaging time delays (and disruption to imaging 
 studies) that may occur if personnel are not in house. If funding will allow, 
 specialists employed in each of the imaging modalities are ideal, but the reality is 
that motivated and skilled personnel may also perform adequately on more than 

one imaging method.      

 Animal support personnel are a critical element in the success of any imaging 
center. Technicians are needed to perform imaging procedures, anesthesia, catheter-
ization, and other assorted surgical procedures, as defi ned by the study needs and 
the center SOPs. Technicians may be trained to run specifi c or routine imaging 
procedures in order to free up intellectual time for the imaging physicists. Husbandry 
personnel and support staff are required to maintain the animal housing facility and 
are a key element in maintaining the colony veterinary care. A small facility may 
require some cooperative technical staff for husbandry tasks, but a larger facility 
should have dedicated teams to handle each workload area. Veterinarians and veteri-
nary technicians are vital to maintaining the health of the animal colonies and 
imaging subjects. Again, the number of personnel needed will be dictated by the 
number and variety of animals housed within the center, and a properly designed 
facility will aid in reducing staffi ng costs due to redundancies, gown changings, 
supply maintenance, etc. 

  Computer Information Technology (CIT) . All imaging methods covered in this 
chapter create a digital record of the image, and a number of computers are required 
in the generation, recording, and interpretation of the imaging data. In addition to 
running the operational software for imaging devices, computers are needed for 
data management and personnel needs (email, ordering supplies, record keeping). 
Our experience suggests creation of an in-house or local network facilitates data 
storage and manipulation, so it is necessary to retain dedicated personnel capable of 
maintaining the network computer equipment. Although computer downtime will 
inevitably occur, this time should be kept to a minimum with the presence of 
 dedicated CIT staff. Specifi c tasks of data processing personnel are discussed in 
another section. 
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  Housekeeping and building maintenance  services are necessary for a fully 
 functioning facility employing numerous personnel. This includes waste removal, 
cleaning of imaging facilities, and animal preparation rooms. This is not a substi-
tute for the standard animal hygiene and biohazard preparation of a bench space 
prior to and post performing an animal procedure. High traffi c areas of animal 
movement or mixed functions need to be disinfected routinely to control disease 
vectors and transmission. Environmental conditions such as room temperature and 
humidity must be carefully controlled for all operational spaces such as scanner 
rooms, computer rooms, and animal housing rooms. Fluctuations outside of nor-
mal ranges should be corrected as quickly as possible, so building maintenance 
personnel should be available at any time. It is imperative that all support person-
nel be trained in safety procedures around the imaging equipment, including con-
tract personnel. 

  Unique MRI Personnel Safety Considerations . The hazards associated with 
working around a high magnetic fi eld are due to the diffi culty of containment and 
the interaction of the concomitant fi eld with items that are used in the normal 
course of a modern laboratory. Because of these hazards, employees should be 
carefully screened for contraindications to the MRI environment. The American 
College of Radiology (ACR) has very strict guidelines on who may be allowed to 
undergo an MRI scan. These guidelines should be considered with all personnel 
operating in and around the MRI magnet. The same contraindications the ACR is 
concerned about apply to MRI staff due to their exposure to the high magnetic fi eld 
environment. Personnel with cardiac pacemakers, neurostimulators, aneurysm 
clips, stents, cochlear implants, drug pumps, or other metallic implants, including 
shrapnel, should not work in close proximity to the magnets unless they are cleared 
by direct consultation with appropriate MRI safety personnel. Metallic implants 
can shift within tissue if too close to the magnetic fi eld. Working implanted devices 
may be inactivated in the magnetic fi elds which could result in a fatal accident  
(Erdogan  2002 ; Faris and Shein  2006 ; Shinbane et al.  2007 ). Many newer surgical 
devices and tools are MRI compatible, and personnel can safely work in the mag-
netic fi eld, but this needs to be cleared by the appropriate MRI safety offi cial 
(Shellock  2007 ).    Warning signs should be posted in highly visible areas all around 
the facility to warn people of the magnetic environment. As stated earlier, magnets 
are best located in isolated areas where people may not inadvertently wander into 
the magnetic fi elds.   

3.5     Imaging Equipment 

 A brief overview of several in vivo imaging methods follows, but details about each 
technique are beyond the scope of this paper. We advise the facility planners to 
further educate themselves on each of the techniques or consult with a specifi c 
imaging platform expert before making fi nal decisions. Included in the following 
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brief in vivo imaging introduction are magnetic resonance imaging (MRI), X-ray 
computed tomography (CT), positron emission tomography (PET), ultrasound 
(US), and optical (OP) imaging. Other chapters in this volume will describe these 
and other modalities, lending nuances which each author brings on their respective 
discipline. 

  Magnetic resonance imaging (MRI)  is a powerful, three-dimensional imaging 
modality that uses the property of nuclear spin in certain isotopes of elements to 
form anatomical images (Haake et al.  2000 ). Due to the expense of the MRI instru-
mentation (usually on the order of 0.5–1.5 million US dollars) and the environ-
mental design requirements, the modality is usually placed in a shared imaging 
facility to maximize use. MR images are most structurally sensitive to soft tissue 
(e.g., nerves, muscle, blood) and can detect a large range of physiological condi-
tions beyond static anatomy such as blood fl ow, perfusion, functional brain activ-
ity, or white matter orientation in the CNS or musculature (Kwong et al.  1992 ; 
Tseng et al.  1999 ; Mori and Zhang  2006 ) with minimal changes to imaging 
 conditions for the preclinical subject. In general, MRI does not require contrast 
agents for images, but many  contrast agents have been developed and are available 
clinically per specifi c  FDA- approved indications but may be used experimentally 
to exploit a new drug or biological mechanism of action in the regulatory path of 
drug development. 

 As with all imaging techniques, MRI is sensitive to motion during the scan 
 interval (acquisition period). The length of this scan interval—from seconds to min-
utes—makes accounting for animal motion such as respiration or cardiac motility 
an imperative. Periodic motion such as these can be mitigated using a form of syn-
chronized acquisition or “gating” to time the movements during the scan such that 
the animal is always in the same position relative to the time of actual scanning 
interval. These gating methods can be either prospective, timing the scan only for a 
certain phase in the respiratory and/or cardiac cycle, or retrospective, whereby 
image data is selected for reconstruction based on the place in the cycle that it was 
acquired. Such gating techniques can provide stop motion cine loops of cardiac 
phases to provide direct measurements of cardiac wall motion, ejection fraction, 
and heart muscle perfusion (de Crespigny et al.  1991 ; Rose et al.  1994 ). Similarly to 
cardiac gating, respiratory gating is used to reduce or eliminate motion triggered by 
lung infl ation/expiration and diaphragm movement. Respiratory gating is useful for 
mitigating motion transmitted within the abdomen and thoracic cavity, though most 
motion can be suppressed if scanning during the end-tidal respiration interval which 
is similar to a “breath-hold.” 

 An exciting application in MRI is tracking of individually labeled cell popula-
tions in vivo. This has a number of uses in disease and injury processes particularly 
in the novel stem cell sciences. Stem cells are trackable in deep tissues or optically 
opaque tissues in the living animal over time (Epstein et al.  2002 ; Frank et al.  2003 ; 
Shapiro et al.  2004 ). The reader is encouraged to refer to the appropriate chapters in 
this volume on cell labeling and tracking. 
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  X-ray computed tomography (CT)  uses a series of radiographic images, acquired at 
different angles around the animal, to mathematically reconstruct a three-dimensional 
image of the subject (Paulus et al.  2000 ). The method of operation for most in vivo 
small animal imaging X-ray tomography scanners is to have the X-ray source and 
detector rotate around the animal synchronously. These images can be 2D or 3D giv-
ing the area of the detector, with individual slices, overlapping volumes or an entire 
volume being reconstructed and processed to form a 3D image of the preclinical ani-
mal from head to toe. These high- resolution CT systems are called “micro-CT” to 
describe the resolution of the images which range from 10 to 95 μm isotropic. The 
scanners are much smaller in size and in voxel volume than human clinical CT scan-
ners (Jiang et al.  2000 ). Due to differences in absorptivity of X-rays, CT excels at 
visualization of bone structures when in proximity of soft tissue (muscle, connective 
tissue, etc.) or air. The fundamental physical interaction in X-ray imaging is the 
absorption or scattering of the X-ray by the electrons of the nucleus. The denser the 
tissue or the higher the number of electrons, then the greater the absorption, for exam-
ple, calcium in bone absorbs more than carbon in fat. This property can be effectively 
used to visualize bony structures, fat tissues, or air spaces due the very high contrast 
between these materials. For materials that have little intrinsic contrast, i.e., the liver, 
the use of contrast agents can be quite useful in producing image contrast that is bio-
logically meaningful (i.e., cysts or tumor locations). For X-ray CT, these contrast 
agents have a high atomic number element, usually iodine, attached to a molecule 
with the useful osmotic properties and penetration in tissue. Most contrast media 
available in human practice can be adapted for small animals when taking into account 
changes in blood volume, renal clearance rate, and other relevant factors (see the 
chapter in this volume on allometrics). Many other preclinical contrast media are 
available that give a much larger range of studies than the media adapted from 
medical practice. Many of these preclinical contrasts are based on a variety of 
nanoparticle technologies that can include therapeutic drug loads in addition to 
imaging contrasts. Such applications can include localization of tumors, vascular 
tree imaging, renal clearance, and hepatic structure ( Bakan et al. 2002 ; Vera and 
Mattrey  2002 ; Weber et al.  2004 ).   

  Positron emission tomography (PET)  forms an image based on radioisotope 
decay of a compound administered to the animal before initiating scanning (Cherry 
 2004 ). Radioisotope imaging methods can be very specifi c due to the low natural 
background radiation. PET isotopes emit a positron, which forms two opposed 
gamma rays (photons) upon annihilation with a local electron. This physical 180° 
oppositional detection provides a physical collimation which increases the statisti-
cal certainty of localization and a high signal-to-noise ratio (SNR) from otherwise 
scatter photons reaching the detectors. Limitations to radiation exposure require 
that the PET tracer agents be of a low concentration (i.e., high specifi c radioactivity 
and low mass for nonphysiological actions). Consequently, due to this low mass 
requirement and the inherent physics of positron annihilation source location, PET 
image resolution is lower than some of the other main volumetric imaging methods 
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like MRI and CT (Cherry  2006 ). A commonly used PET tracer is 2-[18F]fl uoro-2- 
deoxy-glucose (FDG) for monitoring glucose metabolism and locating areas of high 
glycolytic activity. This is used in applications such as localizing metastatic tumor 
load and exceptional brain activity (and glucose consumption) such as during sei-
zures. As glucose is metabolized throughout the body at some level, FDG PET 
provides an image with some relevant anatomy visualized. More target-specifi c 
PET agents can target cell surface binding sites or specifi c gene-expression products 
that are more generally sparse, and due to high effi ciency, targeting the agent does 
not provide “anatomic” positioning and thus requires an additional imaging method 
for useful anatomical references such as MRI and CT (Beyer et al.  2000 ; Yaghoubi 
and Gambhir  2006 ). Current preclinical or “micro-PET” scanners have an image 
resolution of below 1 mm which is still much larger than competing scanner resolu-
tions from MRI or CT which are submillimeter (Shao et al.  1997 ;  Catana et al. 
2006 ). PET agents have highly specifi c requirements to accurately and reproducibly 
synthesize products with cyclotron-produced isotopes and a very short shelf life. 
Commercial imaging products are available for certain widely used compounds 
(e.g., FDG). Often a laboratory is limited to production of specifi c agents such as 
FDG and a few others, which can travel well upon production to remote imaging 
facilities that do not have synthetic capabilities. Laboratory preparation of PET 
agents requires access to a particle accelerator to prepare the PET isotope prior to 
reacting with the target pharmaceutical for use as a radiotracer. 

  Single photon emission computed tomography (SPECT)  estimates the distribu-
tion of radioactivity from an injected radiotracer (non-positron; single photon emis-
sion isotopes) injected typically into the bloodstream. Like a PET tracer, the 
radiotracer distributes in the body based on differences in perfusion and affi nity of 
the tracer compound to the local microenvironment. The SPECT camera acquires a 
number of radioactivity maps, or projections, from a series of angular views. The 
spatial radioactivity distributions serve as the input for a mathematical transforma-
tion that produces a three-dimensional distribution of the radiotracer. Radiation dos-
age is not an intrinsic limit in preclinical animal imaging: high-resolution SPECT 
scanners use extreme collimation techniques to create higher-resolution images. 
Recently, combined SPECT-CT scanners or SPECT-MRI scans have been devel-
oped to reduce the demands of the SPECT system to produce an anatomically 
detailed map (low-dose CT radiographs, essentially, using an external rotating 
source for a photon attenuation scheme to correct for tissue density and photon 
 scatter), utilizing the anatomical information from the co-registered imaging tech-
nique (Ji et al.  2010 ; Goetz et al.  2008 ). Applications for SPECT include preclinical 
models to recreate clinical conditions of stroke by using Tc-99 sestamibi, a cationic 
isonitrile that locks into mitochondria of intact uninjured cells, where the animal is 
imaged following coronary artery ligation to investigate infarct recovery. This 
example is being used for novel agents to facilitate recovery from strokes or reperfu-
sion injury (Liu et al.  2002 ,  2004 ). 

  Ultrasound (US) imaging  is produced from sound waves, and the resultant 
echoes at tissue interfaces (organ to organ, tissue to blood, etc.) to generate 
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two-dimensional images in real time. The frequency of the sound wave produced 
has a direct relation to the image resolution formed. Clinical ultrasound (up to 
~14 MHz) is an excellent modality for observing moving organs and tissues such as 
cardiac wall motion, blood fl ow in major vessels, and certain anatomical structures 
such as fetuses. Preclinical US has advanced to higher frequencies (up to ~55 MHz) 
to produce near microscopic resolution images (~50 μm) of mice noninvasively for 
highly visualized structures near the surface (Foster et al.  2000 ,  2002 ; Zhou et al. 
 2004 ). Interactive applications of ultrasound imaging can include image-guided 
cardiac inoculations of cells and injections of mouse embryos (Slevin et al.  2006 ). 

 Volumetric ultrasound is possible by combining multiple 2D images with a reg-
istration algorithm to form a 3D image (Solberg et al.  2007 ). Using additional con-
straints, it is possible to evolve a 3D image in time to produce a 4D (3 spatial, 1 
time) image (Yagel et al.  2007 ). Preclinical uses of 3D ultrasound can include such 
applications as cardiac evaluation and cancer diagnosis (van den Bosch et al.  2006 ; 
Badea et al.  2007 ; Correale et al.  2007 ; Mitterberger et al.  2007 ). The immediacy 
and lack of special facility requirements for ultrasound imaging is a strong support 
for including it in any imaging suite. 

  Optical Imaging . A plethora of optical imaging scanners, projectors, and spec-
trometers are available for laboratory animals. Optical imaging capitalizes on the 
physical properties of light (generated by various mechanisms) and at various wave-
lengths to generate two-dimensional images or in limited cases three-dimensional 
images or tomograms. 

 Laser Doppler imaging (LDI) is a simple and useful tool for assessing blood fl ow 
in patients and animals (Bohling et al.  2006 ; Humeau et al.  2007 ). LDI utilizes the 
Doppler shift in the refl ectance of hemoglobin to produce images of blood fl ow 
below the tissue surface. LDI is limited due to the shallow depth of penetration, the 
exiting light, and the time required to raster scan over a surface to produce an image. 
The technique is useful to evaluate perfusion during healing, surgery, and other 
circumstances. Though limited in their capabilities, LDI scanners are inexpensive, 
produce short scan times, and have no special environmental requirements. 

 Fluorescence imaging uses a fl uorescent chemical moiety or fl uorophore and 
excitation light source and a wavelength sensitive detector. The method leverages 
the rich background of light microscopy and the labels, techniques, and specifi c 
fl uorophores that have been built over decades of investigation and have recently 
been adapted to in vivo preclinical imaging (Graves et al.  2004 ; Hassan and 
Klaunberg  2004 ; Montet et al.  2007 ). The numbers of applications are too numerous 
for this chapter; however, a few examples include cell traffi cking, tumor diagnosis, 
and staging. The technique does have to contend with many of the naturally fl uores-
cent compounds within the animal’s body, and this can interfere with signal location 
and quantitation (Hoffman and Yang  2006 ; Zacharakis et al.  2006 ). A number of in 
vivo fl uorescence imaging devices are commercially available. Unlike radioactive 
techniques, fl uorescence imaging devices require minimal environmental condi-
tions and have been engineered to be easy to operate. The limits to the technique can 
be stretched to allow placement of a minimally invasive fi ber optic within an animal 
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to observe a fl uorescent signal in vivo at cellular resolution (Al-Gubory and 
Houdebine  2006 ; Pelled et al.  2006 ; Snedeker et al.  2006 ). 

 Bioluminescence imaging (BLI) produces a light signal via a biochemical 
reaction (Sato et al.  2004 ; Zhao et al.  2005 ; Shinde et al.  2006 ). This method is 
intrinsically preferred in a reporter gene study for tumor growth and metastasis, 
cell traffi cking, or intracellular function. As no external light source is required to 
produce a signal, quantitation can be more strictly used in this technique. All 
 visible light methods suffer from photon diffusion and local variable tissue 
 absorbance. BLI has the advantage that known anatomical absorbance and light 
path information can be used to overcome these limitations to some degree. The 
device is similar to the in vivo fl uorescence imager (black box with camera) and 
is  routinely easy to operate. The reader is encouraged to read the chapter on BLI 
included in this volume.  

3.6     Data Management 

 A well-managed imaging facility may have available scanner time booked in excess 
of 70 % over the operating day. It is great to have plenty of business, but this starts 
to reduce available time. Time is required to perform system maintenance, quality 
assurance checks, cleanup, and data analysis for scans in the center. Most imaging 
studies have a number of data points to be taken from each scan, and most of those 
have to be interpreted by a trained observer. A clinical radiologist spends all day 
looking at hundreds of images and dictates out the results that are rarely more than 
a simple linear measurement or a perceived hyper- or hypo-intensity at a certain 
location in an image. The resolution of most preclinical imaging methods means that 
it generates 10- to 100-fold more data than a standard clinical scan, with increased 
demand for more intensive processing. Most MRI scans create hundreds of mega-
bytes of image data to gigabytes. Almost all micro-CT scans create tens of gigabytes 
of data. This puts an increased demand for moving data off the limited storage space 
of scanners and into the hands of the researchers and technician who are interpreting 
this information often using remote data analysis stations. Unless the local imaging 
facility is a service, where animals are submitted and reports are delivered, much of 
the data analysis and interpretation will be in the hands of the researchers whose 
animals are the experimental model. It is important to make the movement of image 
data as seamless and simple as possible while maintaining good backup discipline. 
It is also imperative that other supporting data, i.e., animal anesthesia and drug use 
and timing and handling, also be collected and reported with the image data. 

 The acquisition of the imaging data is actually a fraction of the time necessary to 
process, analyze, and interpret the data. Therefore, it is important to have the capac-
ity to absorb the infl ow from the imaging devices and hold the data for processing 
until the project is completed when the data can be safely archived for future 
retrieval. Otherwise, it is quite possible for the nonclinical investigator or the ana-
lyzing staff to fi nd themselves virtually overwhelmed in data, and this can lead to 
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processing and interpretive errors and loss of study integrity which is needed for 
regulatory fi lings. 

  Data processing and management  need to be included at initial planning stages 
for an imaging center. In vivo imaging can produce enormous volumes of digital 
data in short time. A whole body mouse CT scan of 35 μm resolution produces 5 Gb 
of radiographic projection data and 2 Gb of reconstructed image data in the course 
of a 20 min experiment. A micro-MRI of a whole brain at 35 μm creates a 1.05 Gb 
data fi le with a 0.5 Gb reconstructed image. These examples illustrate the need for 
the ability to control the fl ow of information from scanners. The imaging data is 
collected from each scanner in a usually proprietary format that is designed for the 
most effi cient use by the scanner software and requires a subsequent reconstruction 
operation to transform the collected data into a usable image. The reconstruction 
requirements vary based on the type of imaging modality, the complexity of the 
acquisition, and the scalability of the algorithm processing the data. Some processes 
are handled well with personal computers, and others require an array of parallel 
processors or recently designed graphic processor units (GPUs). Data transfer over 
fast network connections eliminates the need to produce multiple disk copies for 
transport and provides for faster data reconstruction and analysis. Robust networks 
also ease the task of keeping robust and up-to-date backups in case of accidental 
data deletion or scanner failure. 

  Data analysis  in the ideal imaging facility will use data management technicians 
and aid investigators with data processing and analysis. Generally the data analysis 
can require more time to analyze and evaluate than collection of said data. A busy 
facility may fi nd it diffi cult for imaging specialists to fi nd the time away from data 
collection to provide in-depth instruction and help with analysis. An image analy-
sis specialist or team is a valuable asset in these cases where taking time away from 
data collection is a detriment. Additional prudent assets to the imaging facility 
would include a veterinary radiologist to assist with interpreting image data in a 
veterinary clinical context, and robust statistical analysis would be aided with the 
addition of a biostatistician. In our experience, most facility users have no or lim-
ited experience interpreting anatomical images, analyzing three-dimensional data 
sets, or using the analysis software which in many cases have a steep learning 
curve. Generally, facility users fall into one of three classes: (1) just give me the 
results, (2) help me with the hard analysis, or (3) teach me how to do it myself. The 
fi rst class of investigators has no interest in the analysis and prefers just to have the 
processed results given to them. In this case, the imaging facility is operating as a 
service and as such should be suffi ciently and expertly staffed to produce a reason-
able fl ow of reliable information. In the second class, the imaging specialists or 
data analysts teach the investigators the portion of the analysis that is quick to 
pickup and performs the diffi cult part out of expediency. The third class is the most 
confi dent in their abilities and wants to fully control the fl ow of information into 
their experiments. If the imaging facility offers analysis as part of the imaging 
service, then such recognition as coauthorship on any publications may not be 
necessary. It is strongly advised that these arrangements be settled before any 
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scanning study is commenced as a good management practice. For investigators, 
that perform the analysis and processing independently, it is necessary to provide 
 computer workstations for the express purpose of independent analysis as these 
computers usually have extreme processing, memory, and storage demands placed 
upon them by the analysis software. Another incentive is the cost of many software 
packages may exceed the budget of investigators. Avoiding duplication of software 
helps to reduce pressure on research laboratory as well as biotech/corporate labora-
tory budgets. Also the analysis team can use these workstations for training and 
collaboration with investigators and aid in the production of publication quality 
images and presentations. 

  Data Storage . As pointed out earlier, the amount of data that can be generated in a 
busy facility can be very large. The storage and management of the image data for 
investigators should be decided early in the planning process. Data discipline should 
be adhered to throughout the facility to avoid a backlog on scanners with insuffi -
cient space for new experiments. Investigators need to be provided with a copy of 
their image data in the format that is most useful (CD, DVD, portable device). 
A large facility should forgo this approach and have a central storage facility. 
Clinical radiology departments utilize centralized PACS (Picture Archiving and 
Communications Systems) for storage and local distribution. Most preclinical soft-
ware has very limited export capability for these types of systems, and usually there 
is a loss of image information in terms of image modality details. For this reason, 
the ideal imaging facility would have an independent and imaging modality neutral 
data center to store and distribute imaging data. This can be as simple as a central-
ized server with adequate disk space or as complex as an array of storage systems 
for each imaging modality.  

3.7     Summary 

 Planning, designing, and implementing a preclinical animal in vivo imaging facility 
are no small undertaking. The team of designers and key investigators need to 
understand all aspects of the functional facility and use the knowledge to guide the 
architects and builders. It is necessary that experienced personnel be included in the 
planning stages to avoid costly mistakes in later phases. A smooth workfl ow will be 
easy to maintain in a well-designed imaging center. A shared facility is the most 
common implementation of a multimodal imaging center as the large capital costs 
of equipment, personnel, and overhead make this the most effi cient use of resources. 
Added benefi ts of a shared facility will be fostering cross-disciplinary collaborative 
projects, conservation of resources, reduced duplication of effort and equipment, 
and production of competitively outstanding data. An ideal imaging facility needs 
to provide state-of-the-art in vivo imaging equipment and have animal housing 
resources in the nearby area and preparation areas with surgical capabilities to 
reduce transportation trauma to and from imaging sessions. The imaging center 
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design needs to include the following elements: trained personnel, staff workspaces 
and offi ces, animal short-term housing and imaging support areas, adequate  building 
requirements to accommodate specifi c imaging types such as MRI, and allowances 
to incorporate good safety practices for biological and radiation agents. 

 The constituent imaging devices in the center need to refl ect the goals of the 
user community and satisfy the needs for the ongoing research studies. In the case 
of a limited budget, facility planners should choose the most essential modalities 
for the facility operation based on highest anticipated need. For the lucky few with 
a large or unlimited budget, the facility should refl ect the most versatility to use 
imaging technology to attack a research problem with a wide area of imaging 
devices. Up- to-date anesthesia and physiological monitoring equipment are critical 
to maximize animal safety and validity of research results. Imaging technical 
development requires specialized staff to produce high-quality data beyond canned 
manufacturer protocols. Additional support staff, including housekeeping services 
(training in safety and hazards is required) and veterinary care, is necessary for 
successful facility to maintain focus. Data management must be accounted for in 
planning to have a successful fl ow of information to the completion of imaging 
projects. Through the use of deliberative planning with facility designers and 
 experienced imaging experts, the current and future requirements of facility users, 
with good continuing management, will produce a highly utilized and ultimately 
successful preclinical in vivo imaging facility.     

  Acknowledgements   The views, opinions, and fi ndings contained in this report are those of the 
authors and do not refl ect offi cial policy or positions of the U.S. Department of Health and Human 
Services, the National Institutes of Health, or the United States Government.  

      References 

    Al-Gubory KH, Houdebine LM (2006) In vivo imaging of green fl uorescent protein-expressing 
cells in transgenic animals using fi bred confocal fl uorescence microscopy. Eur J Cell Biol 
85(8):837–845  

    Aoyama K, Ueda A, Manda F, Matsushita T, Ueda T, Yamauchi C (1992) Allergy to laboratory 
animals: an epidemiological study. Br J Ind Med 49(1):41–47  

   American Veterinary Medical Association (2013) Guidelines for the euthanasia of animals, 2013th edn. 
  https://www.avma.org/KB/Policies/Pages/Euthanasia-Guidelines.aspx    . Accessed 25 Mar 2013  

    Badea R, Socaciu M, Lupşor M, Moşteanu O, Pop T (2007) Evaluating the liver tumors using 
three-dimensional ultrasonography. A pictorial essay. J Gastrointestin Liver Dis 16(1):85–92, 
Review  

    Bakan DA, Lee FT Jr, Weichert JP, Longino MA, Counsell RE (2002 May) Hepatobiliary imaging 
using a novel hepatocyte-selective CT contrast agent. Acad Radiol 9(Suppl 1):S194–S199  

    Bardana EJ Jr (1992) Occupational asthma and related conditions in animal workers. In: Bardana EJ 
Jr, Montanaro A, O’Hollaren MT (eds) Occupational asthma. Hanley & Belfus, Philadelphia, PA  

    Beyer T, Townsend DW, Brun T, Kinahan PE, Charron M, Roddy R, Jerin J, Young J, Byars L, Nutt 
R (2000) A combined PET/CT scanner for clinical oncology. J Nucl Med 41(8):1369–1379  

3 Considerations for Preclinical Laboratory Animal Imaging Center Design…

https://www.avma.org/KB/Policies/Pages/Euthanasia-Guidelines.aspx


92

    Bohling MW, Henderson RA, Swaim SF, Kincaid SA, Wright JC (2006) Comparison of the role 
of the subcutaneous tissues in cutaneous wound healing in the dog and cat. Vet Surg 
35(1):3–14  

    Brechbühl J, Klaey M, Broillet MC (2008) Grueneberg ganglion cells mediate alarm pheromone 
detection in mice. Science 321(5892):1092–1095  

    Budinger TF, Benaron DA, Koretsky AP (1999) Imaging transgenic animals. Annu Rev Biomed 
Eng 1:611–648  

    Catana C, Wu Y, Judenhofer MS, Qi J, Pichler BJ, Cherry SR (2006 Dec) Simultaneous acquisition 
of multislice PET and MR images: initial results with a MR-compatible PET scanner. J Nucl 
Med 47(12):1968–1976  

    Chan-Yeung M, Malo JL (1994) Aetiological agents in occupational asthma. Eur Respir J 7: 
346–371  

    Cherry SR (2004) In vivo molecular and genomic imaging: new challenges for imaging physics. 
Phys Med Biol 49(3):R13–R48  

    Cherry SR (2006) The 2006 Henry N. Wagner lecture: of mice and men (and positrons)—advances 
in PET imaging technology. J Nucl Med 47(11):1735–1745  

   Chosewood LC, Wilson DE (ed) (2009) Biosafety in microbiological and biomedical laboratories, 
5th edn. United States Department of Health and Human Services, Public Health Service, 
Centers for Disease Control and Prevention, National Institutes of Health. HHS Publication 
No. (CDC) 21-1112. Revised 2009  

    Correale M, Ieva R, Balzano M, Di Biase M (2007) Real-time three-dimensional echocardiogra-
phy: a pilot feasibility study in an Italian cardiologic center. J Cardiovasc Med (Hagerstown) 
8(4):265–273  

    Coulibaly C, Hack R, Seidl J, Chudy M, Itter G, Plesker R (2004 Oct) A natural asymptomatic 
herpes B virus infection in a colony of laboratory brown capuchin monkeys (Cebus apella). Lab 
Anim 38(4):432–438  

    de Crespigny AJ, Carpenter TA, Hall LD (1991) Cardiac tagging in the rat using a DANTE 
sequence. Magn Reson Med 21(1):151–156. doi:  10.1002/mrm.1910210119      

    Epstein FH, Yang Z, Gilson WD, Berr SS, Kramer CM, French BA (2002) MR tagging early after 
myocardial infarction in mice demonstrates contractile dysfunction in adjacent and remote 
regions. Magn Reson Med 48(2):399–403  

     Erdogan O (2002) Electromagnetic interference on pacemakers. Indian Pacing Electrophysiol 
J 2(3):74–78  

     Expert Panel on MR Safety, Kanal, E., Barkovich, A. J., Bell, C., Borgstede, J. P., Bradley, W. G., 
Froelich, J. W., Gimbel, J. R., Gosbee, J. W., Kuhni-Kaminski, E., Larson, P. A., Lester, J. W., 
Nyenhuis, J., Schaefer, D. J., Sebek, E. A., Weinreb, J., Wilkoff, B. L., Woods, T. O., Lucey, L. 
and Hernandez, D. (2013) ACR guidance document on MR safe practices. Magn Reson 
Imaging 37:501–530. doi:  10.1002/jmri.24011      

     Faris OP, Shein M (2006) Food and Drug Administration perspective: magnetic resonance imaging of 
pacemaker and implantable cardioverter-defi brillator patients. Circulation 114(12):1232–1233  

    Fish RE, Brown MJ, Danneman PJ, Karas AZ (eds) (2008) Anesthesia and analgesia in laboratory 
animals, 2nd edn. Academic/Elsevier, New York  

    Foster FS, Pavlin CJ, Harasiewicz KA, Christopher DA, Turnbull DH (2000) Advances in ultra-
sound biomicroscopy. Ultrasound Med Biol 26(1):1–27, Review  

    Foster FS, Zhang MY, Zhou YQ, Liu G, Mehi J, Cherin E, Harasiewicz KA, Starkoski BG, Zan L, 
Knapik DA, Adamson SL (2002) A new ultrasound instrument for in vivo microimaging of 
mice. Ultrasound Med Biol 28(9):1165–1172  

    Frank JA, Miller BR, Arbab AS, Zywicke HA, Jordan EK, Lewis BK, Bryant LH Jr, Bulte JW 
(2003) Clinically applicable labeling of mammalian and stem cells by combining superpara-
magnetic iron oxides and transfection agents. Radiology 228(2):480–487  

    Gay FP, Holden M (1933) The herpes encephalitis problem. J Infect Dis 53:287–303  
    Graves EE, Weissleder R, Ntziachristos V (2004) Fluorescence molecular imaging of small animal 

tumor models. Curr Mol Med 4(4):419–430, Review  
    Goetz C, Breton E, Choquet P, Israel-Jost V, Constantinesco A (2008) SPECT low-fi eld MRI 

 system for small-animal imaging. J Nucl Med 49(1):88–93  

B.A. Klaunberg and H.D. Morris

http://dx.doi.org/10.1002/mrm.1910210119
http://dx.doi.org/10.1002/jmri.24011


93

    Haake EM, Brown RW, Thompson MR, Venkatesan R (2000) Magnetic resonance imaging: physi-
cal principles and sequence design. Wiley, New York  

    Hassan M, Klaunberg BA (2004) Biomedical applications of fl uorescence imaging in vivo. Comp 
Med 54(6):635–644  

      Hessler JR, Leary SL (2002) Design and management of animal facilities. In: Fox JG, Anderson 
LC, Loew FM, Quimby FW (eds) Laboratory animal medicine, 2nd edn. Academic Press/
Elsevier, New York, pp 909–953  

    Hoffman RM, Yang M (2006) Whole-body imaging with fl uorescent proteins. Nat Protoc 
1(3):1429–1438  

    Hollander A, Heederik D, Doekes G (1997) Respiratory allergy to rats: exposure-response rela-
tionships in laboratory animal workers. Am J Respir Crit Care Med 155:562–567  

    Humeau A, Steenbergen W, Nilsson H, Strömberg T (2007) Laser Doppler perfusion monitoring 
and imaging: novel approaches. Med Biol Eng Comput 45(5):421–435  

      Institute for Laboratory Animal Research (2011) Guide for the care and use of laboratory animals, 
8th edn. National Academy Press.   http://www.nap.edu/catalog.php?record_id=12910    . Accessed 
26 Mar 2013  

    Ji C, van der Have F, Gratama van Andel H, Ramakers R, Beekman F (2010) Accurate coregistra-
tion between ultra-high-resolution micro-SPECT and circular cone-beam micro-CT scanners. 
Int J Biomed Imaging 2010:654506. doi:  10.1155/2010/654506      

    Jiang Y, Zhao J, White DL, Genant HK (2000) Micro CT and micro MR imaging of 3D architec-
ture of animal skeleton. J Musculoskelet Neuronal Interact 1(1):45–51  

    Kwong KK, Belliveau JW, Chesler DA, Goldberg IE, Weisskoff RM, Poncelet BP, Kennedy DN, 
Hoppel BE, Cohen MS, Turner R et al (1992) Dynamic magnetic resonance imaging of human 
brain activity during primary sensory stimulation. Proc Natl Acad Sci USA  89(12):5675–5679  

    Liu Z, Kastis GA, Stevenson GD, Barrett HH, Furenlid LR, Kupinski MA, Patton DD, Wilson DW 
(2002) Quantitative analysis of acute myocardial infarct in rat hearts with ischemia-reperfusion 
using a high-resolution stationary SPECT system. J Nucl Med 43(7):933–939  

    Liu Z, Barrett HH, Stevenson GD, Kastis GA, Bettan M, Furenlid LR, Wilson DW, Pak KY (2004) 
High-resolution imaging with (99m)Tc-glucarate for assessing myocardial injury in rat heart 
models exposed to different durations of ischemia with reperfusion. J Nucl Med 45:1251–1259  

    Loomis MR, O’Neill T, Bush M, Montali RJ (1981) Fatal herpesvirus infection in patas monkeys 
and a black and white colobus monkey. J Am Vet Med Assoc 179(11):1236–1239  

    Mitterberger M, Pinggera GM, Pallwein L, Gradl J, Frauscher F, Bartsch G, Strasser H, Akkad T, 
Horninger W (2007) The value of three-dimensional transrectal ultrasonography in staging 
prostate cancer. BJU Int 100(1):47–50  

    Montet X, Figueiredo JL, Alencar H, Ntziachristos V, Mahmood U, Weissleder R (2007) 
Tomographic fl uorescence imaging of tumor vascular volume in mice. Radiology 
242(3):751–758  

    Mori S, Zhang J (2006) Principles of diffusion tensor imaging and its applications to basic neuro-
science research. Neuron 51(5):527–539  

    Paulus MJ, Gleason SS, Kennel SJ, Hunsicker PR, Johnson DK (2000) High resolution X-ray 
computed tomography: an emerging tool for small animal cancer research. Neoplasia 2(1–2): 
62–70, Review  

    Pelled G, Dodd SJ, Koretsky AP (2006) Catheter confocal fl uorescence imaging and functional 
magnetic resonance imaging of local and systems level recovery in the regenerating rodent 
sciatic nerve. Neuroimage 30(3):847–856  

    Rose SE, Wilson SJ, Zelaya FO, Crozier S, Doddrell DM (1994) High resolution high fi eld rodent 
cardiac imaging with fl ow enhancement suppression. Magn Reson Imaging 12(8):1183–1190  

   Ruys T (ed) (1990) Handbook of facilities planning, vol 1: laboratory facilities. Wiley, New York.  
    Sato A, Klaunberg B, Tolwani R (2004) In vivo bioluminescence imaging. Comp Med 54(6): 

631–634  
    Shao Y, Cherry SR, Farahani K, Meadors K, Siegel S, Silverman RW, Marsden PK (1997) 

Simultaneous PET and MR imaging. Phys Med Biol 42(10):1965–1970  
    Shapiro EM, Skrtic S, Sharer K, Hill JM, Dunbar CE, Koretsky AP (2004) MRI detection of single 

particles for cellular imaging. Proc Natl Acad Sci USA  101(30):10901–10906  

3 Considerations for Preclinical Laboratory Animal Imaging Center Design…

http://www.nap.edu/catalog.php?record_id=12910
http://dx.doi.org/10.1155/2010/654506


94

    Shellock FG (2007) Comments on MR heating tests of critical implants. J Magn Reson Imaging 
26:1182–1185  

     Shinbane JS, Colletti PM, Shellock FG (2007) MR in patients with pacemakers and ICDs: defi ning 
the issues. J Cardiovasc Magn Reson 9(1):5–13, Review  

    Shinde R, Perkins J, Contag CH (2006) Luciferin derivatives for enhanced in vitro and in vivo 
bioluminescence assays. Biochemistry 45(37):11103–11112  

    Slevin JC, Byers L, Gertsenstein M, Qu D, Mu J, Sunn N, Kingdom JC, Rossant J, Adamson SL 
(2006) High resolution ultrasound-guided microinjection for interventional studies of early 
embryonic and placental development in vivo in mice. BMC Dev Biol 6:10  

    Solberg OV, Lindseth F, Torp H, Blake RE, Nagelhus Hernes TA (2007) Freehand 3D ultrasound 
reconstruction algorithms—a review. Ultrasound Med Biol 33(7):991–1009, Review  

    Snedeker JG, Pelled G, Zilberman Y, Gerhard F, Müller R, Gazit D (2006) Endoscopic cellular 
microscopy for in vivo biomechanical assessment of tendon function. J Biomed Opt 11(6): 
064010  

    Tseng WY, Reese TG, Weisskoff RM, Wedeen VJ (1999) Cardiac diffusion tensor MRI in vivo 
without strain correction. Magn Reson Med 42(2):393–403  

    Turner JG, Bauer CA, Rybak LP (2007) Noise in animal facilities: why it matters. J Am Assoc Lab 
Anim Sci 46(1):10–13  

    Turner JG, Parrish JL, Hughes LF, Toth LA, Caspary DM (2005) Hearing in laboratory animals: 
strain differences and nonauditory effects of noise. Comp Med 55(1):12–23  

   United States Department of Labor (2013) Occupational Safety and Health Administration. Waste 
anesthetic gasses.   http://www.osha.gov/SLTC/wasteanestheticgases    . Accessed 25 Mar 2013  

    van den Bosch AE, van Dijk VF, McGhie JS, Bogers AJ, Roos-Hesselink JW, Simoons ML, 
Meijboom FJ (2006) Real-time transthoracic three-dimensional echocardiography provides 
additional information of left-sided AV valve morphology after AVSD repair. Int J Cardiol 
106(3):360–364  

    Vera DR, Mattrey RF (2002) A molecular CT blood pool contrast agent. Acad Radiol 9(7): 
784–792  

    Vijayakumar V, Ali S, Briscoe EG, Bertolino P, Rahman A (2006) Detection of viable myocardium 
by FDG SPECT predicts major adverse cardiac events in patients with coronary artery disease 
and left ventricular dysfunction. World J Nucl Med 5(2):74–78  

    Weber SM, Peterson KA, Durkee B, Qi C, Longino M, Warner T, Lee FT Jr, Weichert JP (2004) 
Imaging of murine liver tumor using microCT with a hepatocyte-selective contrast agent: accu-
racy is dependent on adequate contrast enhancement. J Surg Res 119(1):41–45  

    Weigler BJ (1992) Biology of B virus in macaques and human host: a review. Clin Infect Dis 
14(2):555–567  

    Wilson RB, Holscher MA, Chang T, Hodges JR (1990) Fatal Herpesvirus simiae B (B virus) 
infection in a patas monkey (Erythrocebus patas). J Vet Diagn Invest 2:242–244  

    Yagel S, Cohen SM, Shapiro I, Valsky DV (2007) 3D and 4D ultrasound in fetal cardiac scanning: 
a new look at the fetal heart. Ultrasound Obstet Gynecol 29(1):81–95  

    Yaghoubi SS, Gambhir SS (2006) PET imaging of herpes simplex virus type 1 thymidine kinase 
(HSV1-tk) or mutant HSV1-sr39tk reporter gene expression in mice and humans using [18F]
FHBG. Nat Protoc 1(6):3069–3075  

    Zacharakis G, Shih H, Ripoll J, Weissleder R, Ntziachristos V (2006) Normalized transillumina-
tion of fl uorescent proteins in small animals. Mol Imaging 5(3):153–159  

    Zhao H, Doyle TC, Coquoz O, Kalish F, Rice BW, Contag CH (2005) Emission spectra of 
 bioluminescent reporters and interaction with mammalian tissue determine the sensitivity of 
detection in vivo. J Biomed Opt 10(4):41210  

    Zhou YQ, Foster FS, Nieman BJ, Davidson L, Chen XJ, Henkelman RM (2004) Comprehensive 
transthoracic cardiac imaging in mice using ultrasound biomicroscopy with anatomical confi r-
mation by magnetic resonance imaging. Physiol Genomics 18(2):232–244     

B.A. Klaunberg and H.D. Morris

http://www.osha.gov/SLTC/wasteanestheticgases


95B.R. Moyer et al. (eds.), Pharmaco-Imaging in Drug and Biologics Development, 
AAPS Advances in the Pharmaceutical Sciences Series 8, DOI 10.1007/978-1-4614-8247-5_4, 
© American Association of Pharmaceutical Scientists 2014

    Abstract     Examples of pharmaco-imaging in translational science and research 
include whole body infrared imaging of normal healthy mouse, magnetic resonance 
imaging of normal healthy mouse calf muscle, and magnetic resonance imaging of 
relapsing-remitting multiple sclerosis patient brain. Rationales, experimental 
design, study outcomes, and conclusions are presented.  

4.1         Introduction 

 Within GSK    Biopharm & Immuno-infl ammation Pharmacoology, studies are per-
formed on biopharmaceutical compounds in preclinical models such as mice, rats, 
and monkeys, as well as humans from First Time in Human to Post-Marketing 
(phases I–IV). 

 Aligned with the vision of GlaxoSmithKline Clinical Pharmacology, Modeling, 
and Simulation to establish model-based technology as a core element of the drug 
development process, the Biopharm & Immuno-infl ammation Pharmacology group 
integrates pharmacokinetics, pharmacodynamics, modeling, simulation, and bio-
metrics into the selection, global development, and registration of drugs for the 
betterment of patients. 

 Mechanistic pharmacometric models, typically based on nonlinear mixed 
modeling methods, may enable translation between compounds, species, phases, 
therapeutic areas, and indications, considering their similarities and clinically 
signifi cant differences, and translation of terms in mathematical models. 

    Chapter 4   
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and Research 

             Immanuel     Freedman    
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 Noninvasive methods such as imaging may increase the number of observations 
that can be made without signifi cantly perturbing the biological system by invasive 
blood draws or stressful biopsies. This chapter discusses specifi c examples of 
pharmaco- imaging methods with demonstrated value in internal and regulatory 
decision-making.  

4.2     Specifi c Examples: Example 1: Whole Body Infrared 
Imaging of Normal Healthy Mouse 

4.2.1     Rationale 

 Osteoarthritis (OA) is a widely prevalent joint disease with a high unmet medical 
need that represents a substantial economic burden. In OA, cartilage metabolism 
outpaces anabolic regeneration with consequent destruction of cartilage. Aggrecan 
is a key structural component of cartilage, responsible for elasticity, water content, 
and structural integrity. ADAM TS 5 is an enzyme expressed by chondrocytes that 
degrades aggrecan, and ADAM TS 5 activity is linked to the development and pro-
gression of OA in both mouse models and human OA. 

 This section discusses pharmaco-imaging methods that demonstrate preclinical 
target engagement and pharmacokinetics and provide translational guidance for an 
unspecifi ed monoclonal antibody (mAb) directed against ADAM TS 5.  

4.2.2     Materials and Methods 

4.2.2.1     Animal Model: Normal Healthy Hairless (SHK1) Mouse 

 Mouse IgG1 isotype control (MOPC21) or unspecifi ed anti-ADAM TS 5 monoclo-
nal antibody (mAb) was labeled with IR800 green fl uorescent dye in phosphate- 
buffered saline (PBS) solution. They were administered to normal healthy hairless 
(SHK1) mice via the intraperitoneal (IP) or intra-articular (IA) route ( n  = 6/group) as 
follows:

 • Mouse IgG1 isotope control  225 μg in 200 μL  PBS IP 
 • Anti-ADAM TS 5 mAb  225 μg in 200 μL  PBS IP 
 • Mouse IgG1 isotype control  50 μg in 15 μL  PBS IA 
 • Anti-ADAM TS 5 mAb  50 μg in 15 μL  PBS IA 

   The mice were serially imaged at 800nm wavelength, bled following administra-
tion, and  n  = 3 mice/group were sacrifi ced at 8 days and 60 days after dose. The in 
vivo time course of whole body mAb biodistribution and total and ADAM TS 5-spe-
cifi c pharmacokinetics in serum was determined by near-infrared imaging on the 
LI-COR Odyssey scanner (LI-COR Biosciences:NE).  
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  Fig. 4.1    Image sequence showing time course of single-dose IgG1 isotype mAb and anti-ADAM 
TS 5 mAb biodistribution in SHK1 mouse at 0.5, 24, 72, 168, 672, and 1,344 h after dose       

4.2.2.2     Standard Curves 

 Qualitative standard curves for IR800-labeled IgG1 isotope control (MOPC21) and 
anti-ADAM TS 5 mAb were imaged according to the following protocol at serial 
dilutions from 1:1 to 1:32 for initial concentrations of 299 and 319 μg/mL, 
respectively.

•    Co-incubate 10 μL of labeled mAb in PBS with 10 μL protein A/G beads 
(Thermo Scientifi c:IL) for 30 min at 25 °C in a 96-well v-bottom microtiter 
plate.  

•   Add 100 μL PBS.  
•   Centrifuge plate and aspirate liquid.  
•   Wash beads 3× with 100 μL PBS and aspirate liquid.  
•   Read plate on LI-COR Odyssey imaging system.      

4.2.3     Results and Discussion 

4.2.3.1     Whole Body Biodistribution 

 Figure  4.1  shows the time course of whole body biodistribution for one of  n  = 6 
mice, suggesting a longer half-life for the anti-ADAM TS 5 mAb dosed at 50 μg IA 
than 225 μg IP.
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   Table 4.1    Labeled mAb pharmacokinetics after unlabeled mAb administration  

 Compound   t  ½,α  (h)   t  ½,β  (h) 

 TS5 mAb + IR800 TS5 mAb  12.7  511 
 IgG1 mAb + IR800 TS5 mAb  9.13  221 
 IgG1 mAb + IR800 IgG1  39.6  NC 
 PBS + IR800 TS5 mAb  13.1  483 
 PBS + IR800 IgG1 mAb  8.1  89.2 

 PBS + IR800 PBS  2.87  101 

   NC  not calculated  
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  Fig. 4.2    Labeled mAb pharmacokinetics after unlabeled mAb administration       

4.2.3.2        Labeled mAb Challenge After Unlabeled mAb Administration 

 Figure  4.2  shows the time course of anti-ADAM TS 5 mAb pharmacokinetics 
 following 0.2 mg unlabeled mAb on day 1 and 0.1 mg labeled mAb on day 1 admin-
istered via the IA route. Compartmental pharmacokinetic analysis with WinNonlin 
5.2 software (Pharsight:NC) yields a two-compartment linear model with nominal 
distributional half-life  t  ½,α  and terminal half-life  t  ½,β  according to Table  4.1 .

4.2.3.3         Translation to Human 

 Table  4.1  and Fig.  4.2  suggest target engagement since the anti-ADAM TS 5 mAb 
has longer half-life than the IgG1 isotype control at the same dose. By allometric 
scaling of passive processes (Savage et al.  2004 ;     West et al.   1997 ),    a nominal 483 h 
terminal half-life for the fl uorescent signal from 0.1 mg  total     anti-ADAM TS 5 mAb 
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dosed via the IA route to 25 mg mouse scales to 60 kg human according to 
(60,000/25) ¼  × 483 h = 3,380 h (140 days), while a nominal 89.2 h terminal half-life 
for the 0.1 mg IgG1 isotype control scales to 624 h (26.0 days), in reasonable agree-
ment with a typical 21-day serum terminal half-life for non-binding mAb in human.  

4.2.3.4     Limitations 

 Limitations of this method include (a) the animal size is limited to the physical size 
of the Odyssey scanner, (b) continuous observations in vivo require gas anesthesia, 
and (c) the fl uorescent signal strength standard curve is qualitative.    

4.3     Example 2: Magnetic Resonance Imaging 
of Normal Healthy Mouse Calf Muscle 

4.3.1     Rationale 

 Myostatin is a secreted protein that inhibits muscle differentiation and growth. 
Encoded by the myostatin gene (MSTN), myostatin is produced in skeletal muscle 
cells and circulates in blood as free mature myostatin and as an inactive latent 
complex of the myostatin C-terminal dimer and other proteins including its 
propeptide. Mature myostatin acts on muscle tissue by binding a cell-bound activin 
R2 receptor. Humans lacking a functional MSTN gene, MSTN knockout, and con-
ditional knockout mice gain muscle mass, while transgenic mice that overexpress 
MSTN selectively in skeletal muscle lose muscle mass. 

 Overexpression of myostatin may be implicated in human muscle-wasting dis-
eases including hip fracture and cancer cachexia. A therapeutic humanized mAb 
that binds mature myostatin may increase human muscle mass by competitive 
antagonism of the muscle growth inhibition that occurs when mature myostatin 
binds the activin R2 receptor. 

 This section discusses pharmaco-imaging methods that demonstrate preclinical 
target engagement and pharmacokinetics and provide translational guidance for an 
unspecifi ed monoclonal antibody (mAb) directed against mature myostatin.  

4.3.2     Materials and Methods 

4.3.2.1     Animal Model: Normal Healthy ♂ C57BL/6 Mouse 

 Mouse IgG2a isotype control or an unspecifi ed murine mAb (10B3) directed against 
mature myostatin was administered to normal healthy ♂ C57BL/6 mice 8 weeks 
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old, via the intraperitoneal (IP) route on days 0, 4, 7, 14, and 21 at 10 mL/kg con-
centration for day 0 to reduce dose volume and 5 mL/kg for the remaining doses, 
 n  =  6/group, as follows:

 • Mouse IgG2a isotope control  30 mg/kg IP (Group 1) 
 • Anti-myostatin mAb (10B3)  3 mg/kg IP (Group 2) 
 • Anti-myostatin mAb (10B3)  30 mg/kg IP (Group 3) 

   The mice were serially imaged by magnetic resonance image (MRI) on a weekly 
basis for 12 weeks following initial dosing. Contours were manually drawn around 
muscle, excluding bone and subcutaneous fat. Calf muscle volumes were recorded 
weekly, and cardiac septum and left ventricular wall thickness were recorded based 
on an average of three measurements at the day 0 and weeks 2, 4, and 12 time 
points. Serum pharmacokinetic samples and animal body weights were collected 
weekly from day 0 to week 12. Tissue samples including leg and heart muscles were 
collected for analysis at week 4.  

4.3.2.2     MRI Instrumentation and Method 

 A Bruker BioSpec 4.7T 40 cm MRI Scanner (Bruker: MA) scanned the mice. 
   The scans were enhanced with T2 contrast enhancement, using a multi-echo spin-
echo sequence based on Rapid Acquisition with Refocused Echoes (RARE) factor 
of 4. Four averages were obtained, with repetition time 1,500 ms and echo time 
8 ms. Motion suppression was enabled. The matrix size was 256 × 192 with fi eld of 
view 4 × 4 cm. The slice thickness was 0.75 mm and total acquisition time 4′48″ for 
each calf muscle observation.   

4.3.3     Results and Discussion 

 Figure  4.3  shows the percent change from baseline for calf muscle volume from day 
0 to week 12 with treatment period from day 0 to week 4 and washout period from 
weeks 4 to 12.

4.3.3.1       Pharmacometric Model Development 

 Serum pharmacokinetics of the10B3 mAb obtained from a satellite study of male 
C57BL/6 dosed with 0.1, 1, or 10 mg/kg single dose IP ( n  = 4/time point) were well 
described by a mamillary model with (1) depot, (2) serum, and (3) peripheral 
 compartments. In Fig.  4.4 , the PK model is described by absorption rate constant 
(Ka), central volume of distribution (V1), linear clearance (K), Michaelis-Menten 
maximal velocity (Vm) and serum concentration at half-maximal velocity (Km) 
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  Fig. 4.4    Sequential indirect response pharmacometric model with competitive antagonism       

(Gibiansky et al.  2008 ), central-to-peripheral rate constant (K23), and 
 peripheral-to- central rate constant (K32).

   Since the mAb (10B3) is a competitive antagonist of a negative regulator of 
muscle growth (myostatin), the time course of calf muscle growth in male C57BL/6 
mice was well described by a sequential indirect response pharmacometric model 
(Sharma and Jusko  1998 ) developed in NONMEM VI software (ICON: NJ). The 
model structure is depicted in Fig.  4.4 , where 10B3 antagonizes the negative muscle 
growth regulation of myostatin in terms of Loewe additive response. 
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 The natural muscle growth response is produced at an input rate constant (Kin) 
and turns over at output rate constant (Kout). Myostatin inhibits muscle growth with 
serum concentration at half-maximal inhibition (IC50,myostatin) while 10B3 
antagonizes myostatin at half-maximal concentration (IC50,  10B3 ); PD model 
parameters include the maximal inhibition of muscle growth (Imax) and maximal 
muscle growth (Emax). Since the mice are growing, the PD model may not be in 
initial homeostasis. 

 Figure  4.5  shows good agreement between the observed and predicted mean 
PK profi le in male C57BL/6 mice dosed with 10B3 0.1, 1, or 10 mg/kg IP single 
dose ( n  = 4/time point) and observed and predicted calf muscle volume PD pro-
fi les in male C57BL/6 mice dosed with 10B3 3 or 30 mg/kg IP on days 0, 4, 7, 14, 
and 21.

   The maximal lean muscle mass decrease versus increase of soleus, gastrocne-
mius, quadriceps, and tibialis anterior muscle for sedentary myostatin transgenic 
and conditional knockout mice relative to wild-type mice at necropsy was well 
described by a straight line of slope 0.706 ± 0.198, with adjusted  R  2  = 0.79. The mus-
cle mass increase is in qualitative agreement with the mean cross-sectional area of 
Type 2 muscle fi ber in C57BL/6J mouse soleus, gastrocnemius, and tibialis anterior 
muscles (Fig.  4.6 ) (Augusto et al.  2004 ).

4.3.3.2       Translation to Human 

 The target therapeutic profi le requires that effi cacious treatment of patients with 
25 % muscle loss should reverse the muscle loss within 24 weeks of treatment with 
onset of clinical benefi ts within 5 weeks after fi rst dose. 

 Each parameter in the PK/PD model was translated from 25 g mouse to 70 kg 
human according to allometric scaling of passive processes (Mager et al.  2009 ) to 
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  Fig. 4.7    Predicted gain in gastrocnemius muscle mass by design IC 50  for 70 kg human disease 
model dosed with 5 mg/kg every 4 weeks for 24 weeks       

provide a predictive PK/PD model using Berkeley Madonna software (University of 
California, Berkeley, CA). 

 Figure  4.7  shows the PK and predicted gain in gastrocnemius muscle mass for a 
70 kg diseased human with initial myostatin levels suffi cient for almost maximal 
muscle wasting (25 %), dosed with 5 mg/kg every 4 weeks for 24 weeks of a pro-
spective humanized mAb directed against myostatin, where the linear regression 
shown in Fig.  4.6  translated the predicted gain in tibialis anterior (calf) muscle mass 
to gastrocnemius muscle mass.

   According to the target therapeutic profi le, effi cacious treatment with therapeutic 
mAb directed against myostatin may require the development of a humanized mAb 
with 0.03–0.1 nM affi nity.  
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4.3.3.3    Limitations 

 Limitations of this method include (a) the MRI instrumentation may limit the size 
of animal that may be imaged, (b) the development of a pharmacometric model 
requires mechanistic understanding of the biological effect and drug metabolism, 
and (c) translation of the pharmacometric model to human requires assumptions 
about scaling and careful consideration of interspecies similarities and differences.    

4.4     Example 3: Magnetic Resonance Imaging 
of Relapsing- Remitting Multiple Sclerosis Patient Brain 

4.4.1     Rationale 

 Multiple sclerosis (MS) is a multifocal, heterogeneous, progressive neurological 
disease characterized by infl ammation, demyelination, and gliosis of the central 
nervous system (CNS). Although the etiology of MS remains unknown, convergent 
lines of genetic, immunological, and epidemiological evidence suggest that tissue 
injury results from a misdirected immune response triggered by “nonself” antigens 
that mimic constitutive peptides of myelin. Relapsing-remitting multiple sclerosis 
(RRMS) is specifi cally characterized by unpredictable exacerbation of symptoms 
(relapse), followed by periods of remission, during which any defi cits from the 
relapse may recover with or without sequelae. 

 Ofatumumab is a novel IgG1ĸ lytic monoclonal antibody (mAb) that specifi cally 
binds to the human CD20 antigen of which expression is restricted to B lympho-
cytes from the pre-B-cell stage to the plasmacytoid immunoblast stage only. 
A recent trial with an anti-CD20 mAb (rituximab) demonstrated that targeting B 
cells reduces the number of gadolinium-enhancing (GdE) T1 lesions and the relapse 
rate in relapsing-remitting multiple sclerosis (RRMS). Ofatumumab has been 
shown to be both well tolerated and effi cacious in several diseases, including a 
small, placebo- controlled trial in RRMS known as OMS11502 (also known as 
GEN414) (Sorensen et al.  2010 ). 

 This section discusses pharmaco-imaging methods that demonstrate clinical 
target engagement and pharmacokinetics and provide guidance for the design of 
clinical trial OMS112831 in relapsing-remitting multiple sclerosis patients by 
translation of ofatumumab from rheumatoid arthritis to relapsing-remitting multi-
ple sclerosis.  

4.4.2     Materials and Methods 

     1.    Human model: patient with relapsing-remitting multiple sclerosis.   
   2.    Imaging method and materials.     
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 Subjects received monthly MRI brain scans from screening to 48 weeks after 
fi rst dose, followed by an individualized follow-up period. Imaging analysts counted 
the number of new T1 Gd-enhancing lesions and new or enlarging T2 lesions at 
each scan relative to the previous scan.  

4.4.3     Results and Discussion 

 Study OMS112831 is a double-blind, placebo-controlled, parallel-group study that 
will investigate the safety and effi cacy of a subcutaneous formulation of ofatumumab 
in the treatment of subjects with RRMS. The primary objective of the study is to 
investigate effi cacy as assessed by magnetic resonance imaging. Other objectives will 
include evaluation of tolerability/safety, dose-response relationship, pharmacokinet-
ics, pharmacodynamics, exposure-response, as well as other clinical endpoints. 

 Figure  4.8  shows raw summary statistics for ofatumumab study OMS115102 
(GEN 414) that highlight the minimal amount of observed new MRI lesion activity 
following administration of IV ofatumumab in both the week 0–24 and week 24–48 
treatment periods. Although driven largely by one subject with 88 lesions, the mean 
number of new T1-weighted GdE lesions for the overall placebo group was 9.69 
lesions. The effect of ofatumumab on total T1-enhancing lesions, new and/or enlarg-
ing T2 lesions, and new T1 hypointense lesions with very low MRI activity in 
treated subjects was similar to that seen on new T1 GdE lesions.

   The only available data on subcutaneous ofatumumab administered to human is 
from the study OFA110867 in rheumatoid arthritis (RA) patients. The majority of 
adverse events (AEs) in OFA110867 were mild or moderate in intensity. Post- 
injection systemic reactions (PISRs) were more frequent for the combined active 
(13/27; 48 %) than placebo (2/8; 25 %) group. Overall, safety data indicate that 
doses up to 60 mg SC single dose were well tolerated with acetaminophen and anti-
histamine pre-treatment. 

 At the relatively low doses projected in study OMS112831, no lesion count dose- 
response information is available for ofatumumab in any clinical or preclinical 
model. We designed the trial by clinical trial simulation by translating a pharmaco-
metric disease model for subcutaneously administered ofatumumab from RA to 
RRMS. 

4.4.3.1     Pharmacometric Model Development in Patients 
with Rheumatoid Arthritis 

 Data from a rheumatoid arthritis (RA) single SQ dose study (study OFA110867) 
and a pharmacometric model derived from models submitted to BLA 125,326 form 
the basis of dose predictions for this protocol. The RA study is the starting point for 
modeling for four reasons:
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•    OFA110867 is the only subcutaneously administered ofatumumab study available.  
•   A unifi ed PK/PD model has been developed from an IV model reported to the 

FDA for RA, CLL, and FL indications, and this model well describes the rela-
tionships between dose, instantaneous concentration, and peripheral CD19+ 
B-cell count for the RA population.  

•   The OMS115102 concentration and CD19+ B-cell data do not permit detailed 
modeling of this PK/PD relationship from OMS115102 data alone.  

•   The relationship between bioavailability and dose may be complicated by the 
likelihood that ofatumumab substantially depletes lymphatic B cells before 
entering systemic circulation.    

 The choice of the study OFA110867 as basis for modeling likely refl ects a 
conservative viewpoint relative to RRMS. First, the placebo cohort of the 
OFA110867 study shows peripheral CD19+ B-cell counts that increase with time 
and may not be in homeostasis because of systemic infl ammation related to 
aggressive lymphoproliferation. Therefore, the same dose to MS patients may 
result in somewhat higher systemic concentration of ofatumumab and more 
depletion of peripheral B cells because the peripheral B cells may not proliferate 
so rapidly in MS as in RA.  

  Fig. 4.8    Raw summary statistics for OMS115102 cumulative new T1 Gd-enhancing lesions       
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4.4.3.2     Translation to Patients with Relapsing-Remitting 
Multiple Sclerosis 

 Depleting the CD20 +  B-cell subset reduces the supply of mature B cells (including 
pathogenic B cells) for migration across the blood-brain barrier, clonal expansion, 
and differentiation into plasma or memory cells. 

 Kuenz et al. reported that cerebrospinal fl uid (CSF) B cells correlated with early 
brain infl ammation in multiple sclerosis including number of GdE lesions, while 
Petereit et al. observed that reduction in lesion number correlated with reduction in 
CSF B-cell count (Kuenz et al.  2008 ; Petereit and Rubbert-Roth  2009 ). 

 Kuenz et al. further reported that “new focal white-matter lesions appear to 
develop following new waves of infl ammation, involving immune cells which enter 
the brain from the peripheral blood and cause major blood-brain barrier leakage 
mediated by matrix metalloproteinases (MMP).” Sormani et al. reported that the 
statistical distribution of new GdE lesions observed during a 24-week period was 
well described by a negative binomial distribution with expected value  μ  = 13.0 and 
over-dispersion parameter Θ = 0.52 in RRMS patients not required to have enhanc-
ing brain lesions at baseline with monthly MRI scanning over 24 weeks (Sormani 
et al.  2001 ). 

 These observations support the notion that selective recruitment of immune cells 
across the blood-brain barrier occurs in almost discrete events with an average inter- 
event interval of about 22 weeks, according to a Gamma-Poisson mixture model. 
The Sormani et al. model provides a statistical link for the mean rate of incidence of 
new GdE lesions and pharmacometric model predictions of the reduction in count 
of peripherally activated pathogenic B or T cells that have migrated into the CSF. 

 Petereit and Rubbert-Roth showed that the observed rituximab plasma to CSF 
concentration ratio for subjects with a normal blood-brain barrier is about 0.1 %; the 
expectation for ofatumumab is similar (Petereit and Rubbert-Roth  2009 ). Normal 
healthy serum to CSF ratios are about 230:1 for albumin and 369:1 for IgG in the 
absence of intrathecal IgG synthesis (Tourtellotte  1975 ). Hence, for subjects with 
moderate to severe impairment of the blood-brain barrier corresponding to an albu-
min index of 14–30 (Cook  2006 ), the ofatumumab plasma to CSF concentration 
ratio is predicted to be in the range of about 0.87 % to about 1.87 %, based on the 
 assumption  that plasma to CSF ratios are reasonably close to serum to CSF ratios. 

 The pharmacometric model therefore postulates a mechanism of lesion forma-
tion based on selective recruitment of a very small fraction of pathogenic immune 
cells across the blood-brain barrier. A key assumption of the kinetics argument is 
that, if peripheral B cells are implicated in production of the pathogenic immune 
cells, the production rate of pathogenic immune cells may reasonably be propor-
tional to the instantaneous peripheral B-cell count. If the pathogenic immune cells 
that have migrated across the blood-brain barrier are implicated in the development 
of lesions, it is a reasonable kinetic assumption that the production rate of infl am-
matory (GdE) lesions be proportional to their count, so the cumulative number of 
infl ammatory lesions may be proportional to the exposure to these pathogenic 
immune cells in CSF. 
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  Fig. 4.9    Predicted geometric 
mean and standard error of 
estimate of cumulative new 
Gd-enhancing lesion count 
over 24 weeks, based on 
predicted count of 
peripherally activated 
pathogenic B or T cells that 
have migrated into CSF       

 The model assumes that the T cells are antigen-primed CD4+ cells of CD45RO 
CCR7 +  phenotype with mean proliferation and disappearance rates according to 
Table 2 of Macallan et al. ( 2004 ). The uptake rate constants for pathogenic T- or 
B-cell migration across the blood-brain barrier were based on the respective in vitro 
migration rates in the presence of both TNF-α and IFN-γ cytokines reported by 
Alter et al. ( 2003 ). 

 The pathogenic memory B cells are considered to turnover in CSF at the rate 
estimated for peripheral CD19 +  B cells in study OFA110867 and to be cleared by 
ofatumumab by the antibody-dependent cell-mediated cytotoxicity (ADCC) path-
way at a rate corresponding to in vitro studies. 

 The model assumes that pathogenic memory B cells will not proliferate unless 
they encounter a specifi c antigen or nonspecifi c infection that triggers proliferation 
via antigen binding or toll-like receptor 9 (TLR9) pathways. The model further 
assumes that the instantaneous mean incidence rate of GdE lesions is proportional 
to the count of peripherally activated pathogenic T or B cells present in CSF. 

 The initial distribution of peripheral CD19+ B cells is drawn from a lognormal dis-
tribution with expected value  μ  = 198 GI/L and standard deviation 0.403 on the loga-
rithmic scale obtained by a maximum likelihood fi t to the baseline peripheral CD19+ 
counts observed for the 100 mg cohort of study OMS115102 in RRMS subjects. 

 Figure  4.9  shows the predicted geometric mean and standard error of new GdE 
lesions based on the reduction of pathogenic T and B cells present in CSF that have 
been selectively recruited across the blood-brain barrier via adhesion and the nega-
tive binomial distribution for RRMS patients not required to have enhancing brain 
lesions at baseline, as reported by Sormani et al. ( 2001 ).

   The pharmacometric model may explain delayed relapse in terms of CSF patho-
genic B or T cell proliferation triggered by specifi c antigen exposure or external 
event such as infection. In principle, repopulation of peripheral immune cells is nec-
essary but not suffi cient for relapse to occur. An external stimulus may be required 
to trigger rapid proliferation and relapse even after repopulation of CSF B or T cells. 
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 A low uptake rate constant may explain delayed repopulation of pathogenic 
immune cells in CSF including B cells and T cells. The natural rate of central mem-
ory immune cell turnover may explain delayed eradication of pathogenic immune 
cells from CSF.  

4.4.3.3    Dose Rationale 

 While the 3, 30, and 60 mg single SQ doses were all well tolerated in study 
OFA110867, the 3 mg single dose was the most tolerable. The OMS112831 study 
investigates the use of a single 3 mg dose (“conditioning dose”) prior to a 30 mg or 
60 mg dose in half of the subjects receiving those doses. The intent of the single SQ 
3 mg conditioning dose is to reduce cytokine-release reaction to subsequent larger 
doses by depleting peripheral CD20 +  B cells by about 50 % over about 6–9 days, 
thereby enhancing tolerability. 

 The purpose of the 3 mg SQ arm is to explore the effi cacy of sub-depleting doses 
(<95 % depletion of peripheral B cells) and to provide information helpful to dose- 
response and exposure-response modeling. According to the predictive pharmaco-
metric model, the expected reduction of new enhancing T1 lesion burden at week 24 
for subjects dosed with placebo at week 0 and 3 mg SQ at week 12 is 55.2 % with 
90 % confi dence interval 44.7–67.4 %, a response that was observed with currently 
available fi rst-line MS disease-modifying therapies in their phase II studies. 
Rituximab data suggest that effi cacy in suppressing lesions was maintained through 
repletion to peripheral B-cell levels ~30 % of LLN (Hauser et al.  2008 ). 

 The choice of 30 mg dosed quarterly was because it is the lowest quarterly dose 
which is likely to continuously maintain at least 95 % peripheral CD20 +  B-cell 
depletion in at least 90 % of the subjects. The choice of 60 mg as the upper dosing 
cohorts was based on fi ndings that this dose displayed similar peripheral B-cell 
depletion to 100 mg (the highest dose tested in OFA110867) while appearing to 
have better tolerability. For the 60 mg monthly cohort, the expected rate of peripher-
ally activated T- and B-cell migration across the blood-brain barrier is very small 
based on the predicted extensive peripheral B-cell depletion. Although moderate 
B-cell depletion in the CSF (and perhaps CNS) is possible via ADCC in accordance 
with the sigmoid Emax model of Bleeker et al., the expectation is that it will not be 
robust or complete (Bleeker et al.  2007 ). The 60 and 30 mg arms are expected to 
deplete peripheral B cells to reduce activation of pathogenic T and B cells (via 
reduced antigen presentation or regulatory T-cell augmentation) to levels similar to 
those expected for the effi cacious dose in OMS115102 100 mg Q2Wx1. Although 
the present study duration is only 24 weeks, Fig.  4.10  shows the predicted survival 
curve for the time to replete peripheral blood CD19+ B cells to LLN (110 cells/μL) 
after dosing RRMS subjects with SQ ofatumumab in a clinically realistic scenario 
of treatment discontinuation after one full year of real-world treatment, when steady 
state has been reached. Note that for doses greater than 3 mg SQ, the predicted time 
to repletion of peripheral CD19 +  B cells to lower limit of normal (LLN: 110 cells/μL) 
after the last dose exceeds (approximately) 20 weeks. In study OFA110867, 
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the shortest time to the start of repletion was about 43 days for the 3 mg and 30 mg 
doses and 57 days for the 60 mg dose, comparable with typical life span of a mature 
circulating B cell. The OMS112831 doses support dose selection for phase III stud-
ies. The predictive pharmacometric model supports a monotonic relation between 
mean reduction in new enhancing T1 lesion burden and cumulative dose, with 90 % 
prediction interval including ofatumumab dosed at 10 mg Q3M SQ to 40 mg Q3M 
SQ for the dose that results in >90 % reduction in new enhancing T1 lesion burden. 
Repetition of these doses at 3-month intervals, or the lesser of time to repletion of B 
cells to peripheral LLN, allows partial repletion of peripheral B cells and may 
 provide some level of adaptive immunity against infections (including JC virus 
variants) that may trigger relapse by opening the blood-brain barrier or by activat-
ing pathogenic immune cells expressing TLR9.

4.4.3.4       Limitations 

 Limitations of this method include (a) the development of a pharmacometric 
model requires mechanistic understanding of the biological effect and drug metab-
olism and (b) translation of the pharmacometric model to human requires assump-
tions about scaling and careful consideration of interspecies similarities and 
differences.    
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  Fig. 4.10    Predicted survival curve for the time to replete peripheral blood CD19+ B cells to LLN 
(110 cells/μL) in a clinically realistic scenario of treatment discontinuation after 1 full year of real- 
world treatment       

 

I. Freedman



111

4.5     Conclusions and Future Directions 

    Each example highlights the role of pharmaco-imaging to provide noninvasive 
pharmacodynamic or pharmacokinetic:parmacodynamic (PK/PD is a standard  
nomenclature) assessments in clinical and preclinical drug development. The 
detailed relation between short- term assessments and long-term disability measured 
by clinical score remains to be fi rmly established in longer-term studies, for 
translation of muscle hypertrophy in young, growing mice to clinical scores of 
disability in the sarcopenic hip- fracture patient population and for the relation 
between lesion counts and clinical scores of long-term disability status such as the 
Expanded Disability Status Scale (EDSS) in the relapsing-remitting multiple 
sclerosis patient population.     
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Abstract “Disease” can be best defined as a complex array of biological activities 
which are all relational to the underlying changes in the normal physiology of the 
species. The study of disease from infections to tumors, from mice through various 
species, is fraught with significant differences in tissue and organ blood flow, organ 
sizes, physiologic functional differences, metabolic biomarkers, structural unique-
ness (“lock and key” receptor specificity), varied and unique immunologic responses, 
and indeed all of these partake in some manner in the control and definition of each 
species. The goal of imaging is to provide either some key biomarker or metabolite 
that provides translational time–activity responses or anatomical distinctions over 
time that reflect the natural history (NHx) of a disease or ways to describe the bio-
logic changes that are in question as a result of pathology. Allometric analysis thus 
may be necessary in the selection of dosing where target saturation may be impor-
tant, species show variation in target affinities, imaging is time dependent and phys-
iologic “clocks” vary, and many other considerations. This chapter attempts to 
describe such situations as well as currently used approaches.

5.1  Introduction: Dose Selection in the Nonclinical  
to Clinical Settings

In 2006 a clinical trial was held for a new monoclonal antibody, a humanized IgG4/
kappa monoclonal Antibody (Ab), that binds to the human CD28 receptor. As an 
IgG4 Ab it binds with low affinity to Fc-receptors and does not mediate ADCC or 
CDC activity. The antibody under study was TGN1412 sponsored by TeGenero AG 
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(Rellahan 2009). Six subjects in a Phase 1 dose escalation trial received the drug at 
a starting dose of 0.1 mg/kg. The subjects were separated in time by 10 min each for 
their dose. The dose was determined to be a non-risk dose from work performed in 
animal studies. All six subjects elicited adverse events within 90 min post dose 
administration and these became progressively worse with organ failures by 21 h 
post administration. Suntharalingam et al. (2006) described the cytokine storms 
elicited in these patients over the initial day of events. The animal to human dose 
translation was not effective and the result was a superagonistic anti-CD28  
antibody. Where a typical T-cell receptor (TCR) activation requires two signal 
functions (TCR engagement followed by co-stimulatory receptor engagement,  
i.e., C80/86 engagement), TGN1412 was capable of directly stimulating the TCR 
via the CD28 site without a co-stimulatory requirement resulting in an uncontrolled 
cytokine storm. The injuries in this trial were not caused by product impurities, 
product quality—the injuries were due to the product’s in vivo human bioactivity—
a function that was controllable by a better predictive starting dose. As we move 
imaging into the realm of preclinical testing of especially biologics for approval, the 
PK dose translation must be respectfully considered.

Could this unfortunate event have been predicted pharmacologically and an 
appropriate dose surmised using allometrics? That is debatable, but in the imaging 
world we are faced with risk of human dose extrapolation from animals all the time 
as we are employing many different assumptions of product safety and efficacy into 
the clinical setting. This chapter is intended to introduce the reader to the concept of 
dose scaling and minimization of risk in determining the appropriate dose of an 
imaging agent with respect to dosimetry for nuclear imaging agents, and safety for 
those imaging agents requiring higher molar quantities for their practical applica-
tions. Prediction of animal safety of a given product is a textbook all to itself but we 
will touch here on ways of thinking and expressing drug safety that should be part 
of every imaging scientist’s vernacular. Estimating the inter species differences in 
drug behavior has been a challenge for many years (Boxenbaum 1984). Taking the 
comparative measurements of rate constants, receptor affinities, physiologic differ-
ences in clearance, and many other parameters allows the drug developer to have a 
relatively good estimate for the starting dose in human studies but it remains a 
“work-in-progress” discipline (Radziszewski et al. 2009).

The use of imaging in drug or biologics development is clearly to identify sup-
porting mechanisms of action and demonstration of positive alterations in the natu-
ral history of disease in response to the use of a therapeutic (Moyer and Barrett 
2009). Figure 5.1 describes the connectivity of pharmacokinetic (PK) and pharma-
codynamic (PD); and toxicokinetic (TK) activities at a high level. It should be noted 
that the prominent point of connectivity in the figure is “time”. The issue of a single 
point in time—even compared to a baseline value—may not be sufficient to defend 
the outcome of an imaging endpoint in support of a regulatory filing for approval of 
a drug or biologic, potentially even for an IND. Imaging, like PK, PD, and TK 
should be exploited with relation to time.
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5.2  Pharmacokinetics and Toxicokinetics: Importance  
in Imaging

A dose of a “drug” enters the body and is affected by factors of physical chemistry 
and biology from solubility through uniqueness of binding to a pharmacologic 
 target. These activities are concentration dependent, dispersedly controlled to a 
unique biodistribution by actions of molecular charge, solubility, nonspecific 
 binding and blood flow (biodistribution), pathophysiology affecting biological 
binding (enhanced or decreased), and governed by the coincident activity of elimi-
nation which decreases the drug’s bioavailability. PK analysis tells you how to inter-
pret, and indeed predict, your PD and TK observations.

Pharmacokinetics is indeed a mathematical attempt to define biology in engi-
neering terms. The input–output models of environmental scenarios, manufacturing 
control systems, electronic bread-board designs, and BIOLOGY are all capable of 
being described in mathematical terms. Figure 5.1 implies this relationship and the 
insight of the time rate of change of a drug or biologic allows us to predict exposure 
of a target to a drug where a concentration-dependent response, or a pharmacologic 
dynamic outcome, can be predicted. The binding affinity of a receptor for a specific 

Fig. 5.1 A schematic portrayal of the relationship of PK (ADME terms) and PD (REOP terms) on 
the in vivo biological activity of a drug, biologic or xenobiotic. ADME (absorption, distribution, 
metabolism, elimination), TI (Therapeutic Index; see Muller and Milton 2012) and REOP (receptor 
occupancy, response or effect magnitude, binding avidity, and projection or cascade effects) are 
key elements in the description of a drug and biologic’s behavior in different species

5 The Role of Pharmacokinetics and Allometrics in Imaging…
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drug may be known to occur in vitro at the micromolar (μM) range. Following 
administration by some route of entry (IV, IM, SC, IP, PO, etc.1), a distribution of a 
drug or biologic occurs to some limit of the concentration and at the target the drug 
or biologic may never achieves a specific molar concentration (i.e., under dosing) 
due to species metabolic capability, alternate affinities lower affinities but far more 
abundant nonspecific targets and which have a more flow-dependent availability or 
elimination (species related renal and hepatic blood flow, immunologic consump-
tion, etc.). The prediction of a pharmacokinetic response, i.e., the assignment of 
specific pharmacokinetic terms called “parameters”, each of which have mathemat-
ical relationships to each other provides us with the ability to predict pharmacody-
namic or toxicologic responses (Boisell et al. 2008). Through the determination of 
a “drug signature”, as defined by these parameter estimates in Fig. 5.2, we have a 
unique tool to define drug responses, biologic activity and, in totality, the pharma-
codynamics of biochemical entities.

The absorption and elimination of a drug or biologic is defined using a time–
activity profile with examples defined in Fig. 5.3. The administration of a drug or 
biologic into a species of choice results in a concentration gradient from the point 

1 IV, IM, SC, IP, PO, etc. refer to intravenous, intramuscular, subcutaneous, intraperitoneal, orally, 
etc., respectively.

Fig. 5.2 Drug signature. The ability to define a drug or biologic’s unique “signature”, e.g., behav-
ior in a defined biologic system (i.e., murine, canine, NHP, human models, etc.), is an important 
key to the proper selection of an imaging platform as well as use of imaging tracers or contrast 
agents in nonclinical studies. A close and analytic inspection of the “environment” a drug is to be 
introduced (aka the specific pathology) and the relationship the dose has in describing or assisting 
in drug development of human-need pharmaceuticals is not to be minimized
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of entry that moves immediately into both distributive and an elimination functions. 
An intravenously administered drug is an instantaneous delivery to the blood pool 
but the “instantaneous” is a bit misleading as, we recall from Fig. 5.2, a dilution of 
the concentrated “dose” has to occur in that “space” (region, compartment, pool, 
volume, etc.).

Physiologic approaches in pharmacokinetics interpret biology in an engineering 
manner where a flow diagram (Physiologic-Based Pharmacokinetic Modeling; 
PBMK; Fig. 5.4a, b) links an event-driven cascade (i.e., “dominos”; re. REOP, 
Fig. 5.2) where the tissues and organs of a species have finite boundaries of tissue 
weights, volumes, and rates of blood flow that contribute to a drug or biologic’s 
unique “drug signature” (PK profile). To add to this complexity is the concept of 
drug-specific transporters. For a full treatise on the involvement of drug transporters 
and their importance in drug kinetics the reader is directed to the work of Giacomini 
and Sugiyama (2010). The PKPD paradigm is best described using a block diagram 
that in many ways ignores many subtle considerations in biologic systems such as 
immunologic consumption and indeed we can add a compartment for such an elimi-
nation mode. Similarly, we would add a new flow tag called “leak” showing product 

Fig. 5.3 Examples of the kinetic behavior of drug and biologics where we can express the change 
in time vs. change in concentration of “x” in volume or target “y” and these profiles can be 
described mathematically. The time–activity (time-conc) profile is the core of what imaging is try-
ing to describe
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loss occurring in a flow diagram of a manufacturing process or a municipal water 
system that has a broken pipe and loss “X” to the expected flow of total effluent is 
accounted. The use of a drug or biologic is highly dependent on the pathology of 
interest and potentially other ongoing pathologies. An example was presented by 
Jaehde and Sorgel (1995) where they discussed the changes in PK parameter esti-
mates in burn patients where the volume of distribution can be altered by changes in 
protein binding or a change (enlargement) in extracellular fluid volumes. Clearance 
can also change due to tubular secretion glomerular filtration, hepatic blood flow, drug 
metabolizing activity, protein binding, and new additional elimination pathways. 
Animal models for burns will vary considerably with major differences in allometric 
considerations.

1
Bolus IV

a

b

2

K21
K12

Kelim

Fig. 5.4 A physiologic flow diagram translated to compartment modeling. (a) The PBPK model 
(physiologic-based pharmacokinetics) approach (A) bridges the input function of a drug or bio-
logic added to the venous side (or arterial side) and the partition of the drug distribution by blood 
flow (physical compartments), the fractional distribution of the bolus into tissues (pharmacologic 
compartments), and metabolic behavior (chemical-dependent compartment) as defined by frac-
tional organ flow, organ size, the rate constants across or into the organ system, and ratio of the 
organ to organ body weight or surface area. (b) A simple translation of the physical compartment 
model in A to define rate constants (arrows), as an engineering flow diagram, results in a biphasic 
time versus concentration elimination curve
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Table 5.1 describes several physiologic parameters of selected species, including 
human. The body weights of seven species are described along with tissue and fluid 
compartment pool volumes and plasma flow rates for several selected tissues (com-
partments). Physiologic flow models are developed using laboratory animals and in 
principle allow one to scale up (using terms of engineering) to make predictive 
implications of drug behavior in humans (and other species; aka, predictive allome-
trics). The cancer therapeutic methotrexate has been extensively examined using 
these tools (refs from Table 5.1). The drug follows a multi-compartment distribu-
tion, linear protein binding, strong saturable protein binding, entero-hepatic recircu-
lation, and other perturbations on physiologic functions and as such.

5.3  Concepts of Allometry (Dose Translation) in PK Analysis

Animal species commonly used in preclinical imaging studies (i.e., mice, rats,  rabbits, 
monkeys, and dogs) do not always eliminate drugs at the same manner or rates that 
are observed in humans. Typically, the smaller the mammal the more rapid the spe-
cies will eliminate drugs relative to that of larger mammals (O’Flaherty 1989; 

Table 5.1 Physiologic parameters associated with seven representative species which are 
commonly used in medical imaging studies

Parameter Mouse Hamster Rat Rabbit Monkey Dog Human

Body weight, g 22 150 500 2,330 5,000 12,000 70,000

Compartment Volumes, mL
Plasma 1.0 6.48 19.6 70 220 500 3,000
Muscle 10 – 245 1,350 2,500 5,530 35,000
Kidney 0.34 1.36 3.65 15 30  60 280
Liver 1.33 6.89 19.55 100 135 480 1,350
GI Tract 1.5 12.23 11.25 120 230 480 2,100
Gut lumen 1.5 – 8.8 – 230 – 2,100
Heart 0.095 0.63 1.15  6 17 120 300
Lungs 0.12 0.74 2.1 17 – 120 –
Spleen 0.1 0.54 1.3  1 –  36 160
Marrow 0.6 – – 47 135 120 1,400

Plasma Flow Rate, mL/min
Plasma 4.38 40.34 84.6 520 379 512 3,670
Muscle 0.5 – 22.4 155 50 138 420
Kidney 0.8 5.27 12.8 80 74  90 700
Liver 1.1 6.5 4.7 177 92  60 800
Gut 0.9 5.3 14.6 111 75 81.5 700
Heart 0.28 0.14 1.6 16 65  60 150
Lungs 4.38 28.4 2.25 520 – 512 –
Spleen 0.05 0.25 0.95 9.0 – 13.5 240
Marrow 0.17 – – 11 23  20 120

Table content adapted from: Mordenti 1986
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Mordenti 1986). Using this kind of information about species variance in drug 
elimination, drug elimination across species has been shown to be predictable, scal-
able and, in engineering terms, obeys the power equation Y = aWb. Early reports on 
pharmacokinetic scaling across species normalized the x- and y-axes to illustrate 
some degree of superimposability of the respective pharmacokinetic curves. The ulti-
mate goal is to predict human pharmacokinetics and this superimposability was 
useful but not mathematically useful. The power function approaches have allowed 
unique expression of human parameter estimates to be determined. The allometry 
concept provides models beyond pharmacokinetics as models of cardiovascular func-
tions also behave in power functions where energy of flow and turbulence are dissi-
pated toward “terminal tubes” do not structurally or  histologically vary with body 
size (capillary networks are in general, conserved). Allometry via power functions 
thus also provides a complete analysis of scaling relations for mammalian circulatory 
systems that appears to be in agreement with data (West et al. 1997). In more general 
terms, allometric models help predict structural and functional properties of verte-
brate cardiovascular and respiratory systems, plant vascular systems, insect tracheal 
tubes, and other complex distribution networks.

Tables 5.2 and 5.3 are important and very useful key approaches that are used in 
dose translation allometry. The FDA has endorsed the Km (kg/m-sq) allometric 

Table 5.2 The Determination of the Km value for relational determination of doses across selected 
species; refer to the FDA Guidance 2005

Body Surface Area (BSA) and the Km Factor: Linearizing the PK Parameters
The most common “Rosetta Stone” for species allometrics is body surface area (BSA)
Adult human BSA = 1.6–1.7 m2; rat = 0.025 m2; mouse = 0.0066 m2

Species Body weight, kg Surface area, m-sq Km factor, kg/m-sq
Mouse 0.02 0.0066 3.0
Rat 0.15 0.025 5.9
Monkey 3.0 0.24 12
Dog 8.0 0.40 20
Human, Child 20 0.80 25
Human, Adult 60 1.6-1.7 37

See the FDA Guidance (5541fnl.pdf; pg 7; July 2005)
To determine the dose from a mouse to a human:
Human dose equivalent (HDE) = 2nd species dose (mg/kg) × (Species Km/Human Km)
If the Murine dose for efficacy is 20 mg/kg = 20 mg/kg × 0.025 kg = 0.5 mg/mouse
HDE = 20 mg/kg × (3/37) = 20 mg/kg × 0.081 = > 1.62 mg/kg × 70 kg = 113.4 mg/human

Table 5.3 Development changes in body composition reported as percentage of total body mass 
(data from: Alcorn and McNamara 2003)

Age Body mass (kg) Water Protein Fat

Newborn, full term 3.5 74 11 14
4 months 7.0 61.5 11.5 27
12 months 10.5 60.5 15 24.5
Adult 70 55–60a

aObesity decreases the percentage of total body water
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approach as well as other techniques including PD response analysis (i.e., unique 
cytokine dose responses across species). Body surface area is one approach that is 
used as a dose and cross-species dose normalizing method has been found to be 
highly successful in aligning dose linearity across species (Pinkel 1958; Rall and 
North 1953; Bachmann et al. 1996; Baker et al. 2002; Krasovskii 1976; Lindstad 
and Schaeffer 2002; Mahmood 1998, 2000, 2005, 2007; Mahmood and Balian 
1996; Mahmood and Green 2003; FDA Guidance 2005; Tang and Meyershon 2006; 
Reagan-Shaw et al. 2007; Dedrick 2009).

Table 5.2 describes, in part, the method advocated by Reagan-Shaw et al. (2007). 
In some cases, however, drug doses are prescribed not in terms of micrograms per 
kg but in terms of micrograms per unit area, specifically body surface area (usually 
in terms of square meters, i.e., m2). Such is the case for the colony stimulating factor 
GM-CSF (Sanofi; Sargramostim, Leukine™). The conversion of m2 doses across 
species can utilize the Km values described in Table 5.2 (above) but translation of 
height and weight into body surface area (BSA) of small animals has been a difficult 
and challenging relational task. I have explored using a mix of three human height–
weight exponential methods to calculate the BSA of animals such as the rhesus 
macaque and they include: the Haycock, the Mosteller, and the DuBois methods 
(refer: http://www.halls.md/body-surface-area/refs.htm). The DuBois method was 
further adapted for the rhesus macaque by Liu and Higbee (1976) where they added 
a slight correction factor using a skull to anus measurement. Taking the three BSA 
equations and making a mean BSA measure has been a better way to define the dose 
for the rhesus macaque and works for other species as well within limits defined by 
the species anatomy. A working copy of an EXCEL worksheet/tool using these 
three BSA equations for dose conversion to a second species based on input of only 
height and weight measures is provided to the Reader via the Springer web link. 
(http://link.springer.com/book/10.1007/978-1-4614-8247-5). The EXCEL tool also 
contains the details of the surface area equations and the FDA dosing guidance is 
also embedded.

The role of pharmacokinetics in imaging was historically ignored for nuclear 
tracers used in PET, SPECT and especially the original planar imaging platforms 
used in nuclear medicine as they all rely on tracer biology. “Tracer biology”, or the 
notion of a drug effect measurable using a miniscule mass of a drug to elicit an 
image of a chemical entity binding to a target, is a classic property of high-specific 
radioactivity nuclear medicine drugs and biologics.2 Most drugs and biologics, 
however, are not necessarily operating in the nanomolar or lower range. The con-
cept of a “Phase 0” study, i.e., a low dose of a radiolabeled imaging agent (Hung 
2009), is allowed because this kind of trial purportedly has little pharmacologic risk, 
while operating at sub-pharmacologically active doses of the chemical entity (the 
“red box”; Fig. 5.5). The dose is often conducted at the nanomolar range (or less) of 

2 Specific radioactivity is the ratio of the radioactive isotope, i.e., Tc-99m, to the cold (stable) iso-
tope, i.e., Tc-99, in, for example, Ci/mmol. A high-specific radioactivity product is needed for a 
Phase “0” study to reduce the mass.
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product which is capable of binding to specific receptors, generally neurologic  
targets, but not sufficient in eliciting a pharmacologic response.

A drug or biologic’s integrated preclinical PK/PD package should be designed to 
be relevant in the human condition or disease and designed to establishes a derivable 
relationship between drug exposure and the mechanism of action (i.e., a selected 
biomarker). This relationship is critical in the selection of first dose(s) in humans. 
The pharmacokinetics of all drugs should be understood sufficiently to allow for 
comparative translation of the drug exposures across species. In terms of imaging, 
this is principally related to avoidance of target receptor saturation or poor biodistri-
bution which alter target uptake or washout (e.g., on-off rate) statistics (voxel-
related image content) which may distort interpretation of images over time. For 
high plasma drug concentrations (i.e., Cp >> Km), the saturable clearance function 
approaches a limiting value (Vmax), and at relatively low concentrations will repre-
sent a first-order elimination rate (Vmax/Km). A major source of the nonlinear 
elimination (and sometimes distribution; see Williams 2012) of antibodies is receptor-
mediated  clearance (RMCl) or target-mediated drug disposition (TMDD).

For antibodies that exhibit complex nonlinear kinetics, model-based dose selec-
tion can avoid the potential limitations of simpler methods that are often associated 
with inappropriate (and potentially wrong) assumptions. The development of a 
TMDD model for a specific kind of antibody in rats and monkeys and its translation 
for predicting the minimal anticipated biological effect level (MABEL) in humans 
is an excellent example of how allometrics plays an important role in safety (Mager 
2012). In his chapter on the PK and PD of antibody-based therapeutics, Mager 
describes the testing of a large range of dose levels (0.1–100 mg/kg) of this antibody 
in rats and monkeys, and where no significant adverse events were ultimately 
observed (the no observable adverse event level; NOAEL, was determined for both 
species). The study resulted in determining the minimal human dose that is 
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Fig. 5.5 Defining the dose for a Phase “0” study. The sigmoidal response curves for efficacy 
 versus safety. The bold black arrow represents the dose for the maximal therapeutic index (TI) 
value. Phase “0” nuclear imaging studies are conducted purportedly at doses within the red box. 
What defines the “red box” is data from animal studies where no physiologic response is observed 
yet binding is demonstrated either in vitro or in vivo using the intended nuclear imaging product 
and imaging tool. The challenge is the dose translation of the animal dose to human which is criti-
cal to avoid any concentration “shift to the right” and resultant appearance of safety concerns
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predicted to show high target occupancy along with a 100-fold safety factor based 
on body surface area scaling.

On the other hand, when applying a simple receptor occupancy (RO) equation,

 
RO p d p% * /-[ ] +[ ]C K C0 100 0

 
(5.1)

One should select the dose which provides a small 10 % receptor occupancy. 
This low dose estimate using minimal receptor occupancy is likely associated with 
failing to consider turnover processes and other inappropriate assumptions, such as 
rapid binding conditions and drug concentrations in far excess of the receptor 
(Cp >> Kd). Organ sizes and many physiological processes, such as renal clearance, 
scale across species according to a well-known power–law relationship (Adolph 
1949; Rall and North 1953; Pinkel 1958; Mordenti 1986; Holford 1995; Bachmann 
et al. 1996; Mahmood and Balian  1996; West et al. 1997; Baker et al. 2002; Wajima 
et al. 2002; Mahmood 2005; Tang and Mayershon 2006; Reagan-Shaw et al. 2007; 
Savage et al. 2008; Dedrick 2009):

 Y aW b=  (5.2)

Where, a PK parameter of interest, i.e., clearance, Cl, has a relational basis to body 
weight (W) to a power value which typically rests in the domain of 3/4 or 0.75 
(Mahmood and Green 2003). Drug clearance and body size as a means of allometry 
in the literature over 2000–2007 is provided as a fine review by McLeay et al. 
(2012). Interspecies conversions of toxicity seem best met by means of a power 
function of the body weight raised to the power of 2/3 to 1, where 1 is a direct 
weight-based scaling. The US EPA in the late 1980s used the 2/3 power to distin-
guish environmental toxic waste effects on various wildlife and it remains a practi-
cal approach today. The appropriate basis for an interconversion of dose across 
species is dependent on the mechanism of action (MOA) of a chemical, on its intrin-
sic metabolism, the developmental stage of the species in question, and on the dose 
pattern (dose schedule, pattern of exposure) (O’Flaherty 1989). Kinetically equiva-
lent doses are defined as those doses that produce either equal concentrations in the 
plasma compartment or at the receptor (or target) sites or an equally integrated dose 
over time as in mass/unit volume/unit time to a target receptor or tissue across each 
species mean body weight. The two terms “dose concentration” and “dose expo-
sure” are not always equivalent. It very important to consider that conversion of 
doses or dose rates from smaller to larger species is often realistic on a body surface 
area or ¾ power basis EXCEPT when first-order elimination and capacity limited 
production of an active metabolite coexist. In such cases, the peak concentration 
(i.e., Cmax) may not be sufficiently predictive of exposure (i.e., AUC) even though 
they are mutually dependent PK parameters.

Use of a fractional power of body weight to scale adult therapeutic doses to 
pediatric-equivalent PK doses, and to scale doses administered to test animals in 
drug development to the doses used in human clinical trials, has now become widely 
accepted and is translates more efficiently and accurately (except in the bolded 
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conditions described above) upon the log transform of Eq. 5.2 which has the 
property of a linear relationship (a straight line) following a log transform, where:

 
log( ) log( ) * log( ); :y a b W Y mx b= + = +or, simply

 (5.3)

It is relevant to note that this approach has several attractive features:

• It is simple to use.
• Requires establishment of the drug blood or plasma concentration–time data.
• Requires knowledge of elimination pathways (i.e., geriatrics may have depressed 

Cl).
• Important, in most cases, to know if the product has plasma or blood component 

binding.
• Data analysis is generally straightforward.
• The use of either a power function of parameters of interest versus a normaliza-

tion denominator of either body weight or body surface area (BSA) on a log–log 
scale.

• The equation for a straight line—term “b” as the slope representing the rate of 
change for the parameter versus the change in body weight or BSA.

• Compartmental analysis (CA; Simpson 2011) vs. non-compartmental analysis 
(NCA; Stepniewska 2011),

 – CA models can be complex and lengthy processes.
 – NCA models are less restrictive than fitting CA.
 – NCA methods do not require specialty software for analyses.
 – NCA criteria for best fit minimizations include

Ordinary least squares
Weighted least square
Maximum likelihood estimation (MLE)

• Three PK parameter estimates which are regularly used for allometry are also 
useful for imaging:

Clearance, Volume of Distribution, and the Elimination Half-Life.

Allometry based on organ sizes, or physiological volumes, tends to have the 
exponent as directly proportional, or b = 1. Physiological times, or the duration of 
physiological events (e.g., heartbeat and breath duration, lifespan or turnover times 
of endogenous substances or processes), typically scale across species with b values 
around 0.25. These interspecies relationships are based it seems from the fractal 
nature of biological systems (West et al. 1997; West and Brown 2005).

Chappell and Mordenti (1991) were the first to apply allometric scaling to thera-
peutic proteins. They applied the scaling to five compounds, one of which was an 
anti-CD4 IgG1 antibody. Exponents for total systemic clearance and the volumes of 
distribution (central compartment and steady-state value) were in agreement with 
the expected theoretical values. Mahmood (2004) confirmed that simple allometry 
may be used for most proteins in a review of predicted total clearance values of 15 
therapeutic proteins from interspecies scaling.
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Table 5.4 Examples of power functions used in allometrics

Power functions that relate species
Physiologic power functions
Power functions with: Y = aWb

Physiologic function Power function Units
Urine output = (0.0064)W0.82 mL/h
Ventilation rate = (120)W0.74 mL/h
Cr clearance = (4.2)W0.69 mL/h
Inulin clearance = (1.74)W0.77 mL/h
Heartbeat period = (1.19 × 10−5)W0.27 h
Nephron number = (2600)W0.62 Count
Tidal volume = (6.2 × 10−3)W1.01 mL
Kidney weight = (0.0212)W0.85 g
Heart weight = (6.6 × 10−3)W0.98 g
Blood volume = (0.331)W1.09 mL (or g)

Power functions can relate specific organs and physiologic functions. Several 
investigative targets are currently defined where we have the allometric power 
function to exploit

This mechanistic approach predicted a starting dose of approximately 0.008 mg/
kg which is much lower than established NOAEL in toxicity studies, but is more 
reasonable than the use of simple target occupancy calculations which do not also 
include the physiologic perturbations on the dose. An efficacious dose level was also 
predicted using the scaled model, and this study highlights how complex processes 
such as TMDD may limit the use of simple dose selection techniques and the need 
for more appropriate model-based algorithms to ensure clinical safety and efficacy.

Important to imaging is the ability to evaluate the time rate of change of some 
physiologic or metabolic parameter of interest. The importance of imaging in yielding 
the necessary statistics, resolution, and individual animal or patient evaluation is 
probably the most sought out technology in medicine for its personalized diag-
nostics. Table 5.4 describes several investigative physiologic and pharmacokinetic 
parameter targets where we have the allometric power function to exploit. Figure 5.6 
demonstrates the utility of using a common pharmacokinetic parameter test, renal 
clearance of antipyrine, for drug comparative kinetics across species (REF). 
Onthank et al. (2005) provides a wealth of background on the clearance of drugs as 
relates to species and translational biology.

5.4  PK Parameter Estimates and Applications in Imaging

Zhao et al. (2009) describe an overview of imaging surrogates used for measuring 
tumor responses to therapy.  It is important to recognize that there are allometric 
relationships of tumor responses and it may be necessary to know the therapeutic 
drug doses which may affect drug/biologic distribution and clearance. PET tracers 
have been created for metabolic imaging where we can evaluate the metabolic rate 
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Fig. 5.6 Antipyrine renal clearance. A graphic portrayal of the linear relationship of clearance of 
antipyrine across species. Such a linear relationship can be exploited to demonstrate cross species 
drug clearance changes relative to the known antipyrine clearance estimates

of glucose uptake, i.e., F-18 fluorodeoxyglucose (Hanaoka et al.  2008), or the 
uptake in a progenitor cell proliferative environment such as the bone marrow using 
DNA precursor analogs, i.e., F-18 fluorothymidine (Menda et al. 2010). Figure 5.7 
is an example of how the PET-derived SUV values (i.e., the PD response) are chang-
ing with the introduction of a therapeutic (chemotherapy or radiation effects on 
bone marrow) and this “delta” can be quite variable across species ability func-
tionally respond to therapeutic interventions. Species differences and specific sensi-
tivities to novel drugs and biologics can be measured using the terms of specific 
uptake values (SUVs) which represents a ratio to baseline expected values. As has 
been discussed throughout this chapter “baseline expected outcomes”, that is the 
species to species correlations of drug behavior, should be thought of as allometri-
cally defined and employing allometrics gives us avenues in imaging to uniquely 
confirm species differences in radiotracer distribution and elimination pathways in 
drug research. In the case of MR imaging, and especially in metabolic (MRS) stud-
ies, utilization of a stable isotope approach can markedly improve the efficiency and 
accuracy of bioavailability, tissue distribution, tissue elimination and bioequiva-
lence studies particularly for highly variable drugs in formulations that are qualita-
tively and quantitatively the same as well as for quality by design (QbD) investigative 
studies (Parr et al. 2012; Williams 2012).
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Glucose use of the lung can be compared by bilateral functional comparisons. 
An example is the use of FDG to evaluate the efficacy of various doses and clear-
ance behaviors when using tobramycin. A study by Dolovich and Labiris (2004) 
examined tobramycin therapy before and after 28 days of inhaled tobramycin ther-
apy (160 mg twice daily) in patients. Control groups of cystic fibrosis and nonactive 
sarcoidosis showed mean glucose use in the lung (SUV values) of 1.3 mcmol/g × h 
(95 % confidence interval, CI, of 0.55–2.10). and 2.8 mcmol/g × h (95 % CI 2.65–
2.99). Normal glucose use in the lung averages 1.2 mcmol/g × h (95 % CI 0.94–
1.46). Patients with nonactive sarcoidosis have a significantly higher lung glucose 
use than normal. Despite the presence of chronic sputum neutrophilia, lung glucose 
use was not elevated in patients with CF and did not change with inhaled tobramy-
cin therapy (Dolovich and Labiris 2004). Williams (2012) provides an excellent 
treatise on tissue distribution of protein therapeutics and molecular probes as 
described through imaging.

Fig. 5.7 Marked depression of F-18 FLT in irradiated progenitor cell uptake in human bone mar-
row following radiation. The SUV value is seen to be depressed following irradiation. Examination 
of effectiveness of progenitor stimulating drugs (cytokines) to induce proliferation in this setting 
may have alterations in drug clearance or distribution induced by the complex pathophysiology of 
radiation hematopoietic injury (with permission, L Boles-Ponto, Univ of Iowa and from: Menda 
et al. 2010)
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Allometry of cell therapeutics remains a challenge to define, especially in the 
imaging employing radiolabeled or SPOI-labeled cells for PET and SPECT or MRI 
imaging, respectively, and green fluorescent protein (GFP) or luciferase labeling of 
cells for bioluminescent imaging. (Huang et al. 2008) discussed the role of cell quan-
tities and cell burden of label. The specific radioactivity of Cu-64 as a PET tracer has 
deleterious effects from cold copper3 as well as from cell burdens of high- specific 
radioactivity where the cell viability falls off with excesses of >1 μmol of Cu-64/mL 
of labeling cocktail. They studies these effects in fetal monkey and recombinant 
mesenchymal stem cells (rhMSC) where they labeled these cells with 0–230 pmol 
Cu/mL as Cu-64-PTSM (Pyruvaldehyde-Bis-N4- Methylthiosemicarbazone) and 
showed no significant differences in cell viability, growth, or differentiation. The 
most deleterious effect came from the highest specific activity studies. The time 
frame from preparation to its use as a PET tracer is a critical measure. Studies on 
CD34+ cells labeled in excess of 1 h post labeling can show reduced cell functional-
ity. Cell radioactivity may be deleterious to cell survival or function, i.e. prolifera-
tion, when radiolabeled in excess of 40 μCi/mL. Typical cell radiolabeling is done 
with incubation in the presence of a stock cell- supporting milieu with 20 μCi/mL of 
the desired radiolabel added to ~5 × 105 cells. Allometric conversion of cellular 
therapeutic doses are not as yet fully investigated and this remains a major hurdle for 
future cell therapy programs and prediction of human safety.

5.5  Conclusions

There are some important features of allometric scaling for the prediction of human 
drug clearance from animal data and their application to imaging agents. I take the 
efforts of Mahmood and Green (2003), Mahmood (2007) in defining allometric 
principles as especially succinct in identifying important first principles for imaging 
and I recommend reading and understanding his important contribution to the field. 
First, the exponents of simple allometry have no physiological meaning. These are 
mathematical manipulations that may bear no real meaning to the physiology of the 
test species. Second, the exponential elements of clearance for a given drug are not 
universal and depend on the species under study generating these clearance values. 
Third, the impact of plasma protein (and other nonspecific) binding on the allome-
tric scaling and indeed the human protein binding can be exquisitely different and 
challenging to predict. Fourth, in vitro binding and scaling solely on this is fraught 
with error due to metabolism and renal elimination (reduction in drug availability). 
Fifth, the attraction of a fixed exponential across species is often favorably viewed 
and sought to simplify the estimations. Caution is warranted. Sixth, external factors 
such as study designs, analytical errors, physiochemical properties may have sig-
nificant impact on allometric determinations.

3 Copper concentrations at 5 micromolar (μM) may stimulate respiratory and collapse of the mem-
brane potential of mitochondria.
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The predicted starting dose for a Phase 0 imaging study should be viewed as 
simply “predicted” and not “absolute” or “established” and thus the use of any 
imaging contrast agent or tracer product in the trial shall include protocol defini-
tions for proper safety controls, timing of doses, and availability of supportive care. 
The understanding of PK allometry as applied to imaging is new and often dis-
counted but the use of this tool can provide significant advantage to the product 
success and future market opportunities. The Reader is encouraged to review 
Chapter 13 on the FDA and regulatory aspects of allometry, Phase “0” studies, and 
much more.  Further, the Reader is asked  to refer to the FDA Guidances related to 
medical imaging (FDA Guidance for Industry 2004, 2005, 2006, 2010) as these will 
provide further insight on how drug and biologic development using imaging tech-
nologies and how they can be aided through exploring interspecies allometry.
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Abstract Autoradiography (ARG) is a powerful, high resolution, quantitative 
molecular imaging technique used to study the tissue distribution of radiolabeled 
xenobiotics in biological models. ARG involves the close apposition of solid speci-
mens containing radiolabeled substance to a detector layer, such as photographic 
emulsions, film, phosphor imaging plates, and direct nuclear imagers/counters and 
the two basic types include: Macro-autoradiography, which is imaging of organs, 
organ systems, and/or whole-body sections (WBA); and micro-autoradiography 
(MARG), which provides localization of radioactivity at the cellular level. The 
basic technique is more than 60 years, but it remained largely qualitative due to the 
limited linear range of quantification offered by nuclear emulsion detection sys-
tems. However, recent technologies have revolutionized the techniques of WBA and 
made quantification of radioactivity in tissues possible. WBA and MARG tech-
niques provide drug researchers with quantitative tissue concentration data and a 
high resolution visual location of those drug or biologic concentrations in intact 
organs, tissues, and cells of laboratory animals. In addition, novel techniques such 
as matrix-assisted laser desorption imaging mass spectrometry (MALDI-MSI), and 
Secondary Ion Mass Spectrometric (SIMS) imaging can positively identify the 
molecular identity and image the spatial distribution of the parent drug and/or their 
metabolites in the same samples used for whole-body and micro-autoradiography. 
This chapter presents an overview of the techniques and reviews the use of QWBA, 
MARG, MALDI-MS, SIMS, and tissue extraction and liquid chromatography/mass 
spectroscopy (LC/MS) in the pharmaceutical industry.
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6.1  Introduction

Autoradiography (ARG) is an elegant collection of high resolution imaging 
 techniques that enable the qualitative and now quantitative assessments of drug 
localization in tissues and cells or lab animals. The techniques have been used to 
support drug discovery and development for over 60 years in both academia and 
industry are widely used to study the absorption, distribution, metabolism, and 
elimination properties (ADME) of large and small molecule drugs in organs, tis-
sues, and cells of lab animals. The techniques rely on the use of radiolabeled test 
compounds, which provide the most accurate method for the quantitative and 
 qualitative assessment of the parent drug and its metabolites in biological samples. 
The use of radiolabeled compounds is the most efficient method for determining 
drug disposition and metabolite identification, despite attempts to use nonradioac-
tive techniques. ARG involves the close apposition of solid specimens containing 
radiolabeled substance to a detector layer, such as photographic emulsions, film, 
phosphor imaging plates, and direct nuclear imagers/counters. The two basic types 
include: Macro- autoradiography, which is imaging of radioactivity in organs, organ 
systems, and/or whole-body sections and which includes qualitative whole-body 
autoradiography (WBA) and quantitative WBA (QWBA); and micro-autoradiography 
(MARG), which provides localization of radioactivity at the cellular level. The 
basic techniques remained largely qualitative due to the limited linear range of 
quantification offered by nuclear emulsion detection  systems (e.g., X-ray film). 
However, in 1975 phosphor imaging technology (Luckey 1975) revolutionized the 
techniques of WBA and made quantification of radioactivity in tissues possible 
because it offered a robust method to quantify radioactivity over a wide linear range 
(5–6 orders of magnitude). This technique is more accurately referred to as quanti-
tative whole-body autoradiography (QWBA) or also as whole- body autoradiolumi-
nography (WBAL) (Potchioba et al. 1995).

The use of radiolabeled compounds is the most efficient tool for quantitatively 
examining the ADME properties of drugs, but researchers are attempting to utilize 
newer techniques, such as compounds labeled with florescent tags (Mitra and Foster 
2008), and mass spectroscopy (MS) techniques despite some limitations. Reliable 
and sensitive quantitation of florescent-labeled compounds has not been consis-
tently achieved due to background and matrix effects, and image resolution is much 
less than provided by imaging by QWBA. Another limitation of fluorescently 
labeled compounds is that sometimes the relatively large florescent tag can alter the 
activity and/or binding of the compound due to the size and possible chemical mod-
ifications. Consequently, the pharmaceutical activity of each fluorescently labeled 
compound should be verified before it is used to study ADME characteristics to 
ensure that accurate data will be obtained. Nevertheless, florescent compounds are 
widely used as an in vivo imaging tool in drug discovery to screen the localization 
of compounds in organs and tumors of xenograft animal models.

Mass spectroscopy is also used to gather ADME information related to quanti-
tation and molecular identification, but its use is also limited (Michnowicz 2011). 
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Although MS can provide reliable tissue quantitation, it requires much more work 
to get that data because appropriate standards are required and the organ extraction 
process, efficiency, and possible matrix effects need to be considered and influence 
accurate assessments of tissue concentrations. These issues often confound the true 
tissue-level quantitative data, and can’t match the quality of data provided by 
radiolabeled compounds and quantitative autoradiography imaging techniques. 
However, the techniques of MALDI-MS and SIMS have improved over the past 
10–15 years and offer the ability to identify and semi-quantify both parent com-
pounds and/or their metabolites in whole-body and individual tissue sections 
(Solon et al. 2010).

For years the use of radiolabeled compounds and QWBA have become the gold 
standard for determining tissue distribution characteristics of drugs and it has 
remained the best option because it provides the most efficient way to visually 
localize and quantify the amount of a chemical entity throughout the body, and in 
discreet organs, tissues, and cells of laboratory animals.

WBA, which refers to the original technique developed by Sven Ullberg in the 
mid-1950s, relied on a film detection system/imaging system. Dr. Ullberg first pub-
lished the use of WBA while studying in situ biodistribution of 35S-Penicilin 
(Ullberg 1954) in 1954. The basic technique of WBA entails the administration of a 
radiolabeled test compound [most often hydrogen-3 (3H) or carbon-14 (14C) iso-
topes] to labs animals (e.g., rodents and nonhuman primates) followed by euthana-
sia and freezing the carcasses of animals at different time points after drug 
administration. The frozen intact carcasses are cryosectioned (at 30–50 μm thick-
ness) at different levels through the carcass to capture all tissues, and the sections 
are imaged en face (in contact) using X-ray film. The technique remained qualita-
tive for about 25 years because film is not a linear detection system that could be 
easily used for quantitation. It wasn’t until after 1979 when phosphor imaging tech-
nology (Luckey 1975) was used to quantitatively image beta radiation in solid sam-
ples. The technology was quickly adopted by large pharmaceutical companies who 
applied the technology to well-established WBA techniques that were being used to 
supplement organ distribution studies that were performed by organ excision, 
homogenization and/or combustion, and liquid scintillation counting (LSC) of 
radioactivity. QWBA, which could be performed in much less time (days as opposed 
to weeks or months) and provided true tissue-level quantitation, was quickly 
adopted and validated by the pharmaceutical industry (Coulston and Carr 2000; 
Solon and Kraus 2002) and it has all but replaced the classical analysis of organ 
homogenates by LSC. QWBA is now widely accepted as the best technique to 
determine the tissue distribution of new drug entities and it is accepted by regula-
tory agencies around the world.

MARG is a qualitative autoradiographic histology technique that utilizes a pho-
tographic media for detection (e.g., nuclear/photographic emulsion) to spatially 
locate drug-derived radioactivity at the cellular level in organ/tissue samples that 
have been removed from lab animals given radiolabeled test compounds. Fresh tis-
sue or organ samples are snap-frozen, cryosectioned (at 4–10 μm thickness) and 
exposed to nuclear imaging emulsion that has been applied to glass microscope 
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slides (Stumpf 2005). The sections are allowed to expose the emulsion-coated slides 
and then the slides are developed like film, stained, and examined under a light 
microscope to visually identify the localization of the drug-derived radioactivity at 
the microscopic level. This chapter describes the techniques of QWBA, MARG, 
MALDI-MS, and SIMS and presents examples of how they have been used in the 
pharmaceutical industry.

6.2  Tissue Concentration Determinations Using Phosphor 
Imaging and QWBA

Sven Ullberg, who was the founder of the QWBA technique, first published his 
work in 1954 (Ullberg 1954). His original methods begin with the administration of 
a radioactive test substance (beta particle emitter) to a lab animal, where typical 
doses of radioactivity range from 100 to 200 microcuries (μCi)/kg. The dose of 
radioactivity can vary greatly depending on the isotope, dose route, availability of 
the radiolabeled material, and/or other considerations, but the radiopurity of the 
compound being administered is perhaps the most important considerations because 
it is directly related to the accurate quantitation of the compound being studied.

Radiopurity defines the percentage of the test molecule in a preparation that is 
radiolabeled versus the percentage of radiolabeled degradation products, and/or 
other radioactive contaminants present in a given lot of a radiolabeled test article. 
The desired radiopurity of a test compound should be 97 % or higher, whenever 
possible, to assure that the quantitative results reflect the amount/concentration of 
the test compound (and/or its metabolites), but not degradation products and/or con-
taminants. The in vivo stability of the radiolabel on the compound of interest is also 
very important so that the quantitative results accurately reflect the amount of the 
radiolabeled drug and/or its metabolites. In vivo instability of a radiolabeled drug 
can be a source of gross over and/or underestimations of the tissue concentrations if 
it is not properly characterized for each sample analyzed in a QWBA and/or MARG 
study. Stably labeling test molecules with 14C in known positions usually results in 
the most reliable test molecules for QWBA and MARG. In contrast, labeling of 
small molecules with 3H and large molecules with 125I is often less stable and it is 
crucial to monitor their stability in vivo, when quantitative results are needed (Solon 
2007). In general, small organic molecules are labeled with 14C, 35S, or 3H, and 
larger molecules, such as proteins, and peptides, are labeled using 125I (and some-
times 35S), owing to the related molecular structures (Hahn 1983). It is common for 
tritium-labeled drugs to undergo some degree of hydrogen-exchange with water in 
vivo (Kim et al. 2004; Hesk and McNamara 2007). Thus, it is important to verify the 
stability of the 3H label in vivo by obtaining plasma and/or urine at the time of 
euthanasia from the animals being used for QWBA and/or MARG (Kim et al. 
2004). The extent of in vivo stability can be determined by measuring the concen-
tration of radioactivity in fresh (wet), and evaporated samples of plasma and/or 
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urine obtained from the animals to be analyzed. If radioactivity in the fresh (wet) 
samples is more than the dried samples, then it is likely that there was an exchange 
of 3H from the 3H-drug with endogenous water and the resulting tissue concentra-
tion data obtained by QWBA (and/or dissection and liquid scintillation analysis) 
must be interpreted more carefully and/or corrected.

Similar considerations are required when radiolabeling large molecules with 125I, 
which is now the case in the biotech industry, where there is increased interest in 
determining the ADME characteristics of large molecule biopharmaceuticals. This 
has become more important, as researchers now rely on the use of 125I-labeled test 
articles and QWBA to determine the tissue distribution of biotech entities, such as 
antibodies, peptides, and proteins. Currently, 125I QWBA appears to provide the 
highest resolution and most quantitative method for determining tissue distribution 
of large molecules because it is either not possible, and/or extremely expensive to 
radiolabel these molecules with 14C or 3H. (Although it is also possible to analyze 
organ/tissue homogenates with extraction and LC/MS techniques, those assays are 
time consuming and require a lot of sample processing, which undoubtedly affects 
the accuracy of quantitation.) However, the stability of 125I labeling on large mole-
cules is subject to bio-dehalogenation in vivo, and results in relatively high concen-
trations of free 125I, which often vary at different time points after dosing (Sinsheimer 
and Shum 1981). Therefore, the determination of drug concentrations in tissues 
using 125I labeled molecules must be considered as semiquantitative due to the inevi-
tability of measuring free 125I along with the test article. Furthermore, the tissue 
concentration data of 125I-labeled compounds obtained for the thyroid, stomach, 
kidneys, mammary gland, salivary gland, thymus, epidermis, and choroid plexus 
must be interpreted more carefully because these organs contain a sodium-iodide 
symporter that is involved in the organification, and/or elimination of free 125I 
(Venturi and Venturi 1999). Consequently, they will contain the free and/or organi-
fied 125I, which is not drug-related and may provide misleading results. One way to 
reduce that effect is to administer non-radiolabeled sodium-iodide to test animals 
prior to dosing with the 125I-labeled drug. This reduces the uptake of free 125I into 
those tissues, thus reducing the confounding effects on tissue quantitation of the test 
drug (Solon 2007). This also may act to shunt free 125I to the kidneys thus facilitat-
ing clearance and elimination and reducing the effects of free plasma 125I on tissue 
quantitation. Even though this technique will reduce the background “noise” of free 
125I on quantitation, it does not eliminate the effect and the concentrations of free 125I 
in the body must be characterized to better understand the true drug-derived concen-
trations in tissue. To characterize free 125I versus drug-bound 125I, investigators may 
use trichloroacetic acid (TCA) protein precipitation of plasma (and sometimes tis-
sues) to determine the ratio of protein-precipitable 125I versus free 125I (Solon 2007). 
That ratio can then be used to correct tissue concentrations obtained using QWBA. 
This does not account for the further possibility of in vivo binding of free 125I to 
animal proteins and/or distinguish between parent drug, metabolites, and degrada-
tion products. To address those questions, further analysis of plasma and/or tissues 
may be performed using extraction techniques followed by gel-electrophoresis, 
thin-layer chromatography, ELISA, and/or specialized mass spectroscopy techniques. 
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To these ends, the selection of the radiolabel for a specific test  compound for use of 
determining drug tissue concentrations is one of the most important steps for 
QWBA, and/or any quantitative technique that relies on the use of radiolabeled test 
articles. Nevertheless, each step of the process for QWBA is also important for the 
accurate quantitation of tissue concentrations and the following descriptions of 
QWBA procedures will discuss these considerations.

Each step of processing after animals have been administered the radiolabeled 
compound can also effect tissue quantitation, and these include euthanasia,  carcasses 
freezing, embedding, cryosectioning, section dehydration, exposure to phosphor 
imaging plates, image qualification and calibration, and image analysis. The initial 
step of euthanasia should be conducted in a manner that will not have detrimental 
effects on tissue distribution. One such example is the use of CO2 inhalation for 
euthanasia. If a goal of a study is to examine brain concentrations of a drug or bio-
logic, CO2 administration should be avoided as is commonly known to disrupt brain 
permeability and the quantitative results may be altered. Thus, most investigators 
will use an overdose of a barbiturate and/or inhaled anesthetic such as isoflurane 
rather than CO2. In any case, animals are euthanized at different time points after 
dosing and their carcasses are snap-frozen for processing. The most common freez-
ing technique for QWBA is performed by submerging the euthanized or deeply 
anesthetized animal into a container of hexane and dry ice, which attains a tempera-
ture of approximately −70 °C (Solon and Kraus 2002). Freezing times may vary 
from lab to lab however, it is generally agreed that the optimal time for rats and mice 
(body weights ranging from 30 to 250 g) is 15–30 min and about an hour for larger 
animals such as dogs and monkey (body weights ranging from 3 to 6 kg). Animals 
may be frozen in a variety of positions (see Fig. 6.1a) ranging from holding the tail 
of the animal and dipping it into the hexane–dry ice bath to putting the animal into 
some sort of positioning frame in an attempt to maintain body positions, which 
enables uniform presentation for sectioning and image analysis in later steps. Frozen 
carcasses are then freeze-embedded in a block of embedding media (typically 
1–5 % carboxymethylcelluose) and the blocked animal is then cryosectioned in a 
large field cryomicrotome. Most animals are sectioned in a saggital orientation for 
whole-body sectioning, but in some cases a cross-sectional orientation (ventral to 
dorsal) may better serve the investigator and is a more common format for human 
PET/SPECT as well as CT and MR imaging. Such may be the case where only head 
structures are being studied and serial frontal sections through the head of a rat are 
required. In such cases, adjustments may be needed during the embedding proce-
dure to ensure that the head is properly oriented (Caution: carboxymethylcellullose 
is relatively opaque). During embedding there is some risk of thawing and so tech-
nicians must ensure that the hexane–dry ice bath used for this purpose has been 
precooled to facilitate quick freezing of the embedding media. It is also a good 
practice to include a set of 3–4 radiolabeled standards at a single concentration (e.g., 
0.5 μCi/g of blood, plasma, or other media) that are placed at intervals alongside of 
the carcass into each block to serve as section thickness indicators that will assure 
section thickness uniformity for quantitative analysis during image analysis (see 
Fig. 6.1b). One tissue that works well for this is the brain where it can be easily 
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Fig. 6.1 (a) A rat carcass being frozen in a hexane–dry ice bath. (b) A partially cryosectioned cat 
carcass inside a Leica CM3600 Cryomacrocut microtome, blue co-embedded 14C quality control 
standards for verifying section thickness. (c) Dehydrating rat whole-body sections on collection 
tape. (d) Dehydrated, rat whole-body sections, 14C-blood calibration standards, a phosphor imag-
ing plate and an exposure cassette ready for exposing. (e) The image calibration function screen of 
the MCID image analysis software showing how image density values produced by the calibration 
standards are plotted against the known concentrations of radioactivity in the co-exposed 14C cali-
bration standards
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homogenized with a radiolabel standard and when cut retains shape and relative 
thickness (beta energy attenuation) even under dessication. The use of quality 
 control standards for verifying section thickness uniformity is important (Solon and 
Kraus 2002), especially when there are several different people performing section-
ing for a study. This is because of the possibility that different people can produce 
sections of different thickness based on how they pull the sections during section-
ing. It is important to control for this because if a section is thicker at one end or 
another then the resulting quantitation will be compromised and inaccurate. This is 
most important when the data will be used for submission to regulatory authorities 
and the quality must be assured.

Whole-body sections are collected onto adhesive tape at section thicknesses of 
generally 20–50 μm using a large cryomicrotome (e.g., Leica CM 3600®, Nussloch, 
Germany) and the sections on tape are dehydrated (usually inside the microtome 
chamber by cold sublimation) (see Fig. 6.1c). The handling of dehydrated whole- 
body sections during the exposure to phosphor imaging plates is another area that 
requires attention. Care must be used to avoid unnecessary bending and/or contact 
with the tissue on the tape which can lead to sample loss (flaking and chipping).  
A common source of artifacts come from bending sections while handling them 
during exposure to imaging plates, X-ray film, and/or direct detectors. For example, 
this can result in the relocation of radioactivity from the sample on the collection 
tape if the sample undergoes flaking of intestinal contents that may contain particles 
of highly radioactive material (e.g., dosing material and/or ingesta containing radio-
active bile from the liver) and/or other tissue. Contamination across the whole-body 
section can produce images that are difficult to analyze later and may invalidate all 
previous work if it is extensive. The dried sections may then be mounted on card-
board backing, and are then placed into exposure cassettes in close contact (en face) 
with phosphor imaging plates (or X-ray film), along with a set of radioactive 
 calibration standards (see Fig. 6.1d).

Calibration standards are typically a series of blood aliquots (or brain as dis-
cussed earlier) that have been spiked with radioactivity (Schweitzer et al. 1975) to 
produce a range of concentrations (e.g., at 0.0001–10 μCi/g blood). It is important 
to realize that the standards used must match the section thickness of the whole- 
body sections to be analyzed otherwise the calibration values will not match the 
samples and the resulting quantification will be incorrect. Reusable commercially 
available calibration standards are available, but must be validated and usually 
require recalibration against standards made under the conditions for which they 
will be used (i.e., using lab-prepared standards that have been sectioned at the same 
thickness used for QWBA and using standards that reflect a similar tissue matrix 
such as blood).

Typical sample exposure times for phosphor imaging plates are anywhere from 
3 to 7 days for 14C and similar isotopes, but once again this depends on the nature of 
the isotope and anticipated amount of radioactivity in the sections. After the appro-
priate exposure time, the imaging plates are scanned in a phosphor imager. Modern 
day phosphor imagers can scan imaging plates at a variety of resolutions (i.e., to 
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generate images that have different pixel sizes) that range from 10 to 1,000 μm. 
Most labs conducting QWBA studies use a scan resolution of 100 μm, which 
 produces digital image files that are approximately 15,000 megabytes (for an imaging 
plates that measures approximately 40 × 40 cm). However, the size of the acquired 
data (image) files depends on the size of the imaging plate used, which can vary 
from a plate that is approximately 20 × 20–40 × 40 cm. The higher the resolution, the 
larger the file size, and thus the digital data storage capacity of the laboratory must 
be considered.

The digital autoradiographic (a.k.a. autoradioluminographs when the image is 
obtained using phosphor imaging) images are then accessed using an image analy-
sis software that is capable of analyzing autoradiographic images and several soft-
ware packages are commercially available. In order for an image to be acceptable 
for the determination of tissue concentrations data, the analyst must assure that each 
section used to create the image was uniformly thick. An analysis of the density 
values obtained from the co-embedded internal section thickness standards that 
were collected along with each section facilitates that need. Acceptance criteria, 
such as making sure that the image densitometry readings of all internal standards 
are within 10 % of each other, can serve that purpose. Only sections that conform to 
the criteria established by the lab should be used for image analysis and tissue quan-
titation or faulty data may be unknowingly obtained. Next, each autoradiograph 
must be calibrated such that the densitometry readings of the grey-scale levels 
directly relate to the concentration of radioactivity visualized in the image of each 
tissue to be analyzed. The phosphor imager used to collect the digital image assigns 
a grey-scale density value to individual pixels, which is directly related to the radio-
active concentration from the region of the sample. For example, a Typhoon 9410® 
(GE Healthcare) has a linear dynamic range of 100,000:1. The pixel and/or mean 
pixel density value for a given area of the image can be related to concentrations of 
radioactivity in tissue by image analysis software that interpolates the sample den-
sity reading from a calibration curve of known radioactivity concentrations from 
co-exposed calibration (see Fig. 6.1e).

There are several imaging systems that can be used for the drug in situ distribu-
tion analysis of QWBA samples and they include phosphor imaging, which is the 
most commonly used today, and direct beta imagers. Phosphor imaging technology 
has its limitations, such as sample exposure time, use for 3H or other weak beta 
emitters, image resolution (pixel size), lower limits of detection (0.06 dpm/mm2 of 
14C), lower limits of quantitation (~ 2,220 dpm/g/0.5 mm2 image region from sec-
tions that are ~ 40 μm thick section), effects and sources of background radiation, 
image plate scanning time, and digital image file size and storage (Kolbe and Dietzel 
2000). In drug discovery and development, fast sample analysis is an important key 
to success and is also one reason why WBA was not used as much before phosphor 
imaging which enabled much shorter exposure times. Currently typical exposure 
times still require 3–14 days for 14C and 3H, and so there is still room for improve-
ment. Weak beta emitters like 3H usually require a longer exposure time and 7–14 
days is routine. Another limitation of phosphor imaging of 3H is the need to use 
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special imaging plates that can only be used once because they lack the protective 
coating that allows the weak beta to interact with the sensors that is typically present 
on plates used to image 14C or higher energy isotopes. Direct imagers such as the 
Beta imager (Biospace Mesures, Paris France) have improved this by offering real- 
time imaging, without the need for imaging plates, however, even this can require 
an overnight acquisition time and often only a few sections from only 1 small ani-
mal can be imaged at a time (Breskin 2000). As a result, it can still require about 10 
days of imaging time. Furthermore the sample holder can accommodate only about 
3–4 whole-rat-body sections, whereas a large format phosphor imaging plate can 
image up to 8–10 whole-rat-body sections.

Image resolution is another limitation, but one that may not be a big issue for 
imaging at the tissue level. Current phosphor image scanners (made by Fuji, Kodak, 
and GE Healthcare) have the capability to scan imaging plates so that an image may 
have pixel sizes that are anywhere from 10 × 10–1,000 × 1,000 μm. Thus it is accept-
able for determining quantitative data at the tissue level but does not reflect actual 
single cell uptake like liquid emulsion methods which are far more intimate with 
histologic specimens.

The determination of tissue concentrations from autoradiographic images relies 
on the quality of the processes that produced the image, which is why every step of 
a QWBA study is important and impacts the quality of the image to be analyzed. 
Quantification is performed using image densitometry analysis. A standard curve is 
constructed from the integrated responses of densitometry values/mm2 of the pixels 
of each image of the calibration standards (that were co-exposed with the sections 
imaged) with the known concentrations of radioactivity of each standard (in 
μ-Curies [μCi] or mega-Becquerels [MBq] of radioactivity/g of standard) that were 
determined using an LSC assay. Figure 6.1f shows a computer screen with a curve 
that was obtained from the densitometry values of images of the calibration stan-
dards integrated against the known concentrations of radioactivity in each standard. 
The concentrations of radioactivity in each standard, and subsequently each tissue, 
are determined as μCi/g, or MBq/g, which can then be converted to μg equivalents 
of drug per gram sample (μg equiv/g) using the specific activity of the administered 
radiolabeled drug (expressed as μCi/mg or MBq/mg). A lower limit of quantifica-
tion (LLOQ) can then be applied to the data. There are different methods for deter-
mining the LLOQ for QWBA analysis and may be based on background 
measurements (e.g., 3× the mean of 10 background readings), or using the lowest 
calibration standard that can be reliably used on the calibration curve. Response 
curves determined for image analysis calibration are often generated using a 
weighted, 1st degree, polynomial, linear equation (1/densitometry value/mm2).  
A numerical estimate of goodness of fit of the standard values on the curve is often 
provided by the image analysis system as a relative error, where the absolute value 
for the relative error of each calibration standard is ≤ 0.250 to be accepted.

An example of a standard curve calculation is provided below.

 Response a Concentration a= ´ +1 0  
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An LLOQ and upper limit of quantitation (ULOQ) can be based on the lowest 
(e.g., 0.0001 μCi/g) and highest (e.g., 10 μCi/g) standards used in the calibration 
curve. The equation used to determine the LLOQ and ULOQ would then be:
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The LLOQ may also be determined as a function of the background where 2× 
and 3× background are used; however, this may affect the determination of tissue 
pharmacokinetic data due to the acceptance or rejection of data that is considered to 
be below the LLOQ (Solon and Lee 2002).

Tissue concentrations are obtained selecting regions of interest of the autoradio-
graph that correspond to each tissue of interest and therefore it relies on the use of 
an image analysis system that is capable of precisely sampling regions of an autora-
diograph that corresponds to each tissue of interest. The person performing the 
image analysis needs to have a very good knowledge of animal anatomy, interpret-
ing tissue distribution patterns and artifacts, and possess a complete knowledge of 
the entire process so that they can recognize such things as improper dosing, freez-
ing, sectioning, section melting or faulty dehydration, and section thickness 
inconsistencies.

At this point it is worth discussing the image analysis software used for QWBA.
To date, there are only about three major providers of software that are being 

used for industrial pharmaceutical QWBA analysis. The three most popular 
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software systems being used for QWBA are AIDA™ (Raytest Isotopenmessgeräte 
GmbH, Straubenhardt, Germany), Seescan 2™ (LabLogic Systems Limited, 
Sheffield, UK), and MCID™ (InterFocus, Linton, UK). These software packages 
offer good image sampling tools, region of interest (ROI) tracking, and powerful 
algorithmic calibration features that lend themselves to use for regulatory purposes. 
Image contrasting features also help to identify tissues with very low or very high 
concentrations during image analysis. One recent improvement made by Raytest in 
their AIDA™ software is that which easily co-registers the autoradioluminograph 
with a color image of the actual whole-body sections (obtained from a conventional 
scanner). This enables the user to identify regions to quantify on the color image of 
the actual section while the software samples the autoradioluminographic image. 
This is useful when tissue concentrations are very low, and for beginner autoradiog-
raphers, who may be less experienced in sampling autoradiographs. However, it can 
lead the analyst into a false sense of security where artifactual radioactivity can 
contaminate adjacent regions of the specimen and, if careful attention is not paid, 
the analyst can easily and unknowingly sample regions that have been contaminated 
with high radioactivity, thus obtaining inaccurate results. Another feature offered by 
AIDA™ and Seescan2™ are extra features that help address regulatory compliance 
issues with the capability to add notes and secure audit trails to aid in documenta-
tion. All three systems have procedures in place to maintain data integrity to match 
quantitative values to specific regions of the images sampled.

6.3  The MARG Technique and Theoretical Feasibility  
of Tissue Concentration Determinations

Micro-autoradiography is a histological technique where radioactivity from within 
a small cellular, tissue, or organ sample is imaged using a glass microscope slides 
that have been coated with a photographic emulsion to record the spatial distribu-
tion of radioactivity at the cellular level. The first micro-autoradiographic data were 
produced by Lacassagne in 1924 (Lacassagne and Lattes 1924), which led to further 
work by Bélanger and Leblond (Bélanger and Leblond 1946), who poured liquid 
photographic emulsion onto histological sections to reveal the location of radioac-
tive substances in the tissues. Joftes and Warren (1955) revised that technique and 
dipped slides into photographic emulsion, which gained wide use due to its ease of 
manipulation and reproducibility. Although, if diffusible radiolabeled compound 
are utilized, not unlike many pharmaceutical drugs, the results can be questionable 
due to the relocation of the radiolabeled substance, which results in relocation arti-
facts that can confound results and thus has discouraged its use in the pharmaceuti-
cal industry. However, in 1964 Appleton (Appleton 1964) first developed the 
technique of collecting cryosections onto slides covered with strips of dried emul-
sion using a thaw mounting technique. This required tissue sectioning and collec-
tion to be conducted in a darkroom and under safelight conditions, which required 
a high level of skill. The use of cryopreservation and cryosectioning remains critical 
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to the study of diffusible substances because it maintains the spatial locale of the 
radiolabeled substance in the matrix whereas liquid tissue fixation steps often solu-
bilize and relocate diffusible test articles. However, when substances are tightly 
bound to cellular structures (e.g., receptor proteins), positive results may still be 
obtained from samples processed using conventional histology techniques. Further 
refinement of MARG techniques occurred during the 1960s by Caro (Caro 1961) 
and shortly after by Stumpf and Roth (Stumpf and Roth 1964) who made additional 
improvements to establish receptor autoradiography as a more reliable technique. 
This established the basis for the current MARG techniques. Numerous elabora-
tions on the techniques have been presented by different investigators (Nagata 
1997), but the basic principals have remained unchanged for > 40 years. Today, as 
in the past, the MARG technique is very difficult to master, which continues to 
hamper its use. Researchers must use caution when reviewing the literature and 
relying on articles that used the emulsion dipping technique and claim quantitative 
data.

MARG begins with the administration of a radiolabeled substance (typically 3H, 
14C, 35S, or 125I) to lab the animal, which is then euthanized, exsanguinated, and tis-
sues are dissected and snap-frozen in isopentane that is chilled with liquid nitrogen. 
The tissue is then cryosectioned at −20 °C (or the optimal cutting temperature for 
a given tissue/organ), to obtain 4–10 μm thick sections. Then, under darkroom 
conditions, sections are thaw-mounted onto dry glass microscope slides that have 
been pre-coated with nuclear photographic emulsion. The slides are placed into a 
light- tight box with desiccant and allowed to expose for an appropriate amount of 
time. Figure 6.2 presents a pictorial summary of the methods used for MARG. The 
collection of cryosections onto dry, pre-coated slides, while under darkroom con-
ditions, is a key step developed by Appleton and it eliminates the possibility of 
diffusion of soluble compounds, which can happen during slide and section dip-
ping into an aqueous emulsion (Baker 1989). Following exposure, the slides are 
developed in a manner similar to developing photographic film before being stained 
using conventional histological staining protocols. This may include immunostain-
ing techniques that can provide positive co-localization of drug-derived radioactivity 
to known cell types, receptors, and/or other structures/markers for which antibody 
staining protocols exist (Stumpf 2003).

In theory it is possible to determine the amount of radiolabeled compound in 
MARG preparations and there are several examples in the literature of investigators 
attempting to obtain quantitative data from MARG preparations. A few methods 
have been proposed to determine subcellular concentrations of drugs. These meth-
ods, which date back to the late 1960s, have been presented in books by Stumpf 
(Stumpf 2003) and Baker (Baker 1989). One of the earliest methods, which was 
known as the “Restricted Method” was based on the analysis of structures of simi-
lar shape and size (Salpeter et al. 1969) and was used to describe the distribution  
of silver grains in sections of 3H-noradrenalin labeled nerve terminals.  
A second “Restricted Method” was also based on the analysis of structures of similar 
shape, but dissimilar sizes (Downs and Williams 1984). This method established a 
 “universal curve” and required that the two-dimensional structures associated with 
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radioactivity were of similar shape. An “Unrestricted Method” or “Circle Method” 
was developed by Williams in 1969 (Williams 1969). This tested the hypothesis 
that radioactivity was randomly distributed and it ascribed values for relative con-
centrations. It also attempted to account for a lack of precision of the restricted 
models. A second “Unrestricted Method” known as the “Hypothetical Grain” 
method was developed by Blackett & Parry in 1973 (Blackett and Parry 1973). This 
method has five stages that include: (1) overlay screen preparation, (2) collection of 
“hypothetical grains” and construction of a “Cross-fire” matrix, (3) collection of 

Fig. 6.2 (a) Snap-freezing of fresh tissue sample on a cryostat sample holder. (b) A Leica CM3050 
Cryostat for cryosectioning of sample and collection onto slides pre-coated with emulsion. (c) Dip 
Miser slide coating cup (Electron Microscopy Sciences, Inc.), Kodak emulsion, black slide expo-
sure box, Drierite desiccant and a coated slide. Slides are dipped into liquid emulsion heated in the 
Dip Miser and allowed to dry. Sections are collected onto the pre-coated slides and tissue sections 
are exposed in a sealed black slide box with desiccant at 4 °C. (d) Slides are developed using 
Kodak Developer and Fixer. (e) Slides may be stained as usual. (f) Examples of slides that have 
been stained; note the bottom slide shows how emulsion picks up stain, while the upper slide has 
no emulsion coating (from Solon, in Braddock 2012)
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real-grain data, (4) fitting of hypothetical and real-grain data using chi-square, and 
(5) modification of the matrix until an “acceptable fit” is obtained.

Each of these methods claimed to be able to estimate the number of molecules in 
subcellular regions if the specific silver grain yield (average number of disintegra-
tions to produce 1 silver grain) was determined. The proposed calculations consider 
exposure time, specific activity, silver grain yield (dependent on sample uniform cut 
method conditions), section thickness, volume of the compartment, and “other 
parameters”, which are very difficult to control due to the various artifacts inherent 
in this very sensitive technique. High sensitivity techniques require extremely con-
sistent and careful preparation, especially because the current MARG techniques 
rely on many manual and “artful” steps. The uniformity of the detection media (i.e., 
the production and use of manually emulsion-coated slide) is unknown and not 
characterized in all examples reviewed in the literature. Tissue absorption of radio-
activity is also rarely considered or characterized and the number of cells counted/
quantified must be sufficient for robust statistical analysis. Variable background and 
background subtraction can also invalidate results. There are no tissue section thick-
ness quality control standards and/or internal calibration standards used in MARG. 
Changes in daily cosmic and background radiation can adversely affect the results 
of an entire study, which can take weeks to months to obtain. Furthermore there are 
no internal standards, and/or calibrators to assure the quantitative results are valid, 
so the technique is often dismissed when scrutinized by scientists in other bioana-
lytical disciplines. In short, most pharmaceutical researchers do not have the 
resources available to develop routine MARG procedures to enable and/or validate 
MARG as a quantitative technique, thus its use in the pharmaceutical industry has 
been limited.

In the future, technology may help to solve some of these problems if the detec-
tion media (e.g., emulsions) can be more uniformly produced and made to have 
inherently linear quantitation. Technology may also help to develop easier methods 
of collecting uniformly thick tissue sections that can be automatically mounted onto 
slides for processing. Although this would be quite a challenge due to the varying 
matrices to be sectioned (e.g., hard bone, adipose, and eyes). Dependable micro- 
sized calibration and quality control standards that can be co-exposed with every 
section would also need to be developed to assure reproducibility of quantitation.

Finally, new methods would need to enable a significant reduction in the amount 
and types of artifacts that are produced. Currently, the following types of artifacts 
must be controlled: (1) effects on emulsion by slight variations in light, humidity, 
temperature, tissue characteristics, fixation, freezing, chemicals, pH, developer, 
fixer, and miscellaneous debris in developer solutions; (2) tissue condition (e.g., 
freezing technique, fixation, autolysis, sectioning temperature, improper section 
mounting); (3) light leaks; (4) latent image fading; (5) reticulation of emulsion;  
(6) positive chemography; (7) negative chemography; (8) deviations of pH in pro-
cessing fluids; (9) pressure artifacts; (10) ice crystals on knife; (11) crystalline 
deposits from developing process (Stumpf 2003). Some of these are more easily 
controlled than others, but together they require a high level of skill by the analyst 
to overcome and the presence of any can invalidate months of work. Until methods 
and/or technologies can be developed that can better control tissue section and 
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emulsion uniformity and also reduce the sources of and occurrence of artifacts, the 
current technique will remain strictly qualitative and will prove to be daunting for 
routine use in pharmaceutical discovery and development. The lack of new develop-
ments in MARG methods have continued to make MARG an underutilized tech-
nique in drug discovery and development, but when performed correctly the results 
can be of utmost value in promoting a drug candidate and in answering some pivotal 
questions for pharmaceutical investigators.

6.4  Tissue Concentration Determinations Using MALDI-MS

As previously discussed QWBA is an established technology for assessing pharma-
cokinetic and distribution properties of radiolabeled drug candidates in laboratory 
animals and is therefore widely applied in pharmaceutical research, but those results 
reflect total radioactivity and do not positively identify the compound(s), which 
could be parent drug and/or a metabolite(s). For this reason, QWBA data are often 
combined with compound identification data obtained from tissue extracts and other 
bioanalytical techniques, such as LC/MS/MS. LC/MS identification is either based 
on the exact mass of the analyte, or more often by fragmenting the ions in the MS 
instrument and measuring the specific fragment ion pattern (also termed MS/MS). 
In contrast to WBA, this technology delivers high identification specificity, but spa-
tial resolution is limited to the size of the tissue sample being homogenized and 
extracted. To that end, the combination of the two techniques is used to gain specific 
compound and metabolite distribution information.

Over the last 20 years a relatively new technology called matrix-assisted laser 
desorption ionization mass spectrometric imaging (MALDI-MSI) (McDonnell and 
Heeren 2007) has been developed and is beginning to be used by the pharmaceutical 
industry to support ADME studies (Rohner et al. 2005; Stoeckli et al. 2007; Khatib- 
Shahidi et al. 2006). The technology combines the advantages of two techniques: 
The spatial resolution and quantitative capabilities of QWBA, and the compound 
identity specificity of mass spectrometry. MALDI-MSI may utilize the same whole- 
body or individual organ sections obtained from lab animals given either a radiola-
beled and/or a non-radiolabeled compound. First, the sections must be dehydrated 
before the introduction in the vacuum chamber of the mass spectrometer, and sec-
ond, the analytes must be transferred to the gas phase and ionized to allow a mea-
surement. Thousands of mass spectra are acquired from a raster of positions over 
the sample. These spectra are assembled into a data set, from which one can extract 
multiple specific distributions of a particular mass. From the selection of available 
surface desorption mechanisms, MALDI (Karas et al. 1987) is currently most wide-
spread. The MALDI technique requires a matrix in order to desorb and ionize the 
analytes from the surface upon impact of laser pulses. From the wide variety of 
different matrices and matrix application protocols, the manual application of 
α-cyano-4-hydroxycinnamic acid solution using a conventional thin-layer chroma-
tography sprayer represents a robust and reproducible method.
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Fig. 6.3 Comparison of WBA and MALDI-MSI results obtained from the same compound- dosed 
animal. MALDI MSI allows distinguishing between compound (red ) and its metabolites (green, 
co-localized with compound yellow ), label-free and simultaneous (Taken from Solon et al. 2010)

If properly applied, this matrix leads to excellent sensitivity for a large number 
of compounds desorbed from tissue sections. The matrix-coated sections are then 
rastered over with a laser in the mass spectrometer, acquiring either spectra over the 
mass range of interest or multiple MS/MS spectra of the analytes of interest. The 
latter mode is especially suited for simultaneous imaging of a compound and its 
metabolites since both are often known in advance and, in addition, MS/MS images 
offer a high confidence in the specificity of the result. Such an image acquisition 
may take from 10 min up to several hours, depending on the imaging resolution.  
A typical experiment on a rat section with a raster of 0.5 mm takes about 1 h.

The dataset is visualized and analyzed using dedicated software written by the 
author, which is available for free download at http://www.ms-imaging.org. For 
each of the masses of interest a specific MS image is calculated and displayed simi-
lar to WBA images. The advantage of MSI is its high specificity, which allows the 
assignment of exact distributions for any analyte of choice. Images of multiple ana-
lytes may also be combined in a single red-green-blue image to allow an information- 
rich display of the distribution data (Fig. 6.3).

MALDI-MSI offers unmatched sensitivity and allows ionization of a wide  
substance range and, in addition, a broad selection of commercial instruments is 
available. Two major advantages of this technology include: radiolabeled com-
pounds are not required because the mass and the fragmentation pattern are intrinsic 
properties of each molecule, which are detected by the mass spectrometer; and a 
mass spectrometer can acquire full spectra (or multiple MS/MS transitions) from 
the same sample, which allows for the simultaneous analysis of hundreds of ana-
lytes. These key advantages have inspired the development of the technology, which 
was specifically developed to examine drug distribution studies. The label-free 
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simultaneous detection of parent drug, and its metabolites has offered a powerful 
alternative to the well-established technologies of quantitative autoradiography.

Alternative desorption technologies suitable for mass spectroscopy imaging 
(MSI), which includes surface sampling (Van Berkel et al. 2008), and desorption 
electrospray (Wiseman et al. 2008) are also being developed, but will not be dis-
cussed here. Secondary ion mass spectrometry (SIMS) (Burns 1982) operates in a 
different spatial resolution regime and is described in the following section.

MS images obtained by the process described above do not consider analyte 
specific ion suppression effects by the biological matrix and therefore give only 
qualitative information on the analyte distribution. Since these suppression effects 
can by quite dramatic (up to 95 % signal loss were observed), additional experi-
ments are required to evaluate and compensate for these effects. One method 
(Stoeckli et al. 2007) is to measure a control section homogeneously coated with 
compound. The resulting image displays the analyte suppression at every single 
location. This information, together with an internal standard spiked on the section 
of the dosed animals, allows a quantitative assessment of the analyte concentration. 
This method compensates suppression at the tissue level and not on single pixels, 
since all the pixels in the same tissue are normalized by the same correction factor 
obtained in the control experiment. A more accurate quantification can be achieved 
by coating sections with a stable isotope-labeled analyte before processing and then 
calculating the peak ratio for each pixel.

The need to obtain quantitative spatial bioanalytical data by MSI has increased 
over the past few years and new methods have been developed to address the limita-
tions of quantification using MSI. Specifically, improvements are needed for repro-
ducibility, tissue-specific ion suppression, and molecule-specific ionization yield. A 
recent advance in tissue quantitation of parent drug and metabolites using MALDI- 
MSI and radiolabeled compounds has been developed and is known as the “Modified 
Approach” (Hamm et al. 2012; Stauber 2012). The “Modified Standard” approach, 
which uses a radiolabeled compound (or an analog molecule with similar properties 
as the target molecule to normalize its signal on tissue or on the slide), and a calibra-
tion curve obtained using same conditions has enable scientists at Imabiotech, Inc. 
to quantify the amount of molecules within tissue while addressing the limitations 
of MSI. Currently this approach has only been successful using compounds with 
molecular weights of > 3,000 Da, but with further refinement the ability to quantify 
small molecules may be realized.

6.5  Tissue Concentration Determinations Using SIMS

In recent times SIMS-MSI has offered a complementary or alternative method to 
MALDI-MSI for the acquisition of higher spatial resolution images directly from 
biological tissue, although the technology has been used for several years in analy-
sis of surface films and polymers. SIMS has been used successfully for the bio-
analysis and imaging of tissues and cells with sub-micrometer spatial resolution and 
with a minimum amount of sample preparation (Heeren et al. 2006).
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The SIMS ionization process utilizes a beam of ions that are directed to desorb 
ions from atoms, clusters, and molecules on a tissue surface that are then measured 
by quadrupole or time of flight mass spectrometry. The tissue material is removed 
by sputtering and is thus locally destroyed to obtain material for analysis. The sput-
tered products include atoms, molecules, and molecular fragments characteristic of 
the surface composition within each sample sputtered by the ion beam. Sensitivity 
is achieved by the secondary ion sputtering process and yields depend upon the 
nature, energy and incident angle of the primary ion beam as well as the properties 
of the target tissue and the application of any yield enhancement steps such as a 
metal or organic matrix coating (McDonnell et al. 2006). Images are then acquired 
at a resolution of a few hundred nanometers due to the use of primary ion sources 
that can be focused to spot sizes of ≤ 50 nm, which is far superior to that of 
MALDI-MSI.

The steps of SIMS image analysis and acquisition include: sample preparation of 
the sample (i.e., sectioning of tissues, freeze fracturing of cells to provide samples 
stable under high vacuum conditions which are required for SIMS analysis); ioniza-
tion of the sample by the primary ion beam; mass separation (predominantly by 
TOF); ion detection in positive or negative polarity modes; and data handling and 
image processing.

The techniques requires the use of polyatomic ion sources such as Aun
+, Bin

+, 
SF5

+ and C60
+ , which are commercially available, are easy to use, and which have 

long half-lives (Walker 2008). These ion sources produce larger secondary ion 
yields, thus reducing sample damage, and subsequent molecule fragmentation in 
comparison to the traditionally used liquid metal ion sources, such as gallium and 
indium, which produce fewer peaks above m/z 100 (Nagy et al. 2005). This increase 
in mass range means SIMS-MSI is ideally applicable for drug, metabolite, and lipid 
analysis.

SIMS technology is available in two platforms: static SIMS and dynamic SIMS. 
Static SIMS uses a low intensity primary ion beam, which removes a few monolay-
ers of the surface, but generates larger mass fragments. Dynamic SIMS utilizes a 
higher intensity primary ion beam, which results in an increased secondary ion pro-
duction, but with increased fragmentation of molecular species. SIMS can also be 
used for depth profiling analysis of tissues because it destroys surface through anal-
ysis thus resulting in the sputtering of species from deeper within the tissue sample 
(Todd et al. 2001). However, issues may occur such as with brain tissue analysis 
where deeper profiling was not possible due to low lipid concentrations at deeper 
levels (Jones et al. 2007).

Sample-coating methods, which have the potential to significantly increase the 
secondary ion yield, and thus the sensitivity of the analysis as well as enabling the 
ionization of larger lipids and peptides (Touboul et al. 2007), and two methods 
known as matrix-enhanced SIMS (ME-SIMS) and metal-assisted SIMS (MetA 
SIMS) have been used successfully. The application of an organic acid matrix has 
been shown to significantly increase the signal intensity of larger analytes directly 
from tissue (McDonnell et al. 2006), and for larger molecules (>5 kDa) the signal to 
noise ratio of ME-SIMS drops dramatically in comparison to MALDI (Heeren et al. 
2006). Intact proteins, that have been purified and are at high concentrations, have 
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been observed up to 17 kDa, thus sample preparation is important, especially regard-
ing the ultimate crystal size of the matrix, and its application method, which may 
become the limiting step for high spatial resolution imaging analysis. It is important 
to note that for ME-SIMS the ion yields will be determined by the matrix applica-
tion process (i.e., tissue extraction and co-crystallization), and thus there is a signifi-
cant loss of surface specificity in relation to the regular “surface sputtering” SIMS.

Studies have shown that coating the sample with a thin layer of metal (typically 
in the region of 1–5 nm) such as silver or gold increases the secondary ion yield of 
intact molecular ions (McDonnell et al. 2005). Conclusive reasoning for this is as of 
yet unconfirmed although the migration of analytes onto metal “nano islands” and 
the ability of the metal to act as a catonizing species (Delcourte and Bertrand 2004; 
Keune and Boon 2004; Delecorte et al. 2003) have been proposed. As the metal is 
sputter coated onto the tissue there is no risk of analyte spreading and thus loss of 
spatial information which may occur with the application of a wet organic matrix. 
The main problem encountered with MetA SIMS is the observation of ions in the 
resulting spectra in the form of metal adducts which may prove difficult to assign to 
specific analytes and analyte fragments.

6.6  Drug Discovery Case Studies

WBA (and to a much lesser extent MARG) has been used in the pharmaceutical 
industry since it was first introduced in the mid-1950s; however, it was not used 
extensively because it usually took weeks to months to obtain the images, which 
could be only for qualitative use. Autoradiographs often supported organ homoge-
nate LSC data and only provided clues about the relative distribution to tissues, 
which were not be provided by LSC of organ homogenates. In the late 1980s large 
pharmaceutical companies and a limited number of large contract research organi-
zations began developing and using phosphor imaging and WBA in drug discovery 
to help answer questions related to drug discovery, but it was not widely used by the 
industry because the instrumentation was very expensive. In the early to mid-1990s 
the Society for Whole-Body Autoradiography (SWBA) and the European 
Autoradiography Club (now called the European Society for Autoradiography 
[ESA]) raised awareness about the value of WBA and QWBA in pharmaceutical 
research, and regulators began asking for these studies to support drug registration. 
At the 1994 meeting of the SWBA, the utility of QWBA was obvious and presenta-
tions ranged from the disposition of 14C-β-guanidinoproprionic acid in rats2 to the 
determination of [14C]risedronate in rat bone (Solon et al. 2010). The use of MARG 
was also discussed at these early meetings and several examples were presented by 
scientists from Monsanto, and labs at SUNY Stony Brook and Brookhaven National 
Laboratory, the latter of which discussed the use of MARG to study the prevention 
of renal ischemia using 99Tc-RGD peptide. Although many of these presentations 
were rarely published, abstracts were circulated and word of mouth quickly spread 
about the use of QWBA and MARG to scientists in the field. Since then the use of 
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QWBA and MARG to support drug discovery efforts has increased and it is now 
commonly used to screen lead compounds for progression to development and to 
answer specific questions related to tumor, brain, and skin penetration, fetal trans-
fer, tissue retention, unusual routes of elimination (ocular, intestinal, saliva, sweat, 
hair), hormone/enzyme redistribution due to drug affects, effects of enzyme 
induction/inhibition, drug–drug interactions, formulation comparisons, in vivo 
compound solubility, differential metabolite distribution, and interspecies compari-
sons to name a few.

Discovery ADME studies are often designed to include two groups of animals. 
One group (n = 3) is used to determine mass balance and excretion patterns and 
another group to determine tissues distribution. The samples obtained from these 
experiments can also be used to examine metabolism profiles and identification.  
A typical group for QWBA analysis, which may utilize only 4–6 rats, may include 
both oral (PO) and intravenous (IV) dose routes. Usually there is only one animal 
per time point and a few time points post-dose (typically at the expected time of 
expected maximal plasma concentration and 24 h post-dose), but this can provide a 
wealth of information. These studies may also include a third group of animals to 
provide individual tissues for possible MARG analysis, which could be conducted 
at any time during discovery and/or development. A separate group of animals to 
supply tissue samples for MARG is needed because the freezing step used for 
QWBA is relatively slow and leads to poor microscopic morphology.

Discovery ADME studies are valuable because they not only help to answer 
specific questions, but they also provide a snap-shot of overall tissue distribution 
that can be used to better design a more definitive tissue distribution study and can 
alert toxicologists and pathologists to potential safety issues. The image data can 
also be used later on during drug candidate selection to choose the discovery candi-
date with the best tissue distribution profile and/or to follow-up on new questions 
that often arise during discovery and development.

There has been a resurgent interest in the use of MARG in drug discovery, espe-
cially in the areas of ocular (Solon et al. 2010), brain (Solon 2007), and skin 
(Rauvast and Mavon 2006) distribution, where low but efficacious tissue concen-
trations can be localized at the cellular level to help scientists understand the action 
of their test compounds. This resurgence has been partially attributed to the avail-
ability of MARG as a contract service because the technique requires highly 
skilled scientists who are enabled to maintain their expertise by performing the 
procedures on a routine basis. The use of MARG requires a technical and scientific 
understanding of histology, drug disposition, and the use of radioactivity. Histology 
expertise normally fall into the Toxicology/Pathology departments of pharmaceu-
tical companies, and the use of radioactivity is unfamiliar and often not allowed. 
As a result, these studies are usually conducted in a drug metabolism/pharmacoki-
netic (DMPK) department where the scientists are familiar with using radioactiv-
ity, but unfortunately most do not have a good understanding of histology and/or 
anatomy and physiology. This is another reason that MARG has been underuti-
lized in the pharmaceutical industry. QWBA and MARG have been used to study 
a variety of compounds that include antibodies, liposomal compounds, 
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nanoparticles, oligonucleotides, peptides, proteins, radiopharmaceuticals, and 
small organic molecules (Solon 2007).

QWBA is an excellent tool to understand how chemical entities are absorbed 
and eliminated from not only the body, but most importantly into and out of dis-
creet tissue compartments, which includes target organ(s)/tissue(s). Many research-
ers are familiar with the analysis and utility of plasma PK as an indicator of drug 
exposure, however target tissue PK profiles are often very different from plasma 
PK. Discovery QWBA and MARG studies can help scientists by providing in situ 
drug concentration data specifically for target tissues. In addition to gaining infor-
mation about tissue PK, QWBA not only provides information about renal and bili-
ary excretion, but it also reveals unanticipated routes such as intestinal secretion, 
hair, tears, salivia, seminal fluid, lymphatic fluid, cerebrospinal fluid, and/or sweat. 
Figure 6.4 shows an example of a drug that was observed to be secreted into the 
intestinal lumen after an IV dose. This small study was conducted to investigate 
why radioactivity was observed in feces of bile-duct cannulated rats given a single 
IV dose of a radiolabeled drug in a discovery mass balance study (Solon et al. 
2002). QWBA showed drug-derived radioactivity in the intestinal tract at early 
time points, which indicated a small, but significant portion of the drug-derived 
radioactivity was being secreted directly into the lumen of the gastrointestinal tract 
as well as in bile and urine.

QWBA has been used to examine the distribution of xenobiotics through placen-
tal transfer into the fetus and the same samples have also been used for analysis of 
metabolites that are present in various tissues to provide detailed information about 
the ADME profile of a test article. An example of this is a study of fetal and mater-
nal tissue distribution of 14C-azidothymidine (14C-AZT) after a single intravenous 
administration to a pregnant female rat (Solon 2007). QWBA revealed differential 
distribution of 14C-AZT-derived radioactivity in fetal and maternal brain and liver 
(Fig. 6.5). Concentrations of radioactivity in fetal brain and liver were higher than 
in the adult. Fetal and maternal tissues were also obtained by necropsy of an addi-
tional pregnant rat for MARG and metabolite profiling by radio-HPLC. Figure 6.6 
shows the MARG results which revealed the histological details of the different 
localization patterns.

To further characterize the different patterns of distribution, samples of fetal and 
maternal brain and liver were homogenized, extracted, and analyzed by radio-HPLC 
to obtain a metabolite profile of each tissue and differences were identified (Fig. 6.7). 
Further analysis using mass spectroscopy techniques can provide identification of 
these metabolites. This combined approach can help answer questions regarding 
pharmacokinetics, pharmacodynamics, and toxicology.

A second example of using this combined approach was demonstrated in a 
proof of concept study that was conducted to demonstrate how a small integrated 
study could provide preliminary ADME data related to Paclitaxel (Taxol) and its 
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Fig. 6.4 Intestinal secretion. Autoradiograph of bile-duct cannulated rats given an IV dose of a 
14C-labeled drug. QWBA demonstrated intestinal secretion as an unanticipated route of elimina-
tion. The red color in the gastrointestinal (GI) tract is a high amount of drug-derived radioactivity 
(from Solon et al. 2002)
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metabolites by combining QWBA, liquid chromatography and flow through 
 scintillation radiodetection (LC/FSD), and liquid chromatography and dual mass 
spectroscopy (LC/MS/MS) (unpublisheds data, Solon). 14C-Taxol was given to four 
rats and blood, plasma, excreta and carcasses were collected for analysis of excre-
tion and tissue distribution patterns. Samples of liver, kidney, spleen, heart, lung, 
skeletal muscle, and bone marrow were collected from the carcasses during section-
ing for QWBA and were extracted and analyzed by LC/MS/MS to identify metabo-
lites in tissues and plasma at each time point post-dose. Figure 6.8 shows the QWBA 
results, which showed differential distribution of drug-related radioactivity in the 
kidney, liver, and brain at the later time points, which was helpful in further eluci-
dating the metabolism.

QWBA also showed relatively high concentrations in the central nervous system 
and testis, which prompted further analysis that identified potentially neurotoxic 
metabolites. LC/FSD/MS/MS data showed that low specific activity hindered LC/
FSD profiling; however, the absolute amounts of drug-derived compounds were 
adequate for LC/MS/MS identification and two hydroxylated metabolites were 
found in low amounts in the liver, lung, kidney, and blood and an unknown 

Fig. 6.5 Whole-body autoradioluminographs of a pregnant rat (top) and a 17-day-old fetus 
 (bottom) showing differential distribution of 14C-AZT-derived radioactivity in liver and brain (from 
Solon 2007)
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metabolite was found in urine. The developmental toxicity of Taxol has been known 
for over a decade before this proof of concept study was conducted however the 
exact cause has not been known for several more years. If a complete radiolabeled 
ADME study was run during the development of Taxol the metabolite ID and profil-
ing may have pointed out this liability very early on development.

Understanding the clearance of compounds is paramount to developing a new 
drug and QWBA is an excellent technique that shows clearance and/or retention 
from every compartment of the body and as such it is useful in identifying tissue(s) 
that may pose a potential safety risks. Figure 6.9 shows an example of how QWBA 
analysis of two rats clearly demonstrated the retention of a discovery drug candidate 
that showed poor recovery in a discovery mass balance study. In this example, 
plasma data alone showed clearance from that compartment within 24 h, but QWBA 
images and tissue concentration data showed retention of drug-derived radioactivity 
in practically all tissues and no further work was conducted on developing the 
 compound (Solon et al. 2002).

Fig. 6.6 Photomicroautoradiographs of the cellular localization of 14C-AZT-derived radioactivity 
in the brain and liver of a pregnant rat (top left and right, respectively) and in the brain and liver of 
a 17-day-old fetus (bottom left and right, respectively) (Hematoxylin & Eosin Stain, 400×; 
ML = Molecular Layer, GL = Granular Layer, WM = White Matter, PC = Purkinje Cells) (from 
Solon 2007)
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Conversely, QWBA can also reveal the tissue distribution characteristics of high 
clearance drugs and/or the effects of enzyme induction, which may end or prolong 
further development of the drug. Figure 6.10 shows the resulting distribution pattern 
of a drug that induced its own metabolism and clearance (Solon et al. 2002). The 
data obtained at 24 h after the last of five daily oral doses of the same drug showed 
that the elimination after multiple dosing was more rapid than after a single dose 
and thus tissue exposure was notably lower. In most cases, this would end further 
development of the compound; however, concentrations in the heart, liver, and 
intestinal tract were present, which may be high enough to be efficacious for spe-
cific therapeutic treatments.

QWBA is often used in drug discovery to answer a variety of questions and/or to 
understand issues related to drug–drug interactions, inhibition and induction of 
metabolism, and the effects of drug transporters. These studies may utilize geneti-
cally modified animals such as p-glycoprotein knockout models, or the intentional 
use of specific drugs that are known to induce or inhibit specific metabolic enzymes. 
Figure 6.11 shows the effect of aminobenzotriazole (ABT), which is an indiscrimi-
nate inhibitor of P450 enzymes, on the tissue distribution of an aromatase inhibitor 
designed to treat cancer (Solon et al. 2002). This example showed researchers that 
a metabolite of the drug was able to penetrate the brain, which was an intended 
target, while the intact parent compound did not. This could be a benefit or liability 
depending on the nature of the metabolite, but this simple two animal study pointed 
out a potential toxicity issue that might need to be considered while moving the 
drug candidate through discovery.

Fig. 6.8 Autoradiographs of 14C-Taxol in rats after a 60 min infusion. Portions of liver, kidney, 
spleen, heart, lung, skeletal muscle, and bone marrow were removed and analyzed by LC/MS/MS 
and LC/radioflow detection to profile and identify metabolites (Solon, Unpublished Data)

6 Quantitative Imaging Using Autoradiographic Techniques



160

It is crucial to determine the penetration and exposure of antibiotics into target 
tissues as early as possible to ensure that a given compound will be efficacious. This 
is especially true when the tissue to be treated is difficult to penetrate (e.g., brain, 
testis, bone). Figure 6.12 shows an autoradiograph of the distribution of 
14C-dalbavancin into bone and related tissues that can be infected by methicillin- 
resistant Staphylococcus after related surgical procedures and/or other trauma 
(Solon et al. 2007). In this study rabbits were given a single IV dose of 14C-dalbavancin 
and one rabbit each was euthanized at various time points up to 336 h post-dose. 
The leg of each rabbit was frozen, sectioned, and examined using quantitative auto-
radiography, which showed that high concentrations of dalbavancin rapidly pene-
trated bone marrow, epiphyseal plate, periostium, and articular cartilage up to 336 h 
after the single dose. These data suggested that dalbavancin would be clinically 
useful in treating bone and joint infections.

Fig. 6.9 Retention of drug-derived radioactivity in rat tissues. Whole-body autoradiographs of 
two rats given similar IV doses of a 14C-labeled compound and were sacrificed at 0.5 (top) and 48  
(bottom) h post-dose. Autoradiographs showed little or no decline in the amount of drug-derived 
radioactivity in tissues at 48 h post-dose, while blood concentrations were below quantifiable lim-
its (from Solon et al. 2002)
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The utilization of quantitative phosphor imaging and MARG to study drug 
 distribution in individual complex organs such as the eye, skin, and blood vessels has 
helped many investigators gain a better understanding of their drug candidates and 
has become a strategy to select lead compounds. The use of the two technologies 
offers a powerful combination to obtain a high resolution image of the distribution 
into very discreet tissue compartments while providing reliable quantitative data on 
tissue concentrations. Figure 6.13 shows a phosphor image of a dog eye after treat-
ment with a radiolabeled test article and MARG images that shows detailed qualita-
tive distribution at the cellular level. In this example the test article was applied 
topically and tissue concentrations in the sclera, cornea, iris, conjunctiva, uveal tract, 
aqueous and vitreous humors, and lens were determined using the phosphor images 
obtained from sections adjacent to the sections used for MARG (Solon 2013).

These techniques were used by Miyaji et al. (Miyaji et al. 2011) to examine the 
distribution of a novel δ-protein kinase C inhibitor, which was reversibly conjugated 
to a cell penetrating peptide (KAI-9803) in rats. In this study the authors used both 
QWBA and MARG to show that KAI-9803 was delivered to target cells in the liver, 
heart, and kidney.

Fig. 6.10 Autoradiographs of a 14C-drug in rat before and after enzyme auto-induction and tissue 
distribution. (a) Whole-body autoradiograph of drug-derived radioactivity in a rat at 24 h after a 
single oral dose of a 14C-labeled drug. (b) Whole-body autoradiograph of drug-derived radioactiv-
ity in a rat at 24 h after the last of five daily oral doses of the same drug (days 1–4 administered 
unlabeled drug, day 5 administered 14C-labeled drug) (from Solon et al. 2002)
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Serial whole animal sections can demonstrate not just the distribution of a 
 radiolabeled or photonically labeled (see luciferase and QD sections) NCEs. Studies 
of cytokine stimulation of DNA synthesis (14C-thymidine incorporation) have also 
been very useful in studying the pharmacodynamic responses of biologic therapeu-
tics. Following cytokine administration the body undergoes a cascade of immunos-
timulatory events which can trigger such outcomes as cytokine storms not unlike 
that experienced in patients administered the Tegenro immunotherapeutic antibody. 
The extent of a cytokine or biologic entity immunostimulation versus the 

Fig. 6.11 Rat whole-body autoradiographs of 14C-anticancer drug before and after metabolism 
inhibition by ABT. ABT decreased tissue:blood ratios ratio from 0.96 to 0.11 and showed that 
brain radioactivity was probably due to metabolite instead of parent drug, and suggested that 
more intestinal receptors were occupied by the parent molecule instead of metabolite (from 
Solon et al. 2002)
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Fig. 6.12 Autoradiographs of 14C-dalbavancin distribution in the hindleg of a male rabbit after a 
single IV dose at 20 mg/kg rabbit. Drug-related radioactivity was apparent at 24 h after a single 
dose (a), and was observed in tissue at 120 h (b) and up to 336 h (c) after a single dose (from 
Solon et al. 2007)
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programmed dose escalation, and the extent of the stimulation out in time following 
administration, are key development milestones toward clinically acceptable condi-
tions. The role of a cytokine, its mechanism of action, and the steps required to 
arrest such stimulatory activities also must be mapped and characterized.

To that end, a study examined the DNA synthetic activity following a clinically 
relevant immunostimulatory dose of a cytokine in a murine strain (unpublished 
data). Mice were given the cytokine at T = 0, and at 24, 48, and 72 h post cytokine 
administration the animals were administered a labeling dose of 14C-thymidine to 
map the extent of DNA synthetic areas relative to naive controls. Figure 6.14a 
(Panel A and B) and Fig. 6.14b (Panel A and B) represent the biodistribution of 
DNA synthetic activity at 24 and 72 h after cytokine stimulation (with similar serial 
sectioning of a control mouse in A). We will not cover the labeling method as this 
is relatively standard in such analyses. However, it is important to note in these 
images the relative increase in non-hematopoietic along with the other normally 
stem cell progenitor synthetic tissues, such as the gastrointestinal tract crypt cells 
and bone marrow. The DNA precursor demonstrates a uniform hematopoietic and 
gastrointestinal uptake in both sets of controls (A panels) and the uptake and expres-
sion of DNA synthesis continues well beyond the clearance of the intravenously 
administered cytokine, which in this study, and at the dose administered, had an 

Fig. 6.13 Phosphor image of a dog eye (A) and micro-autoradiographs of the anterior eye struc-
tures (B) and posterior eye structures (C) after a topical administration of a 14C-labeled test drug 
showing the localization of drug-derived radioactivity in cornea (C), iris (I), conjunctiva (Conj), 
posterior chamber (PC), anterior chamber (AC), uveal tract (U), lens (L), nuclear layer (NL), rods 
and cones (RC), and pigmented layer (PL). Radioactivity in (A) appears as a grey-scale image 
where black is high radioactivity and white is background. Radioactivity in (B) and (C) appears as 
black grains on the hematoxylin- and eosin-stained cryosections (From Solon 2013)

Fig. 6.14 (continued) (RES) clearance via the spleen. Note the high accumulation in the white 
pulp islands of the spleen seen as punctate accumulations located in situ. A. Five serial 30 μm 
sections of a rat at 4 h post- injection of the cytokine. B. The serial spleen images seen in the 
whole animal sections is depicted next to the histology image of an H&E-stained spleen demon-
strating the purple islands of nuclear stained white cells. Spleen histology courtesy of: http://
wahoo.nsm.umass.edu (free image). Full systemic blood clearance is noted in the cardiac cham-
ber image in section 5 along with the void in the portal vein in the liver (images from Moyer; 
unpublished data)

E.G. Solon and B.R. Moyer
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Fig. 6.14 (a) Serial 20 μm sections (L → R) through mice (Control and Cytokine-stimulated) at 
24 h. Immunosynthetic changes in the mouse at 24 h following a stimulatory administration of a 
clinical dose of a cytokine at T = 0. Animal sacrifice was at 2 h post thymidine at 24 h post cyto-
kine. A. Control (unstimulated) mouse at 24 h after vehicle; B. Cytokine-stimulated mouse at 24 h. 
Images are of the distribution of C-14 Thymidine uptake representing stimulation of DNA synthe-
sis. Note the heavy uptake in the normal animal is primarily associated with bone marrow, spleen, 
and GI, while the stimulated mouse has much more universal stimulation of DNA synthesis (from 
Moyer; unpublished data). (b) The same experiment as Fig. 14.a, but the thymidine tracer was 
administered at 72 h post stimulation (or vehicle). A. Control (unstimulated) mouse at 72 h post 
vehicle. B. Cytokine-stimulated mouse at 72 h post cytokine. Note the extensive DNA stimulation 
remains “ON” (a “PD effect”) even out to 72 h post cytokine administration. Serial whole mouse 
sagittal sections (20 μm) from the left side to the right side of each animal (spleen is in the first 
upper left section). (from Moyer; unpublished data). (c) Example of a cytokine formulation that 
resulted in an unpredicted in vivo clumping of the protein followed by rapid reticuloendothelial  
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Fig. 6.14 (continued)

intravenous half-life of only 2 h yet immunosynthetic activities remain highly active 
well into 72 h post cytokine administration and in the multiple non-hematopoietic 
and gastrointestinal tissues. Organ distribution of radiotracers or water content and 
diffusibility (diffusion tensor imaging of MR, see Chap. 11) are also accomplished 
by dissection and LSC, and imaging of dissected organ approaches. An example of 
an imaging of a dissected organ was used in a program of drug development to 

E.G. Solon and B.R. Moyer
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Fig. 6.14 (continued)

image cholesterol-laden plaques in arterial segments. This was a program to develop 
a somatostatin analog, which binds to highly expressed SSTR receptors in the 
underlying injured vascular tissue, which is capped by cholesterol deposition. The 
New Zealand White (NZW) rabbit has historically been used as a model of choles-
terol deposition on arterial walls. The natural history of aortic arch injury by choles-
terol (and also by aortic stripping injury by balloon catheterization) in this animal 
model has been used in the study of atherosclerotic disease.
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In the late 1980s it was noted that somatostatin receptors were expressed in vas-
cular tissue and that they are up- and downregulated dependent on the state of arte-
rial injury (unpublished data, Moyer). Early injuries of plaque deposition and 
vascular damage by attenuation of feeder blood flow (weeks to 4 months) following 
balloon catheterization for endothelial stripping of the distal artery and/or high cho-
lesterol (1–3 % of the daily herbivore diet) are shown in Fig. 6.15.

Fig. 6.14 (continued)

E.G. Solon and B.R. Moyer
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Fig. 6.15 An example of both ex vivo gamma camera and en face film imaging (i.e., radiograph) 
of aortic (atherosclerosis-test and control) and esophageal (NEG control tissue) isolates. The 
upper image depicts three tissue explants from three NZW rabbits (two test and one control) 
where cholesterol-fed rabbits exhibited a thick adherent depot of plaque over the aortic arch 
vascular wall. A Tc-99m SST (somatostatin) receptor (−R) antagonist peptide under develop-
ment at the time was for development of a diagnostic imaging test to detect SSTR upregulation 
associated with aortic injury from chronic cholesterol exposure in the diet resulting in injured 
arterial walls. The peptide showed dramatic uptake in the cholesterol-laden aortic arch relative to 
associated (parallel and coincidently imaged in vivo) control tissue (>7 % ID/g versus <0.2 % 
ID/g), the uninjured esophagus. The issue of further development was hampered by the lack of 
an ability to associate a progressive SSTR expression relative to the cholesterol uptake with the 
natural history. It was found that as the animals experienced prolonged exposure and progres-
sively injured more of the arterial segment, there was not a consistent or predictable expression 
of the SSTR signal along the arterial segment. Early disease was seen to show SSTR expression 
that would aid in predictive diagnostic but late stage disease, the more common to be seen clini-
cally, diminished in SSTR signal proportionally to the extent of underlying vascular injury 
(Moyer, unpublished data)
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6.7  Quantitative Imaging for Drug Development

The determination of tissue distribution of new drugs is often required by regulatory 
agencies for new drug registration and for their development. In the mid-1990s 
regulatory agencies, such as the Japanese Ministry of Health and the US FDA, made 
formal statements about the acceptability of QWBA data for new drug registration 
(Solon and Kraus 2002) and QWBA has become the technique of choice because 
the data provides much more detailed information than the former organ homoge-
nate techniques.

Tissue PK information not only provides researchers with a way to examine 
detailed compartmentalized drug concentration information, but it also enables the 
determination of specific target tissue PK/pharmacodynamic (PK/PD) modeling, 
and the estimation of human tissue radiation exposure during human radiolabeled 
studies that are needed to examine human drug metabolism. Prior to the implemen-
tation of QWBA, organ dissection and LSC assays provided only a rough estimate 
of organ exposure to radiation and unfortunately less accurate tissue exposure infor-
mation. This becomes important when a radiolabeled drug is retained in a discreet 
tissue within an organ with heterogenous tissue composition, such as the eye, kid-
ney, and adrenal glands. In these cases the actual tissue concentration would be 
underestimated by LSC assay of organ homogenates because high concentrations in 
a discreet tissue would be diluted by low concentrations in surrounding tissues in an 
organ homogenate. This could lead to incorrect decisions about drug and/or radia-
tion exposure.

Furthermore, classical dissection/LSC organ distribution studies often used an 
insufficient number of time points to reliably determine PK parameters for many 
organs. This was primarily a resource decision because organ homogenate studies 
require the use of three animals per time point due to the inherent variability intro-
duced by organ collection (i.e., variable trimming and exsanguination at necropsy) 
and the extensive sample processing required for that technique. QWBA, which 
utilizes intact animals that have not been processed to any great extent, has shown 
much less variability (Coulston and Carr 2000; Solon and Kraus 2002) and so these 
studies are designed to include the analysis of more time points, which lead to more 
reliable PK data for more tissues. A typical, well-designed QWBA tissue distribu-
tion study includes the use of one animal per time and 8–12 time points. The study 
may also include extra animals that are maintained on the study after the QWBA 
data from the initial time points are examined. Most studies are designed such that 
the last animal carcass is collected at 5–7 days after a single dose administration. 
Another general guideline is to set the last time point to be at least 10 times the drug 
half-life in plasma, but researchers must consider that tissues will probably have 
very different half-lives and often it is many times longer than the half-life observed 
in plasma. To ensure that elimination can be verified from all tissues an extra animal 
may be added to the study such that it could be analyzed at a time point after the 
main study data have been examined. This provides researchers with an opportunity 
to determine the elimination of drug-related radioactivity from tissues that may 
retain it much longer than other tissues. This is especially useful if a drug and/or its 
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metabolites associate with melanin in pigmented tissues, such as the retina of the 
eye, meninges of the central nervous system, and pigmented skin, which could pose 
a radiation safety concern to humans during a clinical radiolabeled study (Roffey 
et al. 2007). In these situations, it is not unusual to see very slow elimination from 
pigmented tissues that can last for several weeks.

Male pigmented rats are used most often for tissue distribution studies, however, 
the animal model that best represents the expected pharmacokinetics in humans 
should be used whenever possible. This includes the examination of placental trans-
fer of radiolabeled drugs in lab animals, such as that conducted at the Walter Reed 
Army Institute of Research (Li et al. 2008), who used QWBA to further clarify 
embryotoxicity of artesunate and its metabolite dihydroartemisinin in pregnant rats. 
Their work highlighted the importance of obtaining knowledge about partitioning 
of xenobiotics after introduction into the body and how that data can be used in the 
assessment of physiology-based pharmacokinetic modeling.

QWBA is routinely performed using all types of laboratory animals, which 
includes mice, hamsters, rats, guinea pigs, rabbits, ferrets, cats, dogs, and nonhu-
man primates. The large format cryomicrotome used for QWBA can adapt to any 
carcass or portion of a carcass that can fit into a frozen block that is approximately 
40 cm long by 15 cm wide by 15 cm high. This added versatility provides for inter-
species comparisons, which, for example, can be useful when researchers need to 
compare tissue PK parameters of the toxicology model (e.g., rat, mouse, or dog) to 
the pharmacology/efficacy model (e.g., guinea pig, rabbit, cat). This can be very 
valuable in explaining different results across species and was used by Pharmacia 
and Upjohn to study the pharmacokinetics of latanoprost in the cynomolgus mon-
key (Sjöquist et al. 1999). In this study radiolabeled latanoprost was administered 
topically to the eye of monkeys and QWBA was performed. The results revealed 
that drug-derived radioactivity had traveled through the lachrymal ducts and that 
high concentrations were present in the gastrointestinal tract, kidney, liver, blood, 
bile, and urine.

Researchers are often faced with a decision regarding where to place a radioac-
tive label for their development studies. One important consideration is whether or 
not the isotope placement will enable the tracking of a particular metabolite and/or 
if a particular metabolite will be retained for a longer period of time than another. 
To help address this researchers sometime perform a QWBA tissue distribution 
study using a test article that has been labeled in two different places and then dos-
ing two separate groups of animals to compare the tissue distribution patterns and 
PK of the drug-derived radioactivity from the two versions of the radiolabeled test 
article.

Figure 6.16 shows some of the results of such an experiment where a tissue dis-
tribution study in rats was conducted for Compound X (Solon 2013). Two batches 
of Compound X were prepared and each was labeled with 14C at different positions 
on the molecule because Compound X had two known metabolites that were from 
two different parts of the molecule.

The two versions of the 14C-labeled compound were administered to two groups 
of rats and tissue concentrations determined using QWBA analysis. The goal was to 
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Fig. 6.16 Distribution of dual radiolabeled compound in rat kidney (concentrations shown in μg 
equivalents of 14C-drug/g tissue; BQL = below quantifiable limits; NI—not identifiable in image 
[i.e. BQL]). Two batches of the parent molecule were prepared and each was labeled with 14C at 
two different positions on the molecules so that the metabolites could be imaged and tissue con-
centrations determined using QWBA. The goal being to determine specific tissue exposure to each 
metabolite to address safety concerns (from Solon 2013)

track the tissue distribution of the radioactivity associated with each metabolite and 
parent drug and to correlate specific tissue exposure to each metabolite in an attempt 
to address safety concerns. It also helped investigators to see if the radioactivity 
from one of the radiolabeled versions would be eliminated faster than the other, 
which would provide decreased radiation exposure to humans during a clinical 
radiolabeled study. In this example, the concentration of drug-derived radioactivity 
from Label A in brain tissue were approximately half that observed after adminis-
tration of Label B. Differential distribution was also observed in the kidney cortex 
and medulla. The resulting human estimations of radiation exposure to brain and the 
different tissues of the kidney obtained using the two versions of the radiolabeled 
compound were substantially different and helped to guide the choice of radiolabel 
for the human study as well as providing clues to the localization of a metabolite 
responsible for potential safety concerns.

Regulatory agencies are also concerned with the safety of substances used as drug 
carriers and/or to facilitate the sustained release of drugs and QWBA has been used 
to track the released drug as well carries, such as liposomes. Willis et al. examined the 
distribution of [1-14C] -2-erucoyl)-DEPC DepoFoam® Formulation (Pacira 
Pharmaceuticals, Inc., San Diego, CA) in rats and showed that it was widely distrib-
uted and metabolized via normal pathways (Willis et al. 2011). This multivesicular 
liposome product was widely distributed, after a subcutaneous injection, and rela-
tively high concentrations were found in lymph nodes and brown adipose (see 
Fig. 6.17).
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Fig. 6.17 14C-DepoFoam® in rats after a subcutaneous injection. Whole-body autoradiographs at 
2 days after single subcutaneous administration of 14C-DEPC in DepoFoam® formulation (from 
Solon 2013)

6.8  MALDI-MSI Case Studies

MALDI-MSI of compounds and metabolites is currently being applied to support 
ADME studies during drug discovery and development in combination with estab-
lished methods, but it can also be used to examine biomarkers in the form of proteins 
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and lipids. An example of the latter was demonstrated by Sparvero et al. (Sparvero 
et al. 2012) who used MALDI-MSI to improve spectral and spatial resolution, sensi-
tivity and specificity in identifying a low abundance of lipid species in tissue sections 
used for microscopy. Their work may lead to new discoveries in lipid metabolism, 
and biomarkers associated with area-specific alterations or damage from stress and/
or diseases, such as traumatic brain injury, acute lung injury, or other such conditions. 
In a related sense, Schober et al. (Schober et al. 2012), who were also interested in 
examining the spatial distribution of proteins, used a trypsin spraying device to digest 
tissue sections which were then analyzed by MALDI-MSI to detect the resulting 
peptides from within myelin. Tryptic peptides in tissue were spatially resolved at 
50 μm and several tryptic peptides of myelin-matched known spatial distributions. 
Additionally, numerous other tryptic peptides were identified. MALDI-MSI images 
were generated with a mass range of Δm/z = 0.01 μ. Their work also showed that MS 
images with lower selectivity could result in misleading information about the spatial 
distribution of tryptic peptides. They concluded that their methods significantly 
improved spatial resolution of tryptic peptides using a low-ppm mass accuracy in a 
single experiment, which provided highly reliable and specific information.

The most commonly used application of MALDI-MSI for drug discovery and 
development has been to identify the parent drug and metabolites in tissues and that is 
well demonstrated in work done by Prideaux et al. (Prideaux et al. 2011) when they 
used it better understand drug efficacy of a drug to treat tuberculosis (TB) and how 
efficiently certain drugs reached the site of action. These researchers applied MALDI-
MSI to image the distribution of the second-line TB drug moxifloxacin at different 
time points after dosing. They were able to monitor selected multiple ion transitions of 
moxifloxacin in tuberculosis-infected rabbit lung biopsies in less than 15 min per tis-
sue section. They also used a reference standard during the matrix spraying process 
that enabled normalization of the ion-suppressing effects of the inhomogeneous lung 
tissue. They found that the drug accumulated in granulomatous lesions at levels higher 
than that in surrounding lung tissue from 1.5 h post- dose until the final time point. 
They validated their MALDI-MSI findings of moxifloxacin distribution against quan-
titative LC/MS/MS analysis of lung and granuloma extracts from adjacent biopsies 
taken from the same animals. They concluded that non-homogeneous drug distribu-
tion occurred within the granulomas and that the caseum had very low levels com-
pared to the cellular granuloma regions. This study also demonstrated that MALDI-MSI 
a rapid and sensitive method for analyzing the distribution of anti-TB compounds and 
they have applied this approach to their routine assessments in future studies.

Investigators at imabiotech have shown, in an application note imabiotech (Hamm 
et al. 2012), that the utility of Quantitative Mass Spectometry Imaging (QMSI) to 
evaluate the amount of mouse insulin in 10 μm thick sections of mouse pancreas on 
a glass slide on which they placed micro-droplets of human insulin at varying con-
centrations to serve as calibrators. They analyzed the samples using an AutoFlex 
speed LRF MALDI-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) 
equipped with a Smart beam II laser used at a repetition rate of 1,000 Hz that was 
optimized to detect insulin. A diagram of the workflow is presented in Fig. 6.18 and 
the calibration curve and image of the standards is presented in Fig. 6.19.

The resulting images (shown in Fig. 6.20) corresponded to the distribution  
of normalized mouse insulin and showed response of the molecule in tissue.  
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Fig. 6.19 MALDI-MSI Quantitation calibration curve and image of calibration standards from 
Quantinetix™ (from Hamm et al. 2012)

Fig. 6.18 MALDI-MSI Quantitation Workflow Diagram MALDI MS Imaging process. Analytes 
are simultaneously desorbed from the animal section in a defined raster. Out of the acquired spec-
tra specific molecular images are calculated (from Solon et al. 2010)
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The tissues were subsequently stained with methylene blue to show the islets of 
Langerhans on tissue section (light blue region of the optical image of Fig. 6.20). 
The technique showed that insulin was mainly localized to the Islets of Langerhans 
islets, which is site of peptide translation. Glucagon-related ions (m/z 3,483) were 
also observed on mass spectra from the Islets of Langerhans, but it was not quanti-
fied in the study. The concentration of mouse insulin in whole pancreas tissue was 
determined to be approximately 260 μg/g of tissue. The study showed that there was 
an inter-sample mean variation of 30 %, which is a widely accepted criteria for the 
study of biological samples using mass spectrometry imaging.

In conclusion the field of MALDI-MSI has been well-developed over the last 10 
years and it is now being used to quantitatively evaluate small and large molecule 
drugs and to examine biomarkers during the drug discovery and development. 
However, compared to QWBA methods, MALDI-MSI requires much more time to 
obtain a complete PK profile of the 30–40 tissues routinely measured for drug dis-
tribution studies. Nevertheless, as methods and technologies of MALDI-MSI 
improve, the use of radiolabeled drugs and QWBA for determining tissue distribu-
tion may be replaced by MALDI-MSI-based technologies in the future.

6.9  SIMS: Sub-Micrometer Cellular and Tissue Imaging  
in Drug Discovery

Previous molecular imaging analysis of individual cells required fluorescent labeling 
of the molecule of interest, which is problematic due to limited available anti- lipid 
antibodies and alterations in the lipid chemical properties due to insertion of fluores-
cent probes (Debois et al. 2007). SIMS has been applied to the imaging of elements 
in cells at high-spatial resolution (Maier et al. 2002; Chandra et al. 2000), but analyz-
ing elements in isolation only provides limited information to the biochemist who is 
usually more concerned with larger biomolecules and/or compounds.

Due to the advancements in primary ion source technology, it is also possible to 
acquire high spatial resolution microprobe images of important biological mole-
cules in individual cells, and both static and dynamic SIMS have been used for this 
purpose. Lipids and sterols are the predominantly analyzed species, examples of 
which include cholesterol (Strick et al. 2002), sphingomyelin (Ostrowski et al. 
2007) and phosphatidylcholine (McQuaw et al. 2007). Recent studies utilizing these 
capabilities include the analysis of cellular membrane components to understand 
the behavior and function of the major lipid constituents and separate research 
groups have imaged individual glial (Fletcher et al. 2008) and neuroblastoma (Parry 
and Winograd 2005) cells (as shown in Fig. 6.21). Relative semiquantitative SIMS 
imaging analysis of cholesterol has been reported in the membranes of macrophage 
cells treated to contain elevated levels of cholesterol with respect to control cells 
(Strick et al. 2002). These authors observed a statistically significant signal increase 
of over 100 % in images from the treated cells by using the signal of C5H9

+ (at m/z 
69) as an internal standard.
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Lower resolution imaging, that encompasses a larger imaging window, can be 
used for the localization of molecules over larger tissue areas (e.g., biopsy sections) 
or even sections of entire organs. Imaging SIMS technologies have been applied to a 
wide range of biological tissues including whole brain sections (as shown in Fig. 6.22) 
(Altelaar et al. 2006), aorta (Touboul et al. 2005), liver (Malmberg et al. 2007), kidney 
(Debois et al. 2009), muscle (Nygren et al. 2005), and skin (Magnusson et al. 2008).

Lipids remain the major analyte class investigated with larger window SIMS 
imaging and one such example is the localization of globotriaosylceramide and 
digalactosylceramide as biomarkers of Fabry disease in skin and kidney biopsies of 

Fig. 6.21 SIMS Images of individual neuroblastoma cells after deposition of 1 nm gold. (a) 
Cholesterol [M-OH]. (b) Diacyglcerol. (c) Overlay showing the co-localization of the two species. 
Scale bar 100 μm (From Solon et al. 2010 as adapted with permission from Parry and Winograd 
2005; with permission)

Fig. 6.22 Negative ion SIMS Images obtained from a rat brain section using a Bi3+ primary ion 
source. Analysis window is 256 × 256 pixels, pixel size 70 × 70 μm. Color overlays show the differ-
ent localizations of the following negative ions: (a) m/z (255 + 283, red), m/z 892 (green), and m/z 
771 (blue); (b) m/z 255 (blue) and m/z 283 (red) (from Solon et al. 2010 as adapted with permission 
from Altelaar et al. 2006; with permission)
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patients (Magnusson et al. 2008). Clear accumulations of both lipids were observed 
in patients in comparison to healthy volunteers as well as co-localization with the 
distribution of vitamin E and cholesterol.

In an effort to better understand tuberculosis (TB) drug efficacy and how effi-
ciently certain drugs reach their site of action, Prideaux et al. (Prideaux et al. 2011) 
used MALDI-MSI to image the distribution of the second-line TB drug moxifloxa-
cin within tuberculosis-infected rabbit lung biopsies at various times after dosing. 
They found that the drug accumulated in granulomatous lesions at higher concen-
trations than in surrounding lung tissues. They also validated their findings by ana-
lyzing lung and granuloma extracts from adjacent biopsies obtained from the same 
animals using quantitative LC/MS/MS analysis. Non-homogeneous drug distribu-
tion was observed in granulomas, and very low levels were observed in the caseum.

6.10  Regulatory Considerations

Regulatory agencies in developed countries have played pivotal roles in the devel-
opment of new drugs and these agencies have made great progress to harmonize 
their requirements to approve new drugs. Communication among members of the 
US FDA, European Union, World Health Organization, Japanese Ministry of Health, 
and other regulatory agencies around the world has vastly improved since the early 
1980s and now many of the requirements to register new drugs are very similar. 
Furthermore, developing countries can now more easily model their new drug 
approval processes after those in the developed nations due to technologies such as 
the internet and outreach organizations such as the World Health Organization.

Although most regulatory agencies do not require tissue distribution information 
during the drug discovery phase, it is often helpful for researchers to have some radio-
labeled ADME data prior to elevating a drug into the development phase. Early 
ADME data can alert researchers to potential issues such as those discussed earlier. 
For companies that focus on out-licensing of their new drugs a limited ADME  package 
is also a good sales tool that gives prospective buyers and/or collaborators information 
to make better decisions on how to proceed into a deal. The decision to perform and 
include preclinical radiolabeled ADME study data in an Innovative New Drug (IND) 
application is usually up to the pharmaceutical company and most companies will 
include that data if it is available. However, it is not required unless a human radiola-
beled study will be run prior to or during Phase I studies, and in that case a human 
radiation dosimetry estimation, which relies on animal tissue distribution data, must 
be performed and the FDA has issued a guidance for that situation (US FDA 2010).

Today most regulatory agencies require that pharmaceutical companies include 
preclinical radiolabeled ADME studies as part of New Drug Applications (NDA) 
applications. This is because they provide the best data for choosing the toxicology 
models and doses, and they provide insight into human metabolism for safety evalu-
ation. Thus, better decisions can be made about tissue exposures of the parent com-
pound and its metabolites. Furthermore, it is absolutely necessary to perform 
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preclinical radiolabeled tissue distribution studies in nonclinical models prior to 
human radiolabel studies so that human radiation dosimetry estimates can be made.

Of course there are exceptions to the rule that radiolabeled studies need to be 
conducted for NDAs. The most common exception is when the new drug is to treat 
a life-threatening disease such as terminal cancer or orphan diseases. In these cases, 
limited tissue distribution studies may be performed, but they are usually to confirm 
that targeted tumor and/or other possible therapeutic targets will be adequately 
exposed to the test drug. Otherwise efficacy and toxicology studies are usually ade-
quate to enable the conduct of further clinical studies.

6.11  Conclusion and Future Perspectives  
(Taken from Solon 2013)

The impact of the use of radiolabeled compounds for studying tissue distribution has 
been enormous over the history of drug discovery and development. The use of auto-
radiography image analysis has all but replaced the former techniques of organ 
homogenate LSC analysis in less than two decades. Autoradiography has been proven 
time and again to extend the knowledge of drug disposition by providing true tissue-
level concentration data that details tissue exposures and helps to guide the decisions 
about drug safety, pharmacology, efficacy, and can help solve the challenges that can 
turn a chemical into a useful drug that saves lives. Until technology can offer efficient 
ways to quantify chemical entities in complex matrices, such as the multitude of tis-
sues in the human body, radiolabeled compounds will need to be used as the most 
efficient way to do this job. Whole-body and micro- autoradiography techniques will 
continue to be utilized to uncover the mysteries surrounding tissue distribution of 
new drugs. This is because newer in vivo radio-imaging modalities, such as positron 
emission topography or florescence imaging (30) cannot offer the same high resolu-
tion and length of tracking time provided by stable, low energy 14C- and tritium-
labeled compounds. Furthermore, the new applications of MALDI-MS imaging and 
 secondary ion mass spectrometric imaging (SIMS) technologies, which can identify 
non-radiolabeled parent drug molecules and metabolites in tissue samples, cannot yet 
be used to provide quantitative data. This is due to the various matrix effects imposed 
by each tissue type, which need to be accounted for in order to provide reliable quan-
tification and this is not thought to be possible for many years to come.

References

Altelaar AFM, Klinkert I, Jalink K, de Lange RPJ, Adan RAH, Heeren RMA, Piersma SR (2006) 
Gold-enhanced biomolecular surface imaging of cells and tissue by SIMS and MALDI mass 
spectrometry. Anal Chem 78:734–742

Appleton TC (1964) Autoradiography of soluble labeled compounds. J Royal Micro Soc 
83:277–281

6 Quantitative Imaging Using Autoradiographic Techniques



182

Baker JRJ (1989) Autoradiography: a comprehensive review. Royal microscopical society, micros-
copy handbooks 18. Oxford Science, Oxford, pp 30–32

Bélanger LF, Leblond CP (1946) A method for locating radioactive elements in tissues by covering 
histological sections with a photographic emulsion. Endocrinology 39:8

Blackett NM, Parry DM (1973) A new method for analyzing electron microscope autoradiographs 
using hypothetical grain distributions. JCell Biol 57:9–15

Breskin A (2000) Advances in gas avalanche radiation detectors for biomedical applications. 
Nucl Instr Meth A454:26–39

Braddock M (2012) Biomedical Imaging. In: The Chemistry of Labels Probes and Contrast 
Agents. Chapter 6. RSC Publishing, Cambridge, UK, pp 309–342

Burns MS (1982) Applications of secondary ion mass-spectrometry (Sims) in biological-research: 
a review. J Microsc 127:237–258

Caro LG (1961) Electron microscopic radiography of thin sections: golgi zone as a site of protein 
concentration in pancreatic acinar cells. J Biophys Biochem Cytol 10:37

Chandra S, Smith DR, Morrison GH (2000) Subcellular imaging by dynamic SIMS ion micros-
copy. Anal Chem 202:217–229

Coulston F, Carr CJ (eds) (2000) The validation of radioluminography for use in quantitative 
 distribution studies. Regul Toxicol Pharmacol 31(2):S1–S62

Debois D, Brunelle A, Laprevote O (2007) Attempts for molecular depth profiling directly on a rat 
brain tissue section using fullerene and bismuth cluster ion beams. Int J Mass Spectrom 260: 
115–120

Debois D, Bralet MP, Le Naour F, Brunelle A, Laprevote O (2009) In situ lipidomic analysis of 
nonalcoholic fatty liver by cluster TOF-SIMS imaging. Anal Chem 81:2823–2831

Delcourte A, Bertrand P (2004) Interest of silver and gold metallization for molecular SIMS and 
SIMS imaging. Appl Surf Sci 231:250–255

Delecorte A, Bour J, Aubriet F, Muller JF, Bertrand P (2003) Sample metallization for perfor-
mance improvement in desorption/ionization of kilodalton molecules: quantitative evaluation, 
imaging secondary ion MS, and laser ablation. Anal Chem 75:6875–6885

Dl J, Warren S (1955) Simplified liquid emulsion radioautography. J Biol Photogr Assoc 23(4):145–150
Downs AM, Williams MA (1984) An improved approach to the analysis of autoradiographs con-

taining isolated sources of simple shape: method, theoretical basis and reference data. J Microsc 
114:143–156

Fletcher JS, Rabbani S, Henderson A, Blenkinsopp P, Thompson SP, Lockyer NP, Vickerman JC 
(2008) A new dynamic in mass spectral imaging of single biological cells. Anal Chem 
80:9058–9064

Hahn EJ (1983) Autoradiography: a review of basic principles. Am Laborat 15:64–71
Hamm G, Porreaux L, Stauber JJ (2012) www.imabiotech.com/Toward-Quantitative-Imaging- 

Mass.html; Imabiotech Application Note #MSI-01
Heeren RMA, McDonnell LA, Amstalden E, Luxembourg SL, Altelaar AFM, Piersma SR (2006) 

Why don’t biologists use SIMS? A critical evaluation of imaging MS. Appl Surf Sci 
252:6827–6835

Hesk D, McNamara P (2007) Synthesis of isotopically labelled compounds at Schering-Plough, an 
historical perspective. J Label Comp Rad 50:875–887

Jones EA, Lockyer NP, Vickerman JC (2007) Depth profiling brain tissue sections with a 40 keV 
C60+ primary ion beam. Int J Mass Spectrom 260:146–157

Joftes Dl, Warren S (1955) Simplified liquid emulsion radioautography. J Biol Photogr Assoc. 
23(4):145–150

Karas M, Bachmann D, Bahr U, Hillenkamp F (1987) Matrix-assisted ultraviolet laser desorption 
of non-volatile compounds. Int J Mass Spectrom Ion Proc 78:53–68

Keune K, Boon JJ (2004) Enhancement of the static SIMS secondary ion yields of lipid moieties 
by ultrathin gold coating of aged oil paint surfaces. Surf Interface Anal 36:1620–1628

Khatib-Shahidi S, Andersson M, Herman JL, Gillespie TA, Caprioli RM (2006) Direct molecular 
analysis of whole-body animal tissue sections by imaging MALDI mass spectrometry. Anal 
Chem 78(18):6448–6456

E.G. Solon and B.R. Moyer

http://www.imabiotech.com/Toward-Quantitative-Imaging-Mass.html
http://www.imabiotech.com/Toward-Quantitative-Imaging-Mass.html


183

Kim H, Prelusky D, Wang L, Hesk D, Palamanda J, Nomeir A (2004) The importance of radio-
chemical analysis of biological fluids before and after lyophilization from animals dosed with 
[3H]-labeled compounds in drug discovery. Am Pharm Rev 7:44–48

Kolbe H, Dietzel G (2000) Technical validation of radioluminography systems. Regul Toxicol 
Pharmacol 31(2):S5–S14

Lacassagne A, Lattes J (1924) R’éparitiondu polonium (injecté sous la peau) dans l’organisme de 
rats porteurs de griffes cancereuses. C R Séance Soc Biol 90:352–353

Li Q, Si Y, Smith KS, Zeng Q, Weina PJ (2008) Embryotoxicity of artesunate in animal species 
related to drug tissue distribution and toxicokinetic profiles. Birth Defects Res B Dev Reprod 
Toxicol 83:435–445

Luckey G (1975) US Patent 3,859,527
Magnusson Y, Friberg P, Sjövall P, Dangardt F, Malmberg P, Chen Y (2008) Clinical lipid imaging 

of human skeletal muscle using TOF-SIMS with bismuth cluster ion as a primary ion source. 
Clin Physiol Funct Imaging 28:202–209

Maier O, Oberle V, Hoekstra D (2002) Fluorescent lipid probes: some properties and applications 
(a review). Chem Phys Lipids 116:3–18

Malmberg P, Börner K, Yun C, Friberg P, Hagenhoff B, Mansson JE, Nygren H (2007) Localization 
of lipids in the aortic wall with imaging TOF-SIMS. Biochim Biophys Acta 1771:185–195

McDonnell LA, Heeren RMA (2007) Imaging mass spectrometry. Mass Spectrom Rev 26(4): 
606–643

McDonnell LA, Piersma SR, Altelaar AFM, Mize TH, Luxembourg SL, Verhaert PDEM, van 
Minnen J, Heeren RMA (2005) Subcellular imaging mass spectrometry of brain tissue. J Mass 
Spectrom 40:160–168

McDonnell LA, Heeren RMA, de Lange RPJ, Fletcher IW (2006) Higher sensitivity secondary ion 
mass spectrometry of biological molecules for high resolution, chemically specific imaging.  
J Am Soc Mass Spectrom 17:1195–1202

McQuaw CM, Zheng L, Ewing AG, Winograd N (2007) Localization of sphingomyelin in choles-
terol domains by imaging mass spectrometry. Langmuir 23:5645–5650

Michnowicz J (2011) Mass spectrometry in drug discovery and development. Nat Rev Drug 
Discov 1:651–651

Mitra S, Foster TH (2008) In vivo confocal fluorescence imaging of the intratumor distribution of 
the photosensitizer mono-l-aspartylchlorin-e61. Neoplasia 10(5):429–438

Miyaji Y, Walter S, Chen L, Kurihara A, Ishizuka T, Saito M, Kawai K, Okazaki O (2011) 
Distribution of KAI-9803, a novel δ-protein kinase C inhibitor, after intravenous administra-
tion to rats. Drug Metab Dispos 39(10):1946–1953

Nagata T (1997) Techniques and application of microscopic autoradiography. Histol Histopathol 
12:1091–1124

Nagy G, Gelb LD, Walker AV (2005) An investigation of enhanced secondary ion emission under 
Au(n) + (n = 1–7) bombardment. J Am Soc Mass Spectrom 16:733–742

Nygren H, Börner K, Malmberg P, Tallarek E, Hagenhoff B (2005) Imaging TOF-SIMS of rat 
kidney prepared by high-pressure freezing. Microsc Res Tech 68:329–334

Ostrowski SG, Kurczy ME, Roddy TP, Winograd N, Ewing AG (2007) SIMS imaging of choles-
terol in membranes of fluorescently identified single cells. Anal Chem 79:3554–3560

Parry S, Winograd N (2005) High-resolution TOF-SIMS imaging of eukaryotic cells preserved in 
a trehalose matrix. Anal Chem 77:7950–7957

Potchioba MJ, Tensfeldt TG, Nocerini MR, Silber BM (1995) A novel quantitative method for 
determining the biodistribution of radiolabeled xenobiotics using whole-body cryosectioning. 
J Pharmacol Exp Ther 272(2):953–962

Prideaux B, Dartois V, Staab D, Weiner DM, Goh A, Via LE, Barry CEIII, Stoeckli M (2011) 
High-sensitivity MALDI-MRM-MS imaging of moxifloxacin distribution in tuberculosis- 
infected rabbit lungs and granulomatous lesions. Anal Chem 83(6):2112–2118

Rauvast V, Mavon A (2006) Transfollicular delivery of linoleic acid in human scalp skin : perme-
ation study and microautoradiographic analysis. Int J Cosmet Sci 28(2):117–123

6 Quantitative Imaging Using Autoradiographic Techniques



184

Roffey SJ, Obach RS, Gedge JI, Smith DA (2007) What is the objective of the mass balance study? 
A retrospective analysis of data in animal and human excretion studies employing radiolabeled 
drugs. Drug Metab Rev 39:17–43

Rohner TC, Staab D, Stoeckli M (2005) MALDI mass spectrometric imaging of biological tissue 
sections. Mech Aging Dev 126:177–185

Salpeter MM, Bachmann L, Salpeter EE (1969) Resolution in electron microscope radioautogra-
phy. J Cell Biol 41:1–40

Schober Y, Guenther S, Spengler B, Römpp A (2012) High-resolution matrix-assisted laser 
desorption/ionization imaging of tryptic peptides from tissue. Rapid Commun Mass Spectrom 
26(9):1141–1146

Schweitzer A, Fahr A, Niederberger W (1975) A simple method for quantitation of 14C-whole- 
body autoradiograms. Appl Radiat Isotopes 33:329–333

Sinsheimer JE, Shum YY (1981) Biodehalogenation and metabolism of 125[I]-4-iodobiphenyl.  
J Pharm Sci 70(5):546–549

Solon E (2007) Autoradiography: high-resolution molecular imaging in pharmaceutical discovery 
and development. Expert Opin Drug Discov 2(4):503–514

Solon E (2013) Use of radioactive compounds and autoradiography to determine drug tissue 
 distribution. Chem Res Toxicol 25(3):543–555

Solon E, Kraus L (2002) Quantitative whole-body autoradiography in the pharmaceutical. Survey 
results on study design, methods and regulatory compliance. J Pharmacol Toxicol Methods 
43:73–81

Solon EG, Lee F (2002) Methods determining phosphor imaging limits of quantitation in whole- 
body autoradiography rodent tissue distribution studies affect predictions of 14C human 
dosimetry. J Pharmacol Toxicol Methods 46:83–91

Solon E, Balani SK, Lee FW (2002) Whole-body autoradiography in drug discovery. Curr Drug 
Metab 3:451–462

Solon EG, Dowell JA, Lee J, King SK, Damle BD (2007) Distribution of radioactivity in bone and 
related structures following administration of [14C]dalbavancin to New Zealand white rabbits. 
Antimicrob Agents Chemother 51(8):3008–3010

Solon EG, Schweitzer A, Stoeckli M, Prideaux B (2010) Autoradiography, MALDI-MS, and 
SIMS-MS imaging in pharmaceutical discovery and development. AAPS J 12(1):11–26

Sparvero LJ, Amoscato AA, Dixon CE, Long JB, Kochanek PM, Pitt BR, Bayir H, Kagan VE 
(2012) Mapping of phospholipids by MALDI imaging (MALDI-MSI): realities and 
 expectations. Chem Phys Lipids 165(5):545–562

Stauber JJ (2012) Quantitation by MS imaging: needs and challenges in pharmaceuticals. 
Bioanalysis 4(17):2095–2098

Stoeckli M, Staab D, Schweitzer A (2007) Compound and metabolite distribution measured by 
MALDI mass spectrometric imaging in whole-body tissue sections. Int J Mass Spectrom 
260(2–3):195–202

Strick R, Strissel PL, Gavrilov K, Levi-Setti R (2002) Cation-chromatin binding as shown by ion 
microscopy is essential for the structural integrity of chromosomes. J Cell Biol 155:899–910

Stumpf WE (2003) Drug localization in tissues and cells. Library of Congress Control Number 
2003105179. IDDC Press

Stumpf WE (2005) Drug localization and targeting with receptor microscopic autoradiography.  
J Pharmacol Toxicol Methods 51:25–40

Stumpf WE, Roth LJ (1964) Vacuum freeze drying of frozen sections for dry-mounting high reso-
lution autoradiography. Stain Technol 39:219–223

Sjöquist B, Uhlin A, Byding P, Stjernschantz J (1999) Pharmacokinetics of latanoprost in the 
cynomolgus monkey. 2nd communication: repeated topical administration on the eye. 
Arzneimittelforschung 49:234–239

Todd PJ, Schaff TG, Chaurand P, Caprioli RM (2001) Organic ion imaging of biological tissue 
with MALDI and SIMS. J Mass Spectrom 36:355–369

Touboul D, Kollmer F, Niehuis E, Brunelle A, Laprevote O (2005) Improvement of biological 
time-of-flight-secondary ion mass spectrometry imaging with a bismuth cluster ion source.  
J Am Soc Mass Spectrom 16:1608–1618

E.G. Solon and B.R. Moyer



185

Touboul D, Roy S, Germain DP, Chaminade P, Brunelle A, Laprevote O (2007) MALDI-TOF and 
cluster-TOF-SIMS imaging of Fabry disease biomarkers. Int J Mass Spectrom 260:158–165

U.S. Food and Drug Administration (2010) Guidance for Industry and Researchers, The 
Radioactive Drug Research Committee: Human research without an investigational new drug 
application. http://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/
Guidances/default.htm. Accessed 09 Nov 2011

Ullberg S (1954) Studies on the distribution and fate of 35S-Labelled benzylpenicillin in the body. 
Acta Radiol Suppl 118:1–110

Van Berkel GJ et al (2008) Liquid microjunction surface sampling probe electrospray mass 
 spectrometry for detection of drugs and metabolites in thin tissue sections. J Mass Spectrom 
43(4):500–508

Venturi S, Venturi M (1999) Iodide, thyroid and stomach carcinogenesis: evolutionary story of a 
primitive antioxidant. Eur J Endocrinol 140:371–372

Walker AV (2008) Why is SIMS underused in chemical and biological analysis? Challenges and 
opportunities. Anal Chem 80:8865–8870

Williams MA (1969) In: Barer R, Cosslett VE (eds) Advances in optical and electron microscopy. 
Academic, New York, pp 219–272

Willis RC, Richard B, Los K, Willis B, Ward K, Rios V, Strzemienski P, Solon E, Logue A, Lordi 
A, Onel E (2011) Quantitative whole-body autoradiography following single subcutaneous 
injection of [1-14C]-2-erucoyl)-DEPC DepoFoam® formulation in rats. Presented at the 38th 
Meeting of the Controlled Release Society, Presentation 124, 30 July–3 August 2011

Wiseman JM, Ifa DR, Zhu Y, Kissinger CB, Manicke NE et al (2008) Desorption electrospray 
ionization mass spectrometry: imaging drugs and metabolites in tissues. Proc Nat Acad Sci 
USA 105(47):18120–18125

6 Quantitative Imaging Using Autoradiographic Techniques

http://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.htm
http://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.htm


187B.R. Moyer et al. (eds.), Pharmaco-Imaging in Drug and Biologics Development, 
AAPS Advances in the Pharmaceutical Sciences Series 8, DOI 10.1007/978-1-4614-8247-5_7, 
© American Association of Pharmaceutical Scientists 2014

    Abstract     Oncology remains a major focus of the pharmaceutical industry, and 
they are investing heavily in the forward effort to move drugs and biologics through 
development to regulatory approval. The discovery and early preclinical develop-
ment throughput for safety, tumor cell binding, and in vivo biodistribution are 
hindered by the complications and the uniqueness of frequently contrived xenobi-
otic animal models, generally in murine strains. Animal numbers for adequate 
sensitivity, tumor heterogeneity of response, and metabolism make for high tumor-
to-tumor variance in growth and response. The throughput of studies (tumor 
growth periods), powering studies suffi ciently for decisional steps in product 
advancement, and the general “how do we do the human translation” all contribute 
to the major costs in this arm of the pharmaceutical business. Imaging offers many 
advantages to help solve, or at least allay, these issues. Imaging can pinpoint the 
tumor uptake heterogeneity, it can reduce the numbers of animals as quantitative 
assessments can be done on fewer animals, it allows for each animal to serve as its 
own control, and it allows multiple time point sampling in the same animal(s) dur-
ing the tumor gestation, eruption, and time window for optimal therapeutic inter-
vention. This chapter will hopefully guide the reader through multiple examples of 
how to investigate tumor biology using imaging in the nonclinical environment 
and hopefully will provide useful approaches and ideas for inclusion in their 
oncology programs.  

    Chapter 7   
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7.1         Introduction 

    Advances in targeted therapies in oncology have necessitated more specifi c 
 biomarkers to be developed to aid in patient selection, targeted design, and predic-
tion to response, e.g., biomarkers representative of pathway activation/inhibition 
such as KRAS, EGFR, ALK (Ou et al.  2012 ; Vincent et al.  2012 ), and cell-surface 
markers (CD30 for SGN35 and HER2 for Herceptin) (Zieba et al.  2012 ). Furthermore, 
as the hallmarks of cancer origin and in situ expression become better understood, 
new measurements and even new measurement tools for these oncologic hallmarks 
will be developed as they are uncovered (Hanahan and Weinberg  2011 ). 

 Biomarkers of oncology (and other areas as well) are typically identifi ed as 
 participating in a mechanism of action (MOA), or emerge as a result of the MOA, 
and thus are developed at the later discovery stage of a targeting new chemical entity 
(drug/biologic/tracer molecule) as a consequence of the target interaction. Once a 
drug–target interaction (binding or response) is recognized, the biomarker is rigor-
ously tested and qualifi ed (i.e., validated) in the context of a targeted therapy, i.e., 
regulatory approval directed effi cacy and safety studies for testing in a phase 1 
clinical trial. Pharmacodynamic biomarkers, which are often in the imaging realm, 
are typically used early in phase 1 and 2 trials. Response markers for a successful 
cancer therapeutic, e.g., tumor size reduction can be measured using CT or MR 
using criteria such as RECIST—Response Evaluation Criteria In Solid Tumors (see 
  http://www.eortc.be/recist/    ). Tumor size reductions via product (test agent)-induced 
apoptosis/necrosis may encourage continued development of the product.    Recent 
draft FDA guidance on the development of companion diagnostics (CDx; a diagnos-
tic used to direct a specifi c therapy) recommends parallel development of the CDx 
from the time the need for a companion is identifi ed and through the same registra-
tion trials being completed for the drug approval for the selected drug/biologic 
disease indication (in vivo (imaging) CDx, e.g., the FDA-approved Novartis’ 
product Exjade ®  in the treatment of iron overload in non-transfusion dependant 
thalassemia (NTDT)). FerriScan ® , an MR imaging agent, is used in studies to select 
patients for therapy and to manage their Exjade ®  therapy. FerriScan ®  provides the 
needed measure of liver iron concentration (LIC) necessary for Exjade’s safe and 
effective use; see   http://www.haemoglobin-gstt.org/images/14/127/ferriscan%20
and%20monitoring%20forum%20may%2009.pdf    . 

 Conventional biomarkers include those that are extracted from directly biopsied 
material, typically the tumor or surrogate tissue, e.g., associated supportive or co- 
localized tissues or plasma. Samples are subsequently analyzed with various diag-
nostic or other analytical techniques such as simple histology, immunohistochemistry, 
FISH (fl uorescent in situ hybridization), and PCR and blotting techniques for 
detecting genetic change, mutational events, and aberrant protein expression. 

 One of the more promising current techniques developed to exploit biomarkers 
(physiologic as well as pharmacologic) is imaging. Imaging has long been used in 
clinical practice to assess solid tumor response to chemotherapy (e.g., RECIST 
using CT or MRI). However, the use of targeted imaging agents as probes    
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(e.g. EC20 for folate receptor imaging) or endogenous contrast (e.g., DWI or DCE-
MRI) based upon tumor functionality has expanded the opportunity of using imag-
ing platforms to address questions involving molecular responses as well as 
potentially screening patients for specifi c therapeutic regimens using biomarker 
selection strategies. Biomedical imaging sciences offers specifi c advantages to con-
ventional biomarker assessment requiring interventional sampling. The capability 
of noninvasive measurements, longitudinal assessments, multiple lesion identity or 
discovery in the whole body, parametric mapping on individual tumors to extract 
info on therapeutic response heterogeneity, and the ability to capitulate on multiple 
clinical parameters extracted in one imaging session are major clinical improve-
ments we have witnessed in clinical practice over the past few decades. 1  The nonde-
structive nature of imaging allows scientists and physicians to measure dynamic 
parameters associated with functional and intact systems, e.g., vascular hemody-
namics and pathway activation/inhibition. 

 In addition to the above, imaging sciences offer a potential to address some of the 
challenges faced currently with companion diagnostics. For example, Knowles and 
Wu ( 2012 ) noted that the use of trastuzumab (an anti-HER2 therapeutic antibody) 
in patients is only 20–30 % effective in a subpopulation of HER2-positive breast 
cancer patients as determined by immunohistochemistry or fl uorescent in situ 
hybridization at initial diagnosis. In the situation of breast cancer metastases, HER2 
expression is only inferred from the primary lesion. Whole body imaging may in the 
future play a role in identifying patients with HER-positive metastases expressing 
differing levels of the HER2 target, and thus imaging may be able to predict favor-
able outcomes from use of expression-specifi c directed therapeutics. 

 One must be cognizant of the fact that no one biomarker is “king,” and typically in 
drug development, a comprehensive and complimentary biomarker strategy is more 
likely necessary to predict therapeutic success and accelerate development. The clini-
cal goal is to improve probability of success in the selection of the appropriate ther-
apy for the discovered oncologic expression and in the appropriate patient. Indeed, as 
the reader moves through this chapter, they must always consider the reproducibility 
and validation of the imaging technique in the context of the clinically relevant ani-
mal models that best mimic the human cancer in question, dose of the therapeutic and 
the reporter CDx, timing of image acquisitions during disease progression and treat-
ment to indicate treatment success (or failure), and quantitation of the benefi ts (or 
lack thereof) and risks (if known) of pharmacological intervention. 

 Again, biomedical imaging has long been used in patient management in oncol-
ogy. Anatomical or structural scanning, where a dimension or dimensions of target 
lesions are measured with of the utility of the World Health Organization’s (WHO) 
RECIST1.0 (  http://www.recist.com/    ) using CT or MR imaging (and now RECIST1.1 
(and soon Positron Emission Response Criteria in Solid Tumors PERCIST using 
PET technologies)), which allows for quantitative response measurements via solid 
tumor size changes   . However, more recently with the advent of targeted therapies, 
tumor imaging techniques have stepped into a new, and potentially very large, 

1   For example, FDG-PET and CT, MRI (DWI and MRS). 
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territory where we have novel functional or molecular uptake/washout readouts. 
Defi nitions were recently described at the Society of Nuclear Medicine 2010. This 
international body of nuclear imaging scientists and physicians was recently 
renamed as SNM Molecular Imaging, or SNMMI, partly in recognition of the 
expansive growth of nuclear medicine and its armament of novel molecular imaging 
agents (now including nonnuclear optical imaging), quantitative image processing 
computational systems, and the wide expanse of research activities including:

•     Molecular imaging agents : “Probes” used to visualize, characterize, and quanti-
tate biological processes in living systems. Both endogenous molecules and 
exogenous probes can serve as molecular imaging agents.  

•    Molecular imaging instrumentation : The platform technologies that “comprises 
tools that enable visualization and quantifi cation in space and over time of sig-
nals from molecular imaging agents.”  

•    Molecular imaging quantifi cation : The science of computational determination 
of regional concentrations of molecular imaging agents and biological rate 
constants/pharmacokinetic/pharmacodynamic parameters. Further, molecular 
imaging quantifi cation provides measurements of processes acting at molecular 
and cellular levels. Quantifi cation is a key element of molecular imaging requir-
ing a clear understanding on the origin of data and the limitations as well as the 
expectations of image analyses, especially as we control for inter- and intrasu-
bject comparisons.    

 Describing these three listed elements in full goes well beyond the scope of this 
chapter, but the reader should explore other chapters in this volume where they may 
fi nd information on molecular imaging platforms not included in this treatise includ-
ing DCE-MRI (dynamic contrast enhanced-MRI) and DCE-CT for antiangiogenics, 
fl uorodeoxyglucose PET (FDG-PET) in glycolytic-targeted therapies, and 
Octreoscan for somatostatin receptor participation in cancer physiology (Velikyan 
et al.  2010 ). A recent review examines the role of functional and molecular imaging 
in predicting response to specifi c therapies (Morse and Gillies  2010 ), and more 
advanced MI techniques are described by Pysz et al. ( 2010 ). 

 As we review biomedical imaging in the context of preclinical oncology models, 
it is important to consider and research the cohabitation of imaging probes that are 
also useful in other clinical endpoints, particularly in non-oncology disease areas, 
e.g., FDG-PET used in heart disease, atherosclerosis, and Alzheimer’s research and 
DCE-MRI used in arthritis and infl ammatory diseases. 

 This chapter will introduce the reader to small animal imaging technologies and 
techniques typically useful for oncology research and will attempt to expound on the 
techniques embedded in translational principles. Biomedical imaging research labs are 
becoming major partners with oncology research units across academic and pharma-
ceutical industry sites. Some reference will also be made to those novel agents used in 
MRI, PET, SPECT, US, and other platforms, but we will not cover the complex chem-
istry involved in the generation of these conventional and novel products. We recom-
mend for a treatise on nuclear medicine applicable pharmaceuticals, the fi ne work 
written by Vallabahajosula (“Molecular Imaging: Radiopharmaceuticals for PET and 
SPECT”; Springer 2009;   http://www.springer.com/medicine/nuclear+medicine/
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book/978-3-540-76734-3    ) and for MRI contrast agents the treatise by Yim et al. ( 2011 ) 
(“Review Article: MRI Contrast Agent-Based Multifunctional Materials: Diagnosis 
and Therapy”; Journal of Nanomaterials, 2011, Article ID 747196, 11 pg;   http://www.
hindawi.com/journals/jnm/2011/747196/    ). For ultrasound (US) contrast agents, please 
refer to the ACR Guidelines: ACR Manual on Contrast Media, 8, 2012; ACR 
Committee on Drugs and Contrast Media,   http://www.acr.org/~/media/ACR/
Documents/PDF/QualitySafety/Resources/Contrast%20Manual/FullManual.pdf.     

 This chapter will examine several techniques that can be reasonably used within 
several models of interest in oncology. Finally, while many methods exist to mea-
sure similar biological and pharmacological processes, some techniques are simply 
better suited than others (e.g., DCE-MRI vs. DCE-CT where the former lacks the 
risk of the absorbed dose from ionizing radiation using radio waves alone as the 
means of image signal collection).  

7.2     Animal Models: Use and Preparation 

 The most common species used in preclinical oncology is the immunocompromised 
mouse. This model includes strains such as the nude (nu/nu), SCID, and NOD- 
SCID mouse (Firestone  2010 ). The selection of choice of the use of a specifi c strain 
can be dictated by many factors and resources exist that have updated their compre-
hensive lists of the different models and their protocol-desirable characteristics, 
e.g.,   http://cancermodels.nci.nih.gov/camod/    . The immunocompromised back-
ground of these strains necessitates meticulous protocols to limit the exposure of 
animals to environmental factors that could compromise their general well-being 
and risk of nosocomial infections. As such, appropriate personal protective equip-
ment and good lab practice is to be followed to reduce inherent risks to the animals. 
Not all imaging labs can perform under controlled environments or operate in a 
“barriered” facilities and the incorporation of such skill sets involves extensive 
training and equipment (there are exceptions, e.g., MI   http://molecularimaging.
com/    ) (Note: For a complete treatise on imaging facilities for infection studies with 
Select Agents, please see Chap.   10     (Keith et al.) where the reader can be introduced 
to imaging in BSL-3/4 facilities and the details of these imaging procedures). 

 While preclinical imaging technologies generally share the same engineering and 
physics principles as its clinical counterpart, in almost all cases small animal subjects 
have to be immobilized via inhalational and/or injectable anesthetics. With anesthe-
sia, the operator must consider physiological monitoring to ensure appropriate depth 
of anesthesia and in the case of PET, SPECT, MRI, or Optical to allow for the collec-
tion of data in a manner that may allow for gated (physiologic event triggered) acqui-
sition. Multimodal data capture can be improved by integrated bed design as 
demonstrated by Nelson et al. ( 2011 ), to allow registration of images collected using 
different axial modalities especially when images are not collected in the same gan-
try. Cradle or “sled” systems that incorporate ECG, respiration, and temperature 
monitoring sensors are now used in a preclinical setup (Fig.  7.1a ) in conjunction with 
the use of appropriate and validated monitoring instrumentation (Fig.  7.1b ).   
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  Fig. 7.1    ( a ) DAZAI system where specifi c beds are molded to mice of differing body weights and 
the resulting “sled” is fi tted with ECG, respiration, and thermocouple sensors for full physiological 
monitoring of an animal’s well-being while under anesthesia. ( b ) SAII system integrated with the 
DAZAI system, the SAII monitoring hardware allows the physiological signals to be electronically 
traced and stored; furthermore, integrating this system into the MRI or PET hardware enables the 
operator to gate/trigger acquisitions to cardiac and/or respiration cycles       
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   Other systems exist that permit use in either barriered or non-barriered facilities, 
e.g., bioscan-barriered cradles (Fig.  7.2 ). Such systems permit the transfer of ani-
mals from barriered facilities into “dirty” (i.e., uncontrolled or allowed to be con-
taminated) imaging platforms/imaging labs, all the while limiting the animal and 
animal handlers exposure to pathogens.

   Where anesthesia is not appropriate and yet immobilization is preferred, there are 
instances where rats have been habituated to scanner systems and complex cradle 
designs can be of assistance. However, most animals are typically restrained 
while conscious using ear and mouth bars and/or body harnesses (Ferris et al.  2011 ). 
The appeal of conscious imaging has primarily been driven by the need for “awake” 
conditions for functional MRI (fMRI) and pharmacological stimulated MRI 
(phMRI) 2  communities where functional MRI uses blood oxygenation level depen-
dent (BOLD) blood fl ow responses to measure regional blood fl ow changes due to 
imposed stimuli. BOLD responses can often be attenuated/altered by anesthetics 
(Hodkinson et al.  2012 ). A limited number of oncology studies have explored the 
effects of anesthesia on basal physiological measurements using MRI (Baudelet and 
Gallez  2004 ) and bioluminescence (Schnell et al.  2010 ) in rats with xenograft 
tumors. In experimental design it is typical to have a size and time matched control 

2   fMRI (functional magnetic resonance imaging) relies on the hemodynamic response and exploits 
the magnetic susceptibility differences between hemoglobin in its two different oxygenation states 
(deoxy- and oxyhemoglobin), and during neuronal activation there is a vascular response associ-
ated that can “fl ood” the neural region with oxygenated blood and increase the signal measured on 
T2* weighted imaging—this activation can come about from visual, motor, physiological stimuli. 
phMRI (or pharmacological MRI) uses the same imaging technique, but instead of an environmen-
tal stimuli, the subject receives a pharmacological stimulus that is thought to activates/inhibits 
brain centers. 

  Fig. 7.2    Examples of the tubular designs that are for animal holding and “insertion” via a con-
tained environment into an imaging system. These are applicable to small as well as large animals. 
Also, see Chap.   10     on BSL-3/4 laboratory imaging requirements       
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or vehicle arm to understand the impact of the procedure on the “control” parame-
ters being examined. However, careful consideration must be made when studying 
biological processes under different anesthetic states (Kersemans et al.  2011a ). 
Anesthetic usage under conditions of animal termination (or non-recovery) may be 
done, but limits of duration may be governed under local animal license authorities, 
and consultation with these authorities should be considered when designing your 
studies. The authorities often will allow for longer scan times in these cases (1–2 h); 
however, in recovery-directed procedures where the animal will regain conscious-
ness after the scan, careful consideration and ethical approval has to be sought when 
scanning with recovery. Furthermore the frequency of scanning and number of times 
each animal is exposed to anesthesia (and ionizing radiation in the case of PET and 
CT (see below)) has to be carefully considered when designing longitudinal studies; 
thus while “using each animal as its own control” is often cited as a great advantage 
of noninvasive imaging if that animal is under stress and not eating, grooming, or out 
of sync in its sleep–wake cycle, the data recovered from each scan and noise added 
could get progressively worse and be unreproducible and unreliable. 

7.2.1     Major Modalities Used in Preclinical Oncology Drug 
Discovery: Principles, Limitations, and Applications 

 Many biomedical imaging laboratories exit in universities and pharmaceutical com-
panies as core or central labs, and some exist within disease area departments (e.g., 
neurology, oncology, cardiovascular). Institutions without such facilities often 
exploit the small animal imaging CROs that exist across the globe. However, inte-
grated imaging facilities have the advantage of exploiting proprietary novel animal 
models and procedures, unhindered access to different supportive functions (e.g., 
DMPK, molecular pathology, histology, chemistry, pharmacology, toxicology) and 
novel therapies being developed. Below, a number of the key translational modali-
ties will be described, and examples in the oncology setting will be presented. 
Magnetic resonance imaging, positron emission tomography, and single photon 
emission computed tomography will be described. Firstly, MRI typically exploits 
the endogenous contrast brought about by the magnetic properties of the proton 
residing in H 2 O—multiparametric acquisitions are one of the greatest benefi ts of 
MRI, plus non-ionizing radiation. MRI offers exquisite spatial resolution for ana-
tomical imaging and more advanced uses now allow the measurement of many dif-
ferent physiological events in normal and diseased tissues. Second, PET relies on 
the administration of a positron-emitting isotope typically attached to a small mol-
ecule or via chelation on to larger molecules. While 18F- FDG remains the corner-
stone of oncologic PET examinations, more “boutique” isotopes are making inroads 
due to both ready complexation with common chelators (e.g., 68Ga and DOTA, 
DTPA) and independence from cyclotron infrastructure. Finally SPECT, like PET, 
relies on gamma-emitting isotopes but instead detects the emissions directly (rather 
than through the annihilation process as in PET). Similarly, radiolabeled probes are 
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used that are either nonspecifi c (e.g., blood fl ow using Tc-99m hexamethylpropyl-
eneamine oxime (Tc-99m HMPAO)), absorbed by certain cell types (e.g., bone 
uptake using Tc-99m methylene diphosphonate), or a targeted to specifi c cell- 
surface markers (e.g., 111In trastuzumab). All these modalities will be described in 
more detail below. 

7.2.1.1     Magnetic Resonance Imaging (MRI) 

 Often referred to as a “conventional anatomical imaging” procedure, magnetic 
 resonance imaging (MRI; formerly termed nuclear magnetic resonance, NMR) pro-
vides exquisite soft tissue contrast without exposing the subject to harmful ionizing 
radiation. However, many “functional” and “molecular” MRI techniques exist 
including those that measure changes associated with hemodynamic responses in 
fMRI and antiangiogenic treatments in oncology, to metabolic profi ling of spatially 
distinct regions of tumors (magnetic resonance spectroscopy (MRS)) and the onset 
of cell death during stroke or cytotoxic therapies to name but a few—methods suc-
cessfully used in clinical and nonclinical subjects. 

 The body is made up largely of water molecules (H 2 O), and it is the hydrogen 
atoms of the water molecules that possess a property exploited under high magnetic 
fi elds, e.g., the atom is essentially a magnet with a positive pole (the nucleus or 
singular proton) and a negative pole (the singular electron). The odd number of 
protons,  1 H, presents with a nonzero spin that results in NMR properties. In an 
applied magnetic fi eld, B 0 , two spin states arise (high and low energy) and transition 
between these two energy states can be induced by absorption of electromagnetic 
energy (B 1 ) generated by a radiofrequency (RF) coil at a specifi ed frequency unique 
to the nuclei under investigation. 3  After excitation there is a loss of energy termed 
“relaxation” and this loss is governed by specifi c properties of the sample. The loss 
from relaxation is measured by the same or separate RF coil proximal to the sample. 
Longitudinal (T1) relaxation is the process by which the spin system returns to 
equilibrium state releasing energy back into its surrounding environment or “lattics” 
after the removal of the B 1  fi eld. Transverse or spin–spin (T2) relaxation describes 
the rate of which the spins diphase due to inter- and intramolecular interactions after 
B 1  has been turned off. During the excitation period a series of additional magnetic 
fi elds which form a “gradient” through the sample and thus when applied creates an 
encoded spatial relationship of the signals and allows the operator to utilize spatially 
unique volumes to provide their own respective relaxation energy loss. This infor-
mation created by manipulation of the RF power, timing (single or repeated applica-
tion), shape, and duration of the RF and gradient pulses gives rise to the different 
“weighting” of volume elements within an MRI image. For a review of MR imaging 

3   It is not just 1H-containing molecules that can be studied with MRI but also the elements of P, C, 
N, Na, F, etc. 
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in the mouse using a variety of MR pulse sequences and methods, the reader is 
directed to Pautler ( 2004 ). 

 Small animal MRI systems from 1.5 to 17 Tesla (T; SI term of magnetic fi eld 
strength) have been used for a variety of study objectives; the higher the Tesla (B 0 ), 
the greater the signal to noise ratio (SNR)—however, as fi eld increases so does the 
size of the physical laboratory footprint of the system. Most preclinical systems lie 
in the range of 4.7 T (200 MHz)–9.4 T (400 MHz)—lower fi eld systems can be 
more advantageous when imaging T1 and T2 signals. Susceptibility artifacts or 
noise introduced by small RF-induced susceptibility relaxation loss of hydrogens 
associated with nonspecifi c molecular entities can also be a problem at higher fi eld 
(refer to Chap.   11     (Moyer, Hu and Williams) for a short treatise on the MRI opera-
tional physics and their controls). 

 The major advantage of MRI is the ability to acquire multiple contrast endpoints 
in a single imaging session, and this can be done with no injection of exogenous 
agents. For example, T1, T2, ADC (apparent diffusion coeffi cient), and MRS data 
can all be acquired in a single imaging session of a target lesion. Other advantages 
include the avoidance of ionizing as used by CT, SPECT, and PET where ionizing 
radiation provided their interpretive signal. Thus, MRI use provides multiple imag-
ing sessions without deleterious absorbed ionizing radiation to the subject. 
Additionally, hardware can be modifi ed to improve SNR (signal to noise ratio) and 
temporal resolution. For the former, this can be accomplished using different RF 
coil confi gurations termed volumetric, surface, or phased array (Doty et al.  2007 ), 
and cryo-cooled RF (B 1 ) systems are available by different vendors and custom- 
built in engineering laboratories. Finally, multiple nuclei of interest can be mea-
sured using decoupled RF coils tuned to the respective resonant frequency of the 
targeted nuclei, e.g., 1H for lactate and 31P for ATP measurements, respectively. 

 MRI has historically been reserved for the physicist applying their knowledge in 
a biological context; many vendors offer customized acquisition routines to trigger 
relaxation losses of specifi c targeted tissues or molecular entities that need to be 
optimized on site, and this requires pulse sequence coding and an in-depth knowl-
edge of MRI physics. However, more vendors are releasing user friendly and 
”target- ready” acquisition routines for high-throughput imaging of genetically engi-
neered murine models using standard MRI parameters, e.g., T1W (T1-weighted) or 
T2W (T2-weighted) imaging. Preclinical imaging vendors are also offering systems 
with clinical operating systems to aid in translation of imaging techniques from the 
animal model laboratory to the clinical bedside. Furthermore, some of the newer 
systems even negate the need for dedicated areas of operation. For example, most 
high fi eld superconducting magnets weigh more than 6–10 K pounds and possess a 
“stray fi eld” that limits the proximity for monitoring equipment (i.e., cardiovascular 
system measuring devices such as ECGs) and other electronic devices (phones, 
watches, and other nonexperimental associated devices). Newer systems, are lighter 
and can be even described as benchtop devices (however, these are currently limited 
to 0.5–1 T) and can be applied when high-throughput genotyping of genetically 
engineered mouse models or chronic disease measurements are required for 
 example.    These smaller and lighter systems and potentially “open” systems (most 
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are ring systems that can be claustrophobic in clinical settings) also some do not 
require cryogenic cooling, i.e., repeated fi lling with liquid nitrogen (e.g., those pro-
duced by   http://www.mrsolutions.co.uk/products/benchtop/    ). 

 Physiological, physical, and hardware-associated artifacts can often compromise 
the quality of MRI data and thus affect the fi delity and clinical interpretations of 
mathematically reconstructed images. While not to concern the new user of MRI, 
there are many type of artifacts that can be attributed to different sources. Some 
examples are listed in   http://www.mritutor.org/mritutor/artifact.htm/    , and this chapter 
cannot detail all of these (refer to Chap.   11     (Moyer, Hu, Williams and Morris) in this 
book and also see Smith and Nayak  2010 ). 

 Many scientifi c publications provide good examples of how MRI has been used 
in preclinical models of oncology; the simplest applications of MRI are when it is 
used as a tool for identifying lesion location, size, volume, and morphology, i.e., 
anatomical criteria. However, more advanced acquisition examples include those 
that acquire multiparametric maps to either determine basal differences between 
tumors of a different genotype or detect acute changes in the tumor physiology fol-
lowing drug action. 

 Considerations on small animal imaging in a recent and comprehensive review 
(Barnes et al.  2012 ) on dynamic contrast enhanced-MRI (DCE-MRI) can easily 
translate across different modalities. DCE-MRI is applicable when one wishes to 
study therapeutic agents that target the vasculature, but it also has value when study-
ing imaging endpoints that rely on tracer delivery. For example, PET requires the 
administration of a labeled molecule and typically this molecule is trapped through 
an enzymatic reaction leading to metabolic stasis (e.g., 18F FDG and the hexokinase 
failure to metabolize the deoxy form of glucose leading to the drug being “static” in 
situ allowing for image acquisition) or binds to a surface antigen (e.g., 89Zr-Herceptin). 
For both of these examples, the drugs are delivered via the vasculature and the frac-
tional delivery over time to the tumors (termed the “input function”) allows mathe-
matical measures and a way to understand those factors important in affecting tracer 
uptake. Measurements of the vasculature fractional distribution can be made with 
specifi c vascular agents (e.g., Gd-DTPA) or surrogate measurements can be derived 
from dynamic acquisitions of the targeted tracer. Different hemodynamic constitu-
ents associated vascular perfusion, vascular volume, vascular permeability and 
intra- and extravascular compartments can be extracted from DCE-MRI with differ-
ent compartmental modeling routines (McGrath et al.  2009 ). 

 Diffusion-weighted MRI (DWI) exploits the endogenous diffusion properties of 
H 2 O; in principle and in the context of oncologic endpoints, the assumption is based 
on the two major compartments in the microenvironment of a tumor having differ-
ent diffusional properties, the extra- and intracellular space (ECS and ICS, respec-
tively). Indeed, on induction of cell death, through apoptosis or necrosis, the change 
in the ratio of the two compartments can lead to a dramatic change in water diffu-
sion paths, and this can be detected using DWI and be predictive for tumor shrink-
age (Heijmen et al.  2013 ). For a comprehensive review of DWI applications and 
concepts, see Neil ( 2008 ) and Padhani et al. ( 2009 ). 

 While not “imaging” per se, magnetic resonance spectroscopy (MRS) exploits 
the NMR properties of spinning nuclei (for a full treatise on MRS-applications in 
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imaging, see Chap.   12     by Venter et al. in this volume). With the advent of metabo-
lomics (the global quantitative assessment of endogenous metabolites within a bio-
logical system), noninvasive assessment of the cancer metabolome (inherent in situ 
metabolism and catabolism) is emerging as a powerful tool to measure this feature 
during disease progression, differentiating between benign and malignant lesions, 
and changes associated with tumor metabolism resulting from applied targeted ther-
apies (Serkova et al.  2007 ; Spratlin et al.  2009 ). For a more detailed review of these 
imaging approaches and the importance of other factors affecting MRI image inter-
pretations in basic preclinical research, see Albanese et al. ( 2012 ).  

7.2.1.2    Positron Emission (Computed) Tomography (PET) 

 A compound labeled with a positron-emitting radionuclide, i.e., 11C, 13N, 15O, 18F, 
64Cu, and 82Rb, is introduced into the body, usually by intravenous injection, to facil-
itate a rapid and high fractional dose input function to the desired anatomical target. 
When one of the radionuclide atoms decays, a positron is emitted from the nucleus 
and travels a very short distance and is annihilated with interaction with an electron 
resulting in the formation of two gamma rays. The mass of the two annihilating 
particles is converted into gamma energy forming two 511 keV gamma rays which 
oppose each other directionally by 180°. A positron emission tomography scanner 
consists of a ring, or multiple rings, of gamma-ray detectors that register coincident 
gamma ray “hits” in specifi c timing windows to defi ne the near location of their 
origin in the body via a chord construct across the ring. By collecting large numbers 
of gamma-ray pair/coincident events (typically 10 6 –10 7 ) and using computed tomog-
raphy chord reconstruction methods, transverse cross- sectional images of the origi-
nal 3D volume (a patient or a test animal) can be created. The frequency of chord 
crossover saturation points refl ects the concentration of the positron-emitting radio-
nuclide in the body slice as defi ned by the ring detector number, event resolution, 
and correction of photonic attenuation. For other detailed PET systems applications 
see Chaps.   2    ,   3    ,   4    ,   8    , and   10     and also Jones ( 1996 ). 

 Advantages of PET, versus other imaging modalities in small animal cancer 
studies, are in its quantitative nature and very high sensitivity. The versatility for 
radiolabeling small molecules with PET radiotracers, including therapeutic agents 
(Bahce et al.  2013 ), is rapidly emerging as a tool that can be used to noninvasively 
assess whole body pharmacokinetic (PK) and pharmacodynamic (PD) parameters 
and can be used whether or not the level of tracer uptake corresponds to or depends 
upon the presence of activating tumor receptor mutations. Commonly used isotopes 
in PET are typically short-lived (minutes to hours), e.g., 18F, 68Ga, 11C, and 15O. 
However, the introduction of 64Cu and 89Zr as a longer-lived positron- emitting 
radioisotopes (half-lives of 12.7 and 78.4 h, resp.) that can be chelated and conju-
gated to Ab’s has changed evaluation methods for Ab therapeutics. Antibody thera-
peutics typically exhibit long-lived biologic half-lives (re., PK), and they can now 
be labeled and imaged in both animal and human systems under conditions to mea-
sure their pharmacokinetic changes and the pharmacodynamic changes resulting in 
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their tumor-specifi c targets (Verel et al.  2003 ). Furthermore, where methods have 
been established using long-lived SPECT radioisotopes (e.g., 111In and Tc-99m), 
positron emitters are slowly making inroads into the “hours post injection” territory 
currently favored using SPECT due to the improved PET radiochemistry with 89Zr 
the more quantitative nature of PET. 

 111In -DOTATOC, a somatostatin receptor (SSTR) ligand, has long been used for 
studying neuroendocrine tumors using SPECT. Emerging data suggests SST ana-
logs labeled with 68Ga as a PET radiotracer offers improved specifi city and sensitiv-
ity (Buchmann et al.  2007 ). Preclinical evidence continues to emerge for 68Ga as 
PET tracer demonstrating acceptable chelation chemistry (i.e., high specifi c radio-
activity with limited radiolysis) allowing longer imaging and ability to reveal bio-
logical properties of targeted tissues (Breeman et al.  2011 ). 

 Preclinical examples of PET in cancer research are spread across radiolabeled 
small molecules, pathway targeted agents, antibodies, antibody fragments, and pep-
tides (Aboagye  2005 ). A number of papers are highlighted below. 

 FDG-PET and other tracers have been evaluated in multiple tumors for general 
characterizing of target receptor avidity to the tracer (Kd or binding constants; Hill 
plots) or physiologic uptake (SUV or standard uptake value) and to measure the 
tracer kinetics in the context of acute therapeutic treatment (tumor apoptosis, shrink-
age, etc.):

  SUV = ′r a w/ ( / ),    

where  r  is the radioactivity activity concentration (kBq/ml) measured by the PET 
scanner within a region of interest (ROI),  a ′ is the decay-corrected amount of 
injected radiolabeled FDG (kBq), and  w  is the weight of the patient (g) (Kinahan 
and Fletcher  2010 ). 

 For example, F-18 FDG, F-18 FLT, 18F-18 FET, and F-18FCH SUVs were eval-
uated in the recent paper by Ebenhan et al. (Ebenhan et al.  2009 ) and correlating the 
imaging data with tumor dissection, histology, and immunohistochemistry analysis 
of Ki67 (a marker of proliferation), Proliferating Cell Nuclear Antigen (PCNA), and 
Caspase-3. Some of the conclusions and highlights of this work are captured thus:

•    Low and heterogeneous tracer uptake in experimental tumors represents a com-
plicating factor for proper PET data interpretation.  

•   18F FDG imaging gives low tumor and low tumor edge (typically the metaboli-
cally active invasive border) tracer uptake, especially in human tumor xenografts 
in murine models.  

•   The murine models with the highest 18F FDG uptake for the syngeneic orthotopic 
group (B16/BL6 strains) or SC (subcutaneous) xenograft group (U87 MG) 
showed the lowest 18F FLT (fl uorothymidine, a DNA targeting tracer) uptake for 
that group.  

•   18F FLT imaging appeared to provide the best imaging parameters (signal to 
noise) across all models.  

•   The correlation of 18F FLT uptake with the proliferation markers Ki67 or PCNA 
was, however, relatively weak.  
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•   A very strong correlation between 18F FLT uptake and tumor caspase-3 expres-
sion was observed (Fig.  7.3 )   .

      As is well known from the clinical setting, tumor response evaluated using the tra-
ditional RECIST (Response Evaluation Criteria in Solid Tumors; Therasse et al.  2006 ) 
alone is limited because many tyrosine kinase inhibitors (TKIs) do not lead to a detect-
able or statistical lesion shrinkage when fi rst evaluated in small patient cohorts 
designed into a phase 1 clinical trial. Emerging preclinical FDG-PET, and clinical 
studies as well (McArthur et al.  2012 ), has demonstrated, in the context of novel tar-
geted therapies, that modulating pathways associated with glycolysis can be used as an 
acute PD marker or one that also predicts for radiological outcome (Nguyen et al. 
 2011 ; Pantaleo et al.  2010 ). As with other modalities, when investigating imaging 
endpoints using preclinical models, central necrosis of solid tumors can confound 
therapeutic drug outcome results and careful consideration must be made on the 
mode of analysis or stipulate the starting size and rate of growth of tumors that are 
to be studied. 

 Complex chemical synthetic paths for radiolabeling with 11C and the short half- 
life of 11C have limited the utility of this tracer in imaging of therapeutic molecules. 
However, recent improvements in the radiochemistry have increased this tracer use. 
For example, erlotinib can be labeled with 11C (Memon et al.  2009 ) and examined 

  Fig. 7.3    Different tumor types and their avidity for different PET tracers (extracted and modifi ed 
from Ebenhan et al. ( 2009 ); with permission)       
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in multiple cell lines in vivo with different levels of EGFR expression and activity. 
Dynamic micro-PET has showed that HCC827 tumors have higher 11C erlotinib 
uptake and retain the radioactivity signifi cantly longer as compared with A549 and 
NCI358 tumors. However, the target tumor %ID/g is still relatively low (max uptake 
of 3.7 %ID; percent of injected dose). These results though have led to the quantita-
tive measure of 11C erlotinib uptake in patients with non-small cell lung carcinoma 
(NSCC) and found that it was signifi cantly higher in tumors with EGFR-activating 
mutations (Bahce et al.  2013 ). 

 The more favorable PET radiotracer, 18F, has a longer half-life (2 h vs. 20 min for 
11C) and also has complex radiochemistry for erlotinib, but the fi nal step is the addi-
tion of F-18 which has advantages of specifi c activity but simply does not have a 
high enough yield for imaging. Ritter’s group at Harvard, however, have improved 
the design and synthesis of an organometallic complex made from fl uoride that 
behaves as an electrophilic fl uorination reagent, and the use of the reagent for the 
synthesis of F-18-labeled small molecules via late-stage fl uorination has been a 
breakthrough for high specifi c activity yields (Lee et al.  2011a ). 

 Immune-positron emission tomography (immune-PET), i.e., imaging with intact 
antibodies, has shown success clinically in diagnosing and staging cancer. 
Engineered antibody fragments, such as “diabodies,” “minibodies,” and single- 
chain Fv (scFv)-Fc fragments, have been successfully employed for immune-PET 
imaging of cancer cell-surface biomarkers in preclinical models and are poised to 
bring same-day imaging into clinical development due to clearance kinetics 
(Knowles and Wu  2012 ) (Fig.  7.4 ).

  Fig. 7.4    Examples of changes in pharmacokinetic patterns that may occur with changes in anti-
body structure. The half-lives of immuno-PET imaging agents can be modifi ed by (1) deleting 
constant domains to create fragments of varying size (single-chain Fv [scFv]-Fc, minibody, and 
diabody) or (2) by mutations that modify interactions with the FcRn receptor (scFv-Fc H310A/
H435Q double mutant [DM]). For intact antibodies, imaging at 96–168 h provides optimal con-
trast. Antibody fragments such as scFv-Fc wild type (WT; 72–120 h), scFv-Fc DM (12–48 h), 
minibodies (8–48 h), and diabodies (4–8 h) are capable of obtaining high-contrast images at earlier 
time points (From    Knowles and Wu ( 2012 ); with permission)       
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7.2.1.3       Single Photon Emission Computed Tomography (SPECT) 

 For the physics of SPECT, the reader is referred to Groch and Erwin ( 2000 ), and in 
the context of small animal imaging and SPECT, see Franc et al. ( 2008 ) and Seo 
et al. ( 2013 ). Briefl y, SPECT measures γ-rays directly after radionuclide emission, 
thereby gaining a theoretical advantage in spatial resolution over PET, for which 
resolution is currently limited by the fundamental processes of positron emission 
and positron–electron annihilation which occur away from the actual nuclear site of 
origin of the positron. SPECT uses many radiopharmaceuticals which are widely 
applied in clinical nuclear medicine and often have longer half-lives than most PET 
isotopes and therefore can be obtained from central radiopharmacies. Small animal 
SPECT studies generally cost less than other small animal imaging methods, such 
as small animal PET or small animal MRI. However, in contrast to PET the attenu-
ation of detectable photons by soft tissue is estimated to be up to 50 % when imag-
ing I-125 and up to 25 % when imaging Tc-99m in “rat-sized” objects thus leading 
to a potential decrease in the targeting sensitivity. 

 The main reasons for the advantage of SPECT, compared with PET, in brain 
imaging are the ability to push the spatial resolution to below 1 mm by fi ne-tuning 
the pinhole characteristics, the availability of longer-lived isotopes, and the high 
specifi c activity of most no-carrier-added SPECT tracers. Many PET tracers, par-
ticularly those labeled with 11C, have a low specifi c activity which may lead to sig-
nifi cant occupancy of the target site by the tracer itself to levels where there may be 
possible pharmacologic effects. 

 Recent developments of tumor-targeted SPECT radiotracers for imaging of can-
cer diseases has recently been reviewed in Müller and Schibli ( 2013 ), and consider-
ations associated with tissue penetration, high affi nity to the tumor-associated target 
structure, specifi c uptake and retention in the malignant lesions, and rapid clearance 
from nontargeted tissues and organs are addressed. 

 Examples of In-111 for larger (Abs) and Tc-99m for smaller molecules used in 
preclinical studies in oncology are many. One of the most advanced and exciting 
Tc-99m agents is that developed for folate imaging as part of a companion diagnos-
tic package. Use of targeted therapy requires identifi cation of patients whose tumors 
express a specifi c molecular target. Preclinical evaluation has been reported by 
Reddy et al. ( 2004 ). The folate receptor, which is over expressed by many primary 
and metastatic cancers, is an example of one system that can be successfully 
exploited for drug delivery. Folate-based radioligand labeled with In-111 was intro-
duced and phase I/II clinical trials of In-111-diethylenetriaminepentaacetic acid- 
folate (In-111-DTPA-folate) were conducted in FR-positive ovarian cancers. 
However, plans to commercialize In-111-DTPA-folate were hampered by the high 
cost of In-111 and its suboptimal clinical applicability (i.e., long radiochemical half-
life). Using a Tc-99m-folate conjugate, experiments were conducted to compare the 
biodistribution of intraperitoneal versus intravenous Tc-99m-EC20 and on the acces-
sible targeting of both subcutaneous and intraperitoneal FR-positive tumors and to 
improve Tc-99m-EC20’s TBR (tumor-to-blood ratio) co-injected versus pre-injected 
folic acid was also investigated. Preparation, radiochemical purity, yield, specifi c 
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activity, binding affi nity, and tissue distribution studies were performed. Part of the 
qualifi cation process in the preclinical models is to investigate differential levels of 
membrane-associated FR expression; 4T1, 4T1-pico, and M109 cells were used as 
tumor models for the assessment of Tc-99m-EC20 uptake; indeed net uptake of 
Tc-99m-EC20 in each of these tumors was proportional to their respective FR levels. 
Furthermore, FR-positive tumors are equally accessed by folate-targeted agents in a 
manner that is independent of both the tumor location and the route of dose admin-
istration. Nevertheless, many solid tumors have poorly formed vasculatures with 
intermittent blood fl ow and large distances between functional blood vessels and in 
the center of large tumors, increased interstitial pressure gradients cause radial fl uid 
fl ow from the center to the periphery. Other factors, including foods (e.g., does the 
food or food metabolites contain competing products) and the critical mass of unla-
beled peptide and the labeling specifi c activity (kBq/g), signifi cantly affect uptake of 
peptide-based radioligands (Velikyan et al.  2008 ,  2010 ). 

 A major disadvantage of iodine-123 (I-123)-labeled monoclonal antibodies 
(MAbs) for SPECT imaging is the rapid diffusion of iodotyrosine from target cells 
after internalization and catabolism of the radioiodinated MAbs. In contrast, the 
chelated moieties remain intact longer in the systemic vasculature and are not sub-
ject to deiodination and offer a higher residualization. Indeed, assuring there is 
minimal metabolic processing of the radiolabeled product into radiolabeled sub-
fragments (i.e., degradation) is the key consideration in reducing retention of anti-
bodies (and confusing fragmentation) within the cell and reduces interpretive 
challenges of multiple product PK uptake, residency, and elimination profi les to the 
images (Shih et al.  1994 ). 

 Translation between SPECT and PET, for example, In-111 of DOTA-conjugated 
biological moieties can offer easier and cheaper data than that obtained by the PET 
equivalent trivalent ions. DOTA and DTPA avid SPECT radiometals (e.g., In-111) 
may be used for initial evaluation of a series of biological targeting moieties (BTMS; 
e.g., peptide, antibody, antibody fragments); once selection of an optimal BTM, the 
investigator may then move to the shorter-lived PET radioisotope. Anecdotal evi-
dence suggests the distribution properties of the SPECT, and PET chelated radio-
metal may not greatly differ.  

7.2.1.4    Computed Tomography (CT) 

 Like MRI, CT is often simply associated with anatomical imaging. Indeed, its use 
is most commonly identifying pathological lesions via alteration or distortion in 
normal structures. However, after administration of iodinated contrast agents—
where conventionally this is used to enhance contrast (by absorption and attenuation 
of X-rays) in statically acquired images—more recently the i.v. administration of 
these agents can be followed with dynamic acquisitions where vascular hemody-
namics and fi ne vascular structures related to fl ow impedance (atherosclerosis, etc.) 
can be resolved. 

7 Preclinical Imaging in Oncology…



204

 CT uses X-rays to generate cross-sectional, two-dimensional images of the body. 
Images are acquired by rapid rotation of the X-ray tube a full 360° around the sub-
ject. The transmitted radiation is measured by a ring of sensitive radiation detectors 
located on the gantry around the subject. 

 Earlier publications of micro-CT in oncology animal models mainly explored 
skeletal changes associated with tumor dissemination and metastasis. A recent 
example was reported in complex GEMMS (  http://www.ncbi.nlm.nih.gov/
pubmed/15967710    ) models where spatial and temporal dynamics of lesion manifes-
tation were unknown (Lee et al.  2011b ). See Fig.  7.5  for a view of such distortion of 
bone from tumor invasion and displacement.

   Like dynamic contrast enhanced-MRI (DCE-MRI), DCE-CT can offer parame-
ters associated with hemodynamic constituents underlying vascular function in dif-
ferent disease states (e.g., atherosclerosis and tumors). Indeed, recently these two 
modalities have been compared in a rat tumor model (Ng et al.  2012 ). While both 
modalities had good reproducibility, their derived parameters were not equivalent. 
The latter could, in some part, be attributed to different sized molecular agents used 
and temporal resolution of the different modalities. However, other preclinical 
investigations have successfully used DCE-CT in the context of acute changes after 
antiangiogenic therapies (Cyran et al.  2012 ; Tai et al.  2010 ) (Fig.  7.6 ).

  Fig. 7.5    ( a ) Osteolytic bone disease in the iMyc Cα  /Bcl-X L  GEM model of de novo PCM. Unlike 
in age-matched nontransgenic (B6 × FVB/N) F 1  mice ( i – iii ), ex vivo CT imaging revealed evidence 
of osteolytic bone disease ( red arrows ) in the pelvic bone ( iv ), tibiofi bular complex ( v ), and cra-
nium ( vi ) of iMyc Cα  /Bcl-X L  mice by approximately 110 days of age. ( b ) Increases in bone surface 
roughness and focal osteolytic lesions, which extended beyond the area of suture widening, were 
observed in 110-day-old iMyc Cα /Bcl-X L  mice (Lee et al.  2011b ; with permissions)       
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   There are more CT cameras in clinical practice as stand-alone systems and as 
combined PET/CT systems versus combined or with MRI systems, and this is in 
part the motivation for preclinical studies with CT as the translational possibilities 
are perhaps greater than that with DCE-MRI. However, the CT radiation risk 
(Brenner and Hall  2007 ) in humans that exists is far greater when dynamic data is 
acquired compared to static acquisitions. Although methods are being introduced 
to reduce radiation exposure ( Image Gently ™ program out of the SNMI), the 
impact on sensitivity to hemodynamic changes has still to be determined (Kim 
et al.  2011 ). Limited literature exists for animal studies and the risks of radiation 
exposure from CT scans (Boone et al.  2004 ), but careful consideration is recom-
mended in longitudinal studies (Willekens et al.  2010 ; Kersemans et al.  2011b ) as 
these protocols are intended to be translated to human clinical use and radiation 
risk must be considered. 

 Multimodality has not been described in this chapter; however, PET/CT and 
SPECT/CT are the major multimodal techniques applied in preclinical oncology 
(Kapoor et al.  2004 ). Fundamentally, the combination of functional/molecular 

  Fig. 7.6    Representative blood fl ow (BF), blood volume (BV), mean transit time (MTT), and per-
meability surface (PS) area maps of a transaxial section through the tumor of one vehicle- and one 
vandetanib-treated non-hypovascular tumor before and after treatment. In the BF, BV, MTT, and 
PS maps, values from 0 to 240 ml/min per 100 g, from 0 to 16 ml/100 g, from 0 to 20 s, and from 
0 to 100 ml/min per 100 g, respectively, are coded according to the rainbow color scale. The para-
metric maps, in particular BF and BV, show the level of angiogenic activities in the tumor and 
adjacent tissue as indicated by  solid  and  dotted arrows  respectively (Images from Tai et al. ( 2010 ); 
with permission)       
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imaging with anatomical registration enables the investigator to work with high 
confi dence in advanced disease models, e.g., orthotopic or genetically engineered 
mouse models with spontaneous lesion development. Beyond these is the recent 
introduction of PET/MRI (Cherry  2009 ). The latter has recently overcome some 
exquisite engineering complications associated with PET-associated electronics 
operating under conditions of high magnetic fi elds while still retaining spatial reso-
lution and quantifi cation capabilities.  

   Table 7.1    Names and intended physiologic targets of PET tracers a  often used in 
clinical oncology and in laboratory studies using small animals are listed (Smith 
et al.  2012 )   

 18F FDG  Glucose metabolism/localization 
 3-F-18 Fluoro-3-deoxythymidine  Tumor proliferation 
 11C Choline/18F fl uorocholine  Choline metabolism 
 18F Fluoro-L-DOPA  Neuroendocrine tumors 
 18F Fluoroethyltyrosine  Amino acid transport 
 18F AH111585 (F18 fl uciclatide)  Angiogenesis 
 18F FACBC  Amino acid transport 
 18F FMISO  Hypoxia 
 18F HX4  Hypoxia 
 18F EF5  Hypoxia 
 64Cu ATSM  Hypoxia 
 68Ga DOTATATE  Neuroendocrine tumors 
 18F FES  Estrogen receptor 
 18F RGD-K5  Angiogenesis 
 68Ga BNOTA-PRGD2  Angiogenesis 
 18F Paclitaxel  Multidrug resistance 
 89Zr Bevacizumab  VEGF 
 18F VM4-037  Carbonic anhydrase IX 
 89Zr Cetuximab  EGFR 
 18F FFNP  Progesterone receptor 
 64Cu DOTA-U3-1287  HER3 
 18F BAY94-9392  Amino acid transport 
 124I NM404  Brain glioma 
 124I cG250  Carbonic anhydrase IX 
 18F ML-10  Apoptosis 
 11C Lapatinib  Her2 
 18F Annexin V  Apoptosis 
 18F FAC  Tumor proliferation 
 11C Verapamil  P-gp expression 

  The reader is encouraged to review the appropriateness of each agent, particularly 
biologics, which may exhibit species specifi city in target binding in an animal 
system 
  a This list is not intended to be exhaustive and many agents are continuing to be 
added to this list  
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7.2.1.5    Radiotracers/Radiopharmaceuticals (“Tracers”) 

 The reader is encouraged to review this section with added information from the 
National Library of Medicine regarding radiotracers (ref:   http://www.ncbi.nlm.nih.
gov/books/NBK5330/    ). Table  7.1  describes several radiotracers created for PET 
imaging.   

7.3          Animal Models Useful in Cancer Therapeutic 
Development 

 The reader is encouraged to examine a general review of the animal models used in 
cancer research over the years; see Frese and Tuveson ( 2007 ) and the earlier paper 
of Marx ( 2003 ). 

 In oncology preclinical studies, the most common publication of data when new 
targeted therapeutics are presented is the chemical structure of the new molecule, 
binding data from in vitro IC50s in multiple cell lines, and a mechanism of action 
treatise on how the molecule performs in vivo in these different lines as subcutane-
ous (SC) xenograft masses studied on the fl ank of immunocompromised species 
and other murine strains of choice. The SC xenograft effi cacy protocol is typically 
represented by short-term (~21 days) tumor growth kinetics measured with calipers 
in three axial directions creating a tumor mass volume estimate. The treated arms of 
studies are compared to a standard-of-care and vehicle treatment, and the “tumor 
versus control” response metrics (size, orientation, visual appearance, etc.) are 
reported. Much criticism has been laid upon the ATCC SC xenograft models 
approach as there has been actually limited predictability realized to date for trans-
lational therapeutic effi cacy and even for a translational basis of drug exposure 
(Johnson et al.  2001 ). The inherent “homogeneity” of the xenograft cells and the 
lack of the “normal” stromal and vascular component architectures at the onset 
make the xenograft models somewhat questionable for modeling the in situ nidus of 
tumor development. However, results from Voskoglou-Nomikos et al. ( 2003 ) sug-
gest under the right conditions and when multiple models or tumor panels are used, 
these models may be useful in predicting the phase II clinical trial effi cacy perfor-
mance of cancer drugs and biologics. 

 Syngeneic cells benefi t from being able to be used in animals whose immune 
system remains intact, and that this kind of cell system can play a large part in mak-
ing a tumor response clinically relevant. The models are to date limited and the 
argument is that one is treating rat or mouse cancer cells and that the mutations may 
not be preserved or activated/inhibited in a manner similar to that of the human 
equivalent malignancy (de Jong and Maina  2010 ). It is imperative we always 
remember we are dealing with “models” and that there will be intrinsic differences 
from the human clinical experience that must be considered. 

 However, for qualifying imaging biomarkers in the context of a pharmaceutically 
targeted agent, if one can presume the mechanism of action (MoA) of these agents 
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is preserved through to the intended clinical population, then these models add 
value. For example, DCE-MRI systems, a measurement used to confi rm acute 
hemodynamic changes after antiangiogenic treatments, have been useful preclini-
cally and clinically in a number of cases. While only anecdotal, the changes observed 
in syngeneic lines or SC xenografts using the same type of contrast agents and 
 similar acquisition routines appear to match that observed in a clinical context. 
In support of this, we fi rst see that Lee et al. ( 2006 ) observed the reduction in tumor 
vascularity correlated signifi cantly with improved clinical outcomes in patients with 
advanced colorectal cancer and liver metastases. They went onto assess the bio-
markers used in the clinical trials and applied these markers in an orthotopic, syn-
geneic mouse model: C57BL/6 mice injected in the ear pinnae with murine B16/
BL6 melanoma cells which metastases to the cervical lymph nodes; a change from 
baseline in the MRI-measured DCE-MRI parameter for the B16/BL6 melanoma 
model after treatment with PTK/ZK appeared to correlate well with antitumor activ-
ity of the agent. Through PK/PD modeling of the mouse B16/BL6 melanoma model 
MRI-initial area under the curve measures appear to be predictive of both tumor 
response and the pharmacodynamic effects of PTK/ZK in patients at equivalent 
drug exposures (Lee et al.  2006 ). Secondly, in two SC xenograft models Lovo 
(human colorectal carcinoma) or C6 (rat glioma) tumors, treated with Cediranib 
(RECENTIN, AZD2171), a highly potent inhibitor of the tyrosine kinase activity 
associated with all three vascular endothelial growth factor (VEGF) receptors, and 
imaged with DCE-MRI at baseline and 2 h after the fi nal dose (3 doses, given at 2, 
26, and 50 h), showed acute changes in two DCE-MRI parameters (Bradley et al. 
 2009 ), and these observations could be translated to that observed in the phase I 
clinical study of AZD2171 in patients with advanced solid tumors (Drevs et al. 
 2007 ). The observations revealed pharmacodynamic time-, dose-, and exposure- 
related decreases in the initial area under the curve, again defi ned as the DCE-MRI 
data collected over 60 s post-contrast arrival in the tissue (i.e., iAUC60). 

 Patient-derived xenografts (PDX), where fresh surgical tumor tissue is obtained 
and implanted subcutaneously or orthotopically in mice, are emerging as a new 
addition to the battery of preclinical models to test targeted agents. PDX are 
thought to more faithfully recapitulate the molecular diversity, cellular heteroge-
neity, and histology seen in patient tumors albeit the issues described earlier of 
actual tissue initiation. Differences in targeted therapy response rates between 
patient-derived tumor tissue and xenografts have been observed (Jin et al.  2012 ). 
However, limitations do exist and must be considered in the context of availability 
of other preclinical models (Kopetz et al.  2012 ). Limited literature exists where 
imaging PDX is specifi cally described (Germanos  2011 , WMIC Abs P779). 

 Xenografts, syngeneic cell lines, and PDX can be inoculated orthotopically; this 
mode of implantation is more complex but may better recapitulate the microenvi-
ronment of what may be expected in the clinical context, e.g., stromal infi ltration 
and delivery barriers of therapy as well as nutrients and vascular access. Extensive 
literature exists where imaging of orthotopically implanted tumors has revealed 
response to treatment using noninvasive measurements. Hoff et al. ( 2012 ) showed 
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the utility of simultaneously acquiring DCE- and DW-MRI data in an orthotopically 
implanted model of glioma; imaging pre- and post-VEGF-Trap (aka., Afl ibercept) 
treatment showed acute changes in both DCE as well as DW derived parameters that 
were corroborated by histopathological fi ndings. Furthermore, the impact of tumor 
growth on the tumor implantation sites were examined by Zechmann et al. ( 2007 ) 
where DCE-MRI and  1 H-MRS were assessed and compared between the two sites 
(orthotopic vs. subcutaneous); indeed, some tumor lines show comparable parame-
ter changes and some are different. 

 Emerging data suggests that genetically engineered mouse model systems 
(GEMMS) better predict therapeutic responses and PK than the more traditional 
xenograft tumor systems (Chesi et al.  2012 ; Combest et al.  2012 ). Furthermore, 
Yuneva et al. ( 2012 ) have shown that the metabolic profi le of the tumor depends on 
both the genetic lesion and tissue type. A most comprehensive assessment of a 
GEMM was by (Chen et al.  2012 ); understanding that while patients are often strati-
fi ed by a single oncogenic driver mutation, the impact of coexisting genetic muta-
tions, especially the loss of tumor suppressors, had not yet been fully explored. 
Comparison of F-18-FDG avidity, quantifi ed by the standardized uptake value 
(SUV) calculation in lung cancers across three different genotypes showed an over-
all higher FDG uptake in both KRAS/p53 and KRAS/Lkb1 tumors compared to 
simple KRAS tumors alone. Expression of the glucose transporter GLUT1 was 
elevated in KRAS/Lkb1 mutant tumors, consistent with an increased baseline FDG- 
PET SUV signal. To determine if this fi nding was applicable to human patients, 
FDG avidity in nine patients with KRAS-mutated lung cancer was examined 
(Yuneva et al.  2012 ). Tumors from three patients positive for LKB1 immunostain-
ing had a mean maximum SUV (SUV max ) of 2.33, whereas tumors from six patients 
negative for LKB1 immunostaining had a mean SUV max  of 8.75, a near fourfold 
difference.  

7.4     Summary 

 In conclusion, biomedical imaging is becoming an integral biomarker in drug dis-
covery and development. As illustrated in this chapter, the different modalities can 
reveal functional and physiological parameters otherwise unattainable by conven-
tional methods. These measurements can be used when new animal models are 
developed and to follow acute pharmacodynamic changes during drug treatment. 
Furthermore, translational science (“bench to bedside”) and the use of clinically 
relevant modalities and appropriate clinical endpoints allow the researcher to qual-
ify a novel/conventional biomarker in a selected preclinical model and, assuming 
preservation of MoA of the therapy, allow for the development of novel drug enti-
ties which can be utilized in their respective clinical oncology scenarios with the 
same expected targeting and tumor outcomes using the model-defi ned imaging 
techniques.     
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    Abstract     The endeavour to radiolabel or simply “label” autologous leukocytes has 
been a major clinical need. The endeavour to improve the labelling conditions and 
minimise interventional stresses and maintain cell functionality has been the driving 
objective. This chapter focuses on novel techniques used in this laboratory to radio-
label leukocytes, examples of the clinical indications that such labelled products 
might be informative, and how we can use these labelled cells in clinical situations 
to describe the life cycle behaviour (transit times and migratory capacity) of these 
labelled cells. Labelling techniques which preserve leukocyte functionality will 
assist in the development of new anti-infl ammatory agents, anti-infectives, and 
indeed any drug or biologic where their clinical use may have an effect on these 
cells. Examples of labelling methods and clinical scenarios with imaging are 
described for conditions such as abscesses, ARDS, COPD, rheumatoid arthritis, 
infl ammatory bowel disease, and vasculitis.  
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8.1        Introduction 

 The use of radioactive isotopes to label autologous leukocytes is an established 
technique with numerous clinical applications. It is used for cell kinetic studies, to 
localise and quantify sites of infl ammation and infection, and has applications in the 
pharmaceutical industry as a non-invasive means of testing the effects of drugs on 
the life cycle of these cells. 

 Leukocytes play a vital role in the innate immune system and form the body’s 
primary defence against infection and parasites; they are also important mediators 
of infl ammation. Recent studies suggest their involvement in a variety of other pro-
cesses including adaptive immunity, tumour progression, and even the formation 
and propagation of deep venous thrombosis (Von-Bruhl et al.  2012 ). Using radiola-
belling techniques, the migration characteristics of leukocytes can be determined in 
several pathological conditions including lung and infl ammatory bowel disease 
(IBD) and infections such as solid abscesses, renal sepsis, and orthopaedic infec-
tions. Cells of the innate immune system include granulocytes (neutrophils, eosino-
phils, and basophils), mast cells, monocytes, macrophages, and natural killer (NK) 
cells. Leukocytes of the adaptive immune system provide a more specifi c response 
to antigen and include lymphocytes (B and T cells). 

 Autologous human leukocytes are purifi ed from a peripheral blood collection 
(generally 80 mL or more) and radiolabelled with a radioactive isotope (radioiso-
tope, radionuclide; one which is known for its specifi c energies applicable to the 
imaging system intended, i.e. planar, positron emission tomography (PET), or 
single- photon emission computed tomography (SPECT) systems) before being re- 
injected into the individual donor. A combination of peripheral blood sampling and 
imaging then allows the quantitative analysis of cell kinetics, distribution, and fate. 
The quantifi cation of leukocyte migration can be achieved by several techniques 
ranging from body fl uid sampling through to complex imaging modalities using 
gamma cameras, which provide two- or three-dimensional images of the radiation 
detected. More recently, SPECT has used the gamma radiation emitted from radio-
nuclides such as technetium (Tc-99m), indium (In-111), and thallium (Tl-201) and 
others, to generate a three-dimensional image of radioactivity in vivo providing 
high-resolution digital images which can also provide quantitative assessment of 
regional localisation (termed region of interest, or ROI). 

 The use of radiolabelled leukocytes to quantify and localise infection and infl am-
mation in vivo provides a platform to test non-invasively the effects of existing and 
novel drugs and is therefore highly relevant to the pharmaceutical industry. As well 
as continued innovation in this fi eld, other approaches for labelling cells, particu-
larly stem cells, include the use of superparamagnetic iron oxide (SPIO) nanopar-
ticles in combination with magnetic resonance imaging (MRI). Cell labelling 
techniques include receptor-mediated endocytosis whereby a ligand is added to the 
surface of the SPIO nanoparticle, which then binds to the cell surface before being 
internalised (Gupta and Gupta  2005 ). Although there are several potential applica-
tions for human disease, many of the studies remain experimental in animal models.  
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8.2     Leukocyte Preparations and Radiolabelling Techniques 

 The purifi cation of leukocytes from whole blood is divided into stages with the 
initial isolation of buffy coat leukocytes containing mixed leukocytes and platelets. 
Further purifi cation allows the isolation of granulocytes, lymphocytes, and mono-
cytes. It is then possible to further isolate eosinophils from granulocytes. Once 
 purifi ed, cells are incubated with the selected radiolabel before being re-injected 
into the donor. 

 Granulocytes prepared in the absence of autologous plasma become metabolically 
active and adhere to the lung capillary endothelium when re-injected causing delayed 
transit through the lung, low recovery in the blood, and increased liver uptake 
(Saverymuttu et al.  1983a ). It is therefore vital to purify cells in the continuous pres-
ence of autologous plasma to minimise ex vivo activation and preserve their physio-
logical behaviour once re-injected. Primed and activated neutrophils demonstrate 
shape change characterised by the formation of a broad, fl attened protrusion known 
as a lamellipodium through changes in the actin cytoskeleton (   Downey  1994 ). Such 
shape change also affects the deformability of these cells and as a consequence 
delays their transit through the narrow pulmonary capillary bed (Hogg  1994 ). 

 The protocol for isolating and radiolabelling leukocytes has been previously 
documented (Frier  1994 ) and is illustrated in Fig.  8.1 . A wide-bore 19G butterfl y is 
used (reduces shear stresses on the cells that can lead to activation) to withdraw up 
to 160 mL whole blood into a syringe pre-fi lled with the anticoagulant acid–citrate–
dextrose (ACD), which unlike heparin does not cause leukocyte aggregation or pro-
mote adherence to plastic centrifuge tubes (Ellis  2011 ). Hetastarch is then added to 
promote erythrocyte sedimentation. After 30–60 min in the presence of hetastarch, 
two separate layers of cells are discernible, the lower containing erythrocytes, which 
is discarded, and the upper layer of leukocyte- and platelet-rich plasma (PRP). This 
plasma is carefully removed and centrifuged at 150 ×  g  for 5 min to generate the 
leukocyte pellet and a supernatant of PRP. The leukocyte pellet contains granulo-
cytes (neutrophils and eosinophils), peripheral blood mononuclear cells (PBMCs) 
including monocytes, lymphocytes, and macrophages in addition to some discern-
ible contamination with platelets and erythrocytes. The cells in this upper layer are 
termed “buffy coat” leukocytes. The PRP supernatant is removed and centrifuged at 
1,500 ×  g  for 5 min to leave a platelet pellet and provide for a useful cell-free plasma 
(CFP) supernatant which is retained. The CFP is used to resuspend the mixed leu-
kocyte pellet and is also used when applying selected Percoll gradients necessary to 
purify the granulocytes into desired enrichments of specifi c cell types.

   Further purifi cation of the leukocyte pellet to isolate granulocytes requires the 
use of discontinuous iso-osmotic Percoll gradients. Percoll is made of colloidal sil-
ica particles that have been coated in polyvinylpyrrolidone (PVP). It is mixed with 
sodium chloride before being diluted with autologous CFP to prepare 50, 60, and 
65 % solutions. Two millilitres of each gradient solution are then gently layered, in 
a specifi c order of decreasing density, in a sterile 10 ml tube and the position of each 
gradient is marked. 
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 The leukocytes, suspended in CFP, are carefully overlaid onto the gradients and 
the tube is centrifuged at 150 ×  g  for 5 min. Following centrifugation, several dis-
tinct layers are visible and different cell types found at each of the three gradient 
interfaces. At the upper 50 % interface, the less dense platelets and PBMCs includ-
ing lymphocytes and monocytes can be recovered and either used for research or 
discarded. The denser granulocytes settle at the 50–60 % interface and may be care-
fully withdrawn using a wide-bore pipette tip to minimise shear force damaging the 
cells. Contaminating erythrocytes may be visible at the base of the tube. The granu-
locytes are re-suspended in 3 mL buffer containing 0.5 % CFP and centrifuged at 
150 ×  g  for 5 min. The supernatant is withdrawn and the granulocytes again 
 re- suspended gently in 3 mL buffer containing 0.5 % CFP. 

  Fig. 8.1    Leukocyte isolation. (1) Whole blood in ACD. (2) Sedimentation of erythrocytes follow-
ing the addition of hetastarch. Upper layer of leukocyte- and platelet-rich plasma. (3) Leukocyte- 
and platelet-rich plasma carefully removed from erythrocytes. (4) The generation of the leukocyte 
pellet ( green ) and supernatant of platelet-rich plasma following centrifugation at 150 ×  g  for 5 min. 
(5) Platelet-rich plasma supernatant is removed and centrifuged at 1,500 ×  g  for 5 min to generate 
(6) a platelet pellet ( red ) and the cell-free plasma (CFP) supernatant. (7) The leukocyte pellet is 
re-suspended in CFP. (8) Discontinuous Percoll gradients layered in decreasing density with leu-
kocytes ( green ) overlaid. (9) Following centrifugation at 150 ×  g  for 5 min, PBMCs settle at the 
upper 50 % gradient interface and granulocytes at the lower 50–60 % interface. Contaminating red 
cells are found at the base of the tube. (10) Granulocytes are removed and re-suspended in CFP and 
incubated with immunomagnetic anti-CD16 antibodies. (11) Granulocytes are passed through a 
magnetic column which retains CD16-positive neutrophils and allows purifi ed eosinophils to be 
collected       
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 If collection is desired, eosinophils can then be purifi ed from the granulocyte 
fractions by negative selection using immunomagnetic anti-CD16 antibodies which 
retain CD16-positive neutrophils when passed through a magnetic column (Hansel 
et al.  1991 ) (Fig.  8.1 ). Purifi ed eosinophils will therefore not stain positive for CD16 
(Fig.  8.2 ).

   Following isolation, cells are re-suspended in CFP and radiolabelled by incuba-
tion with an appropriate radioisotope, and at a desirable specifi c radioactivity for the 
intended imaging parameters of interest, for at least 15 min. The choice of radioiso-
tope is dependent on its half-life and photon abundance required for the duration of 
the study without exposing the subject to excess radiation to stay within required 
limits of absorbed dose. The total effective dose received by subjects is dependent on 
the radionuclide used, whether additional imaging such as CT is incorporated into 
the protocol, and the organs exposed. 8 MBq of In-111 for example is used to label 
purifi ed eosinophils used in planar gamma camera imaging, which gives an effective 
dose of 3.6 mSv to the subject. 200 MBq of Tc-99m used to label cells to be imaged 
with SPECT/CT gives an effective dose of 2 mSv. A low-dose CT thorax, if imaging 
the chest, will contribute an additional 3 mSv to the dose the subject receives. 

 The radioisotope in its ionic form cannot permeate the cell membrane and must 
therefore be complexed to a lipophilic chelator (ligand) with high affi nity that results 
in an in vivo stable complex to allow the passive diffusion of the ligand–radioisotope 
complex into the cells of interest. This ligand must reach its target  tissue without 
signifi cant binding to plasma proteins and must not, at the dose of ligand extracted, 
either be toxic to its target cell or result in toxemias to the individual. 

  Fig. 8.2    Electron micrograph 
of a purifi ed eosinophil 
showing the absence of cell 
surface CD16 antibody- 
coated immune-magnetic 
beads, which will only stain 
positive with neutrophils       
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 Early pioneer imaging of infl ammation with Cr-51-labelled leukocytes was 
 limited by this isotope’s low labelling effi ciency, high elution rate from the labelled 
cells and the infection locale, and poor emission characteristics of gamma radiation 
(high-energy gamma rays), all of which led to suboptimal imaging (Froelich and 
Swanson  1984 ). Its long half-life of 27.7 days also led to the use of other isotopes 
being favoured. Subsequent techniques involved the use of Ga-67-citrate to directly 
label infl ammatory processes. Following injection, Ga-67-citrate binds to circulat-
ing transferrin (as an iron analogue) and extravasates within infl ammatory sites due 
to increased vascular permeability where it binds to lactoferrin released from leuko-
cytes or to siderophores produced by bacteria (Froelich and Swanson  1984 ). 
Following intravenous administration, 10–25 % of Ga-67-citrate is excreted by the 
kidneys within 24 h. There is slower excretion via the gastrointestinal tract and the 
remainder of the radioisotope localises predominantly in the liver and skeleton 
(Hoffer  1980 ). Such background tissue uptake resulting in increasing intra- 
abdominal activity limits the use of this radionuclide in the assessment of intra- 
abdominal collections. Ga-67 can be used favourably if the radionuclide is 
complexed such that the mechanism of distribution is not iron analogue related. 
Ga-67-citrate also binds to other lesions such as neoplasms which have bleeding 
and necrosis which have likely increases in transferrin deposition, thus limiting its 
specifi city (Peters and Saverymuttu  1987 ). The long physical half-life of Ga-67-
citrate of 78 h and the fact that only 10–25 % is excreted renally in the fi rst 24 h, 
and thence elimination is primarily faecal, also lead to a higher radiation dose to 
the patient. 

 The most commonly used isotopes currently are In-111, which has a half-life of 
67 h, and Tc-99m, which has a half-life of 6 h. In-111 was fi rst complexed to 
8-hydroxyquinolone (oxine) to radiolabel leukocytes (McAfee and Thakur  1976 ). 
The complex forms a neutral and lipophilic compound (3:1 with indium), which 
diffuses readily across the cell membrane. Indium then disassociates and binds to 
intracellular components whilst some of the oxine leaves the cell leaving the leuko-
cytes stably labelled (Thakur et al.  1977 ). In-111-oxine also binds to plasma trans-
ferrin and in order to obtain high labelling effi ciency cells must be removed from 
plasma before labelling, which risks their activation. In contrast to Ga-67-citrate, 
there is no renal or bowel excretion making indium scintigraphy a useful tool for the 
localisation of intra-abdominal infl ammation or infection. Tropolone was fi rst used 
as a ligand for indium in 1982 and may be incubated with cells in autologous plasma 
at lower concentrations of leukocytes (Danpure et al.  1982 ; Danpure and Osman 
 1988 ). It has since been used widely to label leukocytes, platelets, and erythrocytes 
and is certainly now the chelate of choice for neutrophil, eosinophil, and mixed 
leukocyte studies using In-111. 

 Technetium bound to hexamethylpropyleneamineoxime (HMPAO) was origi-
nally used to assess cerebral perfusion but has since been adapted to radiolabel 
leukocytes. Tc-99m-HMPAO forms a neutral lipophilic complex, which passively 
diffuses into the cell. It is then converted into a hydrophilic form that is unable to 
cross the cell membrane, thereby trapping the technetium within the cell (Ellis 
 2011 ). Despite some initial elution of the label from the cells and a degree of 
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non- specifi c bowel activity arising from excretion via the renal and hepatobiliary 
tract, the use of  99m Tc-HMPAO allows for higher resolution images and a reduction 
in the radiation dose delivered to the patient relative to In-111 (Robins et al.  2000 ). 
These techniques lead to indiscriminate labelling of cells although ligands may vary 
in their affi nity for different cell types (Puncher and Blower  1994 ). It is therefore 
important that the cells of interest are purifi ed prior to the radiolabelling process. 

 Factors infl uencing labelling effi ciency (LE) of cells include the presence or the 
absence of plasma, concentration of ligand mixed with the radionuclide, pH of the 
labelling medium, incubation time, temperature, and cell concentration (Danpure 
and Osman  1988 ). Labelling cells in buffered saline can achieve high LE but again 
risks activating the cells. In contrast, labelling with In-111-troponolate or Tc-99m- 
HMPAO in plasma protects the cells whilst maintaining satisfactory LE (Ellis 
 2011 ). LE increases with cell concentration but falls if high volumes of plasma are 
used during the incubation as there is competition between plasma and cells for 
In-111-troponolate. Labelling 1 × 10 8  granulocytes in 1 ml of 90 % plasma gives an 
LE of 90 % (Danpure and Osman  1988 ). Radiolabelling for at least 15 min at room 
temperature and a pH in the range 7–7.6 are the optimal conditions for both LE and 
maintaining the viability of the cells. As both oxine and tropolone form a 3:1 com-
plex with indium, an excess of ligand is required to saturate the radionuclide. An 
excess of HMPAO is also required for the formation of technetium complexes. 

 Once the cells of interest have been radiolabelled they are centrifuged and the 
supernatant containing unbound radionuclide is discarded to minimise the uncom-
plexed radioisotope from being co-injected along with the desired radiolabelled 
cells (Peters and Saverymuttu  1987 ). 

 Paramount to obtaining the in vivo outcomes is the retention of functionality and 
viability of the purifi ed radiolabelled cells. Successful in vivo functionality must be 
correlated with in vitro functionality .  In vitro functional assessment includes deter-
mining the ability of the cells to phagocytose (e.g. granulocytes) and to replicate 
(e.g. lymphocytes) (Ellis  2011 ). Another in vitro assessment of viability involves 
staining cells with trypan blue, which only permeates the cell membrane of non- 
viable cells and provides a way to quantify the percent viability. In vivo assessment 
is considered a better marker of leukocyte function, and includes observing the cir-
culating characteristics of radiolabelled cells and the 45-min recovery, which is the 
percentage of radiolabelled cells injected that are still present in the freely circulat-
ing blood pool at 45 min post injection. Activated or damaged cells demonstrate a 
far slower transit through the lung and increased uptake in the liver (Saverymuttu 
et al.  1983a ) and hence give rise to a much reduced 45-min recovery. 

 Once re-injected, the radiolabelled cells distribute within the circulating blood 
volume. Counts derived from subsequent small-volume blood samples are then cor-
rected to a blood volume calculated according to the subject’s height, weight, and 
gender. An individual’s drug history is also important as agents such as antibiotics 
or corticosteroids may infl uence the chemotaxis of leukocytes to areas of infection 
and infl ammation (Ackrill  2011 ). Corticosteroids reduce the transcription of cyto-
kines (e.g. interleukins (IL)-4, -5, -13, chemokines, such as IL-8, regulated upon 
activation, normal cell expressed, and secreted (RANTES), eotaxins, and adhesion 
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molecules such as intercellular adhesion molecule-1 (ICAM-1), vascular cell 
 adhesion molecule-1 (VCAM-1), and E-selectin (Barnes et al.  2003 ), which are 
important in the recruitment of leukocytes to areas of infl ammation through rolling 
of the leukocytes on the vascular endothelium). Another factor which may affect the 
initial isolation and labelling process includes the erythrocyte sedimentation rate 
(ESR), which can vary in disease states. Leukocytes are also susceptible to mechan-
ical damage during the isolation process by way of shear forces experienced in pas-
sage through needles, shaking, and centrifugation and these steps should be strictly 
controlled to reduce this variable. 

8.2.1     Buffy Coat Leukocytes 

 Buffy coat leukocytes were the cells initially used to establish the technique of 
 leukocyte radiolabelling. They have the advantage of being relatively easy to isolate 
from whole blood with minimal activation when isolated in plasma. They were used 
to determine normal leukocyte migration and kinetics in vivo and can localise to 
sites of focal infection such as abscesses and osteomyelitis (Palestro et al.  2006 ) as 
well as focal infl ammation in conditions including rheumatoid arthritis (Peters and 
Saverymuttu  1987 ). 

 The effect on cell labelling, traffi cking, and abscess or infection localisation by 
existing or novel non-specifi c anti-infl ammatory drugs (NSAIDs) in vivo could be 
tested using buffy coat leukocytes.  

8.2.2     Granulocytes 

 Both neutrophils and eosinophils are important mediators of infective and infl am-
matory processes. Neutrophils, which represent 50–60 % of circulating leukocytes, 
and eosinophils play a role in airway infl ammation and also asthma (Busse et al. 
 1992 ) (Sampson  2000 ). Granulocytes are also important in the pathogenesis of 
other conditions such as bronchiectasis (Currie et al.  1987 ), pneumonia, chronic 
obstructive pulmonary disease (COPD) (Ruparelia et al.  2011 ), IBD (Cheow et al. 
 2005 ), systemic vasculitis (Jonker et al.  1992 ), and acute respiratory distress syn-
drome (ARDS) (Ware and Matthay  2000 ). 

 In the presence of ongoing neutrophilia, a mixed leukocyte preparation may be 
suffi cient for the detection of focal infection and infl ammation. The localisation of 
low-grade infections or infl ammation, such as chronic osteomyelitis, however is 
enhanced if purifi ed granulocytes are used (Peters and Saverymuttu  1987 ). Other 
situations in which pure granulocytes are superior to mixed leukocytes include 
intravascular sepsis (as it avoids detecting signal from contaminating labelled plate-
lets and erythrocytes in the circulation), neutropenic patients, and if quantitative 
studies are required such as In-111-granulocyte excretion in IBD (Peters  1994 ). 
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 Radiolabelled granulocytes can also be used to assess the effects of drugs on the 
circulating physiology of these cells and their impact on the conditions described. 
This technique would be particularly useful, for example, if specifi c anti-neutrophil 
strategies are being tested.  

8.2.3     Eosinophils 

 Eosinophils account for only 1–3 % of circulating leukocytes and higher volumes of 
peripheral whole blood are required to isolate them. Eosinophilic infl ammation is the 
pathological hallmark of asthma and allergic infl ammation. Eosinophilia is present 
and pathogenic in a wide range of conditions including parasitic infection, cancer and 
organ-specifi c diseases affecting the lung- allergic bronchopulmonary aspergillosis 
(ABPA), eosinophilic pneumonia; the gastrointestinal tract- IBD, radiation enteritis; 
the skin- eczema and cellulitis and the vasculitic condition eosinophilic granuloma-
tosis with polyangiitis (EGPA). 

 The radiolabelling of autologous human eosinophils remains experimental at this 
stage but is now an active area of research with signifi cant applications to the phar-
maceutical industry. A greater understanding of eosinophil kinetics and traffi cking 
in health, and in conditions such as asthma, will likely allow for lower “N” studies 
(fewer animals or patients) in proof of concept (POC) studies to quantify the impact 
of novel therapeutics on allergic infl ammation.  

8.2.4     Lymphocytes 

 The radiolabelling of lymphocytes has been severely limited due to the extreme 
sensitivity of these cells to radiotoxicity, both when the whole body is irradiated as 
well as when directly radiolabelling the cells. This is especially notable in studies 
of replication. Whole-body irradiation results in lymphopenia, which is thought to 
be secondary to loss of a predominant T-cell population, although all populations 
are affected (Campbell et al.  1976 ). Initial studies suggested that In-111-oxine-
labelled lymphocytes could be used to track the migration of the cells to lymphoid 
organs of healthy individuals and those with Hodgkin’s disease (Lavender et al. 
 1977 ). However, subsequent studies have demonstrated that radiolabelling with 
In-111- oxine impairs lymphocyte function with reduced H-3 thymidine incorpora-
tion suggesting impeded cell proliferation (Segal et al.  1978 ) and alters the normal 
migration of these cells. This results in increased activity in the spleen and liver, and 
minimal activity in the lymph nodes (reduction in cells with POS migratory func-
tionality), suggesting the sequestration of damaged cells (Chisholm et al.  1979 ). 
Chisholm et al. have also demonstrated a dose-dependent reduction in the ability of 
the HeLa S3 cell line to proliferate and form colonies as a result of the radiation 
emitted from In-111. Caution should also be recognised in that the chelating agent 
itself that is used to complex indium (oxine) may also lead to direct lymphotoxicity 
(Segal et al.  1978 ). 
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 Although less cellular damage occurs when lymphocytes are radiolabelled with 
Tc-99m-HMPAO (Ellis  2011 ), studies have suggested that labelling mixed leuko-
cytes with Tc-99m-HMPAO may still cause chromosomal abnormalities in the lym-
phocyte fraction (Ilknur et al.  2002 ).  

8.2.5     Monocytes 

 Circulating monocytes represent 5–10 % of circulating leukocytes and have the 
capacity to migrate to areas of infl ammation where they differentiate over a period 
of days into tissue macrophages and dendritic cells. The half-life of human mono-
cytes in the blood is 3 days (Whitelaw  1972 ); and it is suggested that this short half- 
life can be explained by the continuous replenishment of the macrophage and 
dendritic cell population, although some organ macrophages may renew their popu-
lations independently from blood monocytes, e.g. alveolar macrophages (Tacke 
et al.  2006 ). It has been demonstrated in patients with rheumatoid arthritis that 
monocytes may be purifi ed from 100 mL of whole blood by positive selection using 
CD14 cell surface marker reagents (Van Hemert et al.  2007 ; Bennink et al.  2008 ). 
Radiolabelled monocytes have also been used to investigate the pathogenesis of 
atherosclerosis (Dorffel et al.  2001 ) and acute myocardial infarction (Leuschner 
et al.  2012 ). There have again been concerns about the cytotoxicity and possible 
inhibition of monocyte differentiation into tissue macrophages by radiolabelling 
with tropolone or oxine. The use of tropolone as a chelator, rather than oxine, how-
ever, allows for the use of higher concentrations of In-111 in labelling suggesting 
that oxine is an important source of cytotoxicity (Van Hemert et al.  2009 ).   

8.3     Methods for Quantifying Leukocyte Transit 
Time/Migration 

 The radiolabelling isotopes discussed in the previous section (i.e. In-111, Cr-51, 
Tc-99m) are unstable isotopes that emit energy in the form of gamma radiation 
when they decay to a more stable state. The radiation is readily detected with scintil-
lation instruments in the form of probes, well counters, whole-body counters 
(WBC), and gamma cameras. These instruments have two principal components in 
common: the fi rst is the scintillation crystal, commonly thallium-doped sodium-
iodide (NaI(Tl)), which converts the energy of gamma photons into visible light; the 
second is the photomultiplier tube, which converts the energy of the visible light to 
electrons, and accelerates these through a high-voltage cascade to multiply the weak 
original signal to create a measurable electrical signal. Other crystals such as bis-
muth geranium oxide crystals have been utilised in other systems such as PET and 
have used photomultiplier tubes to generate high-pixel images. 
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8.3.1     Skin Patches 

 Micropore fi lters placed on skin abrasions have been used to capture radiolabelled 
granulocytes migrating to such sites, which can then be quantifi ed and imaged 
(Pinching et al.  1990 ). 

 Skin abrasions were made on healthy volunteer’s forearms using a dental drill. 
Micropore fi lters were placed on the abrasion and autologous In-111-tropolonate 
granulocytes injected at different time points between 4 and 20 h following the 
abrasion. Filter papers were changed at regular intervals and the radioactivity 
absorbed was measured by a well counter. The rise and fall of the pad radioactiv-
ity can be taken to represent granulocyte migration into the abrasion as plasma 
exudation of In-111 as cell-free circulating indium is persistently low. The ratio 
of radioactivity detected on the fi lter paper compared to blood cell-bound radio-
activity was used to quantify the granulocyte presence in the abrasion. Abrasions 
of all ages demonstrated peak radioactivity levels 2–4 h following re-injection 
with the older abrasions having higher peaks. Physical exercise reduced the 
migration of labelled granulocytes to the abrasion due to diverted blood fl ow 
from the skin to exercising muscles and demargination of granulocytes at the 
sites of abrasion. 

 The ability to quantify granulocyte migration into skin abrasions supports the use 
of these non-invasive techniques to assess infl ammatory diseases affecting the skin. 
It may also be used to assess the effect of treatment with local or systemically deliv-
ered drugs on the migration of granulocytes to the skin.  

8.3.2     Scintillation Probe Counting 

 Scintillation probes, as body surface or as isolated tissue counters, containing a 
single, small NaI(TI) crystal and photodiode have been used in the detection of 
radioactivity in vivo ,  for example during surgical procedures where modest isola-
tion of a target tissue may be procured allowing for improved target-to-non-target 
ratios of counts. These kinds of probes generally comprise a handheld modestly 
shielded detector (focused probe) coupled to an electronic display unit (e.g. 
analogue- to-digital counter or rate meter).  

8.3.3     The Whole-Body Counter and Body Fluid Sampling 

 A WBC system allows assessment of total body radioactivity to be measured and 
quantifi ed, and theoretically provides a way to study whole-body retention of 
radiolabelled products. The patient lies supine between highly sensitive anteriorly 
and posteriorly placed scintillation detectors containing sodium iodide    crystals. 
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These detectors move and record radioactivity counts from head to toe. The WBC 
chamber is made with pre-1945 steel with 3 mm lead shielding on the inner walls 
from which no detectable isotopes are emitted during counting. Such shielding 
minimises background interference and allows the administration of ultra-low 
radiation doses to the patient (Fig.  8.3b ).

   This technique has been used to detect whole-body granulocyte distribution in 
healthy individuals and in those with bronchiectasis, asthma, and COPD where 
measuring the radioactivity in the sputum at the same time demonstrates the migra-
tion of granulocytes into the airway and loss from the body (Szczepura et al.  2011 ). 
Whole-body counting has also been used in patients with IBD (Carpani de Kaski 
et al.  1992 ) and is an accurate alternative to measuring the radioactivity of stool 
samples collected over 4 days. Loss of granulocytes through faeces correlates with 
disease activity in IBD (Saverymuttu et al.  1983c ).  

  Fig. 8.3    Imaging modalities. ( a ) Planar gamma camera; ( b ) whole body counter; and ( c ) SPECT/CT       
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8.3.4      Planar Imaging 

 The fi rst scintillation gamma camera was introduced in 1958 and is known as the 
Anger gamma camera (Anger  1958 ) (Fig.  8.3a ). Visible light produced in a large- 
area (unitised) scintillation crystal reaches several photomultipliers arranged in a 
precise array behind the crystal, resulting in varying total signal strengths across the 
array depending on the photon annihilation location within the crystal and thus a 
depreciative electronic signal in photomultipliers away from the immediate scintil-
lation point. The “centre of mass” (maximal photonic translation) of these signals is 
calculated to give the position of interaction of the original gamma photon. A col-
limator comprising multiple narrow, parallel holes in a thick sheet of lead limits 
detection to photons travelling at near-perpendicular trajectories toward the crystal. 
Gamma photons not in such line with the collimator holes are scattered to lower 
energies or absorbed by the lead. Thus, unimpeded and detected photons bear a 
spatial relationship to the “source” of the radiation, and hence an image can be con-
structed. The image, however, is a projection of photons from a 3-D object trans-
lated as a single 2-D plane view of the overlaying and underlying organ systems 
within the fi eld of view. 

 Static planar images have been used to identify and quantify sites of infection 
and infl ammation in numerous conditions including bronchiectasis, COPD, asthma, 
IBD, and rheumatoid arthritis where reduction in radioactivity in the joints can be 
demonstrated following effective treatment. Using a combination of whole-body 
counting, leukocyte scintigraphy, and body fl uid sampling, there is an improvement 
in the appearance of the In-111-leukocyte scan and a reduction in the faecal loss of 
labelled granulocytes following treatment of Crohn’s patients with oral fl uticasone 
(Carpani de Kaski et al.  1991 ). Such techniques could therefore be used to assess 
the effi cacy of new anti-infl ammatory treatments in other conditions.  

8.3.5     Dynamic Planar Imaging 

 Dynamic (imaging over time) gamma camera imaging entails the acquisition of 
multiple image frames generally in a short space of time (seconds to minutes), 
which for example allows the assessment of the initial distribution and subsequent 
margination of labelled leukocytes. The radioactivity is quantifi ed through digital 
acquisitions and regions of interest (ROI) organ time–activity curves by drawing 
defi ned ROI over the organs of interest and recording their respective counts per 
pixel within the ROI. The use of short-lived radioisotopes requires these ROI collec-
tions to be decay- corrected with respect to the radionuclide used. 

 This technique has been used to assess the normal distribution of ex vivo radiola-
belled and re-injected leukocytes, granulocytes, eosinophils, monocytes, and lym-
phocytes in healthy individuals and has led to knowledge about the in vivo kinetics 
of circulating as well as marginated cell pools as well as sites of cell destruction. 
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Dynamic imaging can also be used to assess lung transit time and alterations of 
 normal cell kinetics and pools in disease states. For example, when In-111- 
troponolate-labelled granulocytes are re-injected into patients with IBD and imaged 
dynamically with a gamma camera it has been observed that these cells can localise 
in sites of infl ammation within 10 min post injection    (   Saverymuttu et al.  1983b ).  

8.3.6     Single-Photon Emission Computed Tomography 

 As previously described in Sect.  8.3.4 , planar scanning can only generate two- 
dimensional images, in which it can be diffi cult to distinguish specifi c organ borders 
or uptake within overlying structures within the ROI. The revolution of emission 
tomographic imaging allows for three-dimensional imaging of the  distribution of 
radioactivity in vivo and thus specifi c organ uptake and potentially distribution 
information within an organ or a region of uptake (e.g. infection). 

 In SPECT, one or more gamma camera heads rotate around the patient and 
acquire planar images from several angles, which are then mathematically recon-
structed to form cross-sectional (bread-slice) images through the body providing 
now volume pixels, or voxels, defi ned by the slice thickness of the system, of count 
information (Hutton  2011 ) (Fig.  8.3c ). Sequential SPECT has been used to quantify 
the migration of labelled granulocytes into regions of the lung of patients with 
COPD whereby collecting data at regular intervals allows the calculation of granu-
locyte fl ux into the lung (   Ruparelia et al.  2011 ). Sequential SPECT has also been 
used to quantify disease activity in IBD (   Weldon et al.  1995b ) and can theoretically 
be applied to other conditions characterised by infl ammation. 

 SPECT has recently been coupled to X-ray CT, which can provide more quanti-
tative data by allowing for correction of photon attenuation (loss of signal by scatter 
and absorption by tissue density) in the subject, and also allowing for imaging a 
merged anatomical (CT) and functional (SPECT) co-registration making it easier to 
determine the actual location of anatomic structures relative to the site of photon 
origination (radiolabelled cell localisation). SPECT/CT has been used in combina-
tion with either Ga-67- or In-111-labelled leukocyte scintigraphy to provide this 
additional co-registration information aiding diagnosis, precise localisation, and 
better assessment of disease or extent of infection (Bar-Shalom  2006 ). The use of 
SPECT/CT following the re-injection of autologous Tc-99m-granulocytes has also 
led to more accurate diagnoses of left-ventricular-assist-device infection (Litzler 
et al.  2010 ). 

 Dynamic SPECT is also possible and involves the rapid acquisition of image 
frames to create dynamic images of physiological or pathophysiological processes. 
It is important to note that the accumulation of a single-slice SPECT image is far 
greater in time than the acquisition time of a CT scan and thus very fast functional 
dynamic images are diffi cult to acquire. Very rapid functional dynamic imaging is 
better accomplished with PET (Sect.  8.3.7 ).  
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8.3.7      Positron Emission Tomography 

 An alternative method of functional scintillation tomographic detection is with 
PET scanners, which have a ring (single or multiple) of detectors (original PET 
systems had as few as 280 crystals in one ring (Derenzo  1980 ) to modern systems 
of more than 16 rings with over 32,000 detectors) around the patient for coinci-
dence detection of the two 511 keV gamma photons. These gamma photons are 
created by the annihilation of nuclear emitted positrons which interact with the 
outer shell electrons causing release of two photons in opposite (180°) orientation 
(Hutton  2011 ). Radioligands such as F-18- fl uorodeoxyglucose (F-18-FDG) is a 
widely used reagent for PET scanning of cardiac and neurologic conditions. The 
absence of a collimator as needed in planar imaging makes the technique more 
sensitive than SPECT. The detectors are again linked to photomultipliers, which 
convert the gamma signal into a digitised light signal that is used as in SPECT to 
reconstruct the tomographic image. The ability to localise lesions with PET is, as 
seen with SPECT, aided if coupled to CT, which also allows absolute quantifi ca-
tion of the activity again by providing a mechanism for attenuation correction. 
Original PET systems used a ring of Ge-68, which is also a position isotope, as a 
low count rate tool (relative to X-ray CT) to correct for structural/anatomical 
attenuation. 

 Retrospective studies have suggested a role for F-18-FDG PET in the investiga-
tion of fever of unknown origin (FUO) and in patients with suspected focal infection 
or infl ammation (Bleeker-Rovers et al.  2004 ). A recent review summarises the 
utility of PET in the investigation of malignancies, the diagnosis of chronic osteo-
myelitis (particularly of the axial skeleton) and infections associated with prostheses, 
and opportunistic infections in AIDS (Zhuang and Alavi  2002 ). The same review 
describes the use of PET to monitor disease activity in sarcoidosis and to detect 
vasculitis, and infl ammation in IBD. F-18-FDG is also able to discriminate between 
infection and rejection in lung transplantation patients (Jones et al.  2004 ) and uptake 
has also been shown to be greater in the lungs of COPD patients but not in asth-
matics (Jones et al.  2003 ). 

 Despite its advantages, it has been shown that elevated uptake of F-18-FDG by 
neutrophils detected by PET is a post-migratory event (likely related to metabolic 
activity of the locale) and may not always correlate with the extent of neutrophilic 
infi ltration to the site of infl ammation (Jones et al.  1997 ). Neutrophil migration and 
activation (although not NADPH oxidase activity) is thought to be responsible for 
increased F-18-FDG uptake. Another disadvantage of PET is that because no suit-
able metabolically stable PET radiolabels have yet been developed, it does not allow 
the quantifi cation of cell traffi cking to sites of infl ammation in the same way that 
leukocyte scintigraphy with lower energy isotopes has performed. Furthermore, 
although the PET signal is thought to represent increased granulocyte glucose 
uptake, it is likely that other metabolically active cells at the site of infl ammation 
contribute to the signal as noted above.   
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8.4     Biodistribution and Intravascular Lifespan 
of Leukocytes 

8.4.1     Granulocytes 

 Granulocytes are formed from pluripotent stem cells in the bone marrow before 
being released into the circulation. As neutrophils mature from CD34-positive 
myeloid progenitors, they acquire new surface markers such as CD16b, CD35, and 
CD10 (Elghetany  2002 ). Early work with the diisopropylfl uorophosphate (DFP 32 )-
labelled granulocytes demonstrated that 50 % of the cells re-injected into healthy 
volunteers disappear rapidly from the circulation with a half-life of 6.6 h (Mauer 
et al.  1960 ). Following re-injection, radiolabelled cells are distributed in dynamic 
equilibrium between circulating and marginated granulocyte pools (Athens et al. 
 1960 ) (Fig.  8.4a ). These two pools form a larger pool known as the total blood 
granulocyte pool (TBGP), which is twofold greater than that calculated from the 
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  Fig. 8.4    Biodistribution and intravascular lifespan of granulocytes. ( a ) Schematic representation 
of the biodistribution of granulocytes between the bone marrow, marginated, and circulating pools. 
( b ) Graph indicating the exponential decline in radiolabelled neutrophils from the circulation 
(Farahi et al.  2012 ). ( c ) Whole-body count profi les at increasing distances in cm from the head 
( left ) to feet ( right ) in a normal subject at 45 min (day 0), 24 h, and 4 and 10 days following re- 
injection of In-111-labelled neutrophils. The  tallest peak  represents radioactivity in the liver and 
spleen and the  smaller peak  corresponds to radioactivity within the pelvic bone marrow. 
Physiological redistribution of labelled neutrophils from the liver and spleen to the bone marrow is 
demonstrated by 24 h following re-injection (Ruparelia et al.  2011 )       
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peripheral blood granulocyte count and blood volume alone. Since the original 
work, In-111-granulocytes have been shown to have a mean intravascular residence 
time (MIRT) of 10 h with a half-life of 7 h (Saverymuttu et al.  1985b ). It is thought 
that the marginated pool equilibrates with the circulating pool over a period of 
approximately 30 min and so use of the 45-min blood recovery value provides a 
sensitive biomarker of the functional viability of these cells (Peters  1994 ). As 50 % 
of the TBGP is immediately distributed to the marginated pool, the 45-min recovery 
will always be less than 50 % and in most studies has been shown to approximate 
35–40 % for both In-111- and Tc-99m-HMPAO-granulocytes.

   There is evidence that a large proportion of the marginated pool lies within the 
spleen (hence a dosimetry concern). Within 5 min of the re-injection of labelled 
granulocytes, the marginated pool accounts for 54 % of the total blood granulocyte 
pool (Peters et al.  1985a ). Of this early marginated pool, the granulocytes are dis-
tributed between the spleen, liver, lung, and the remainder of the body. Whilst liver 
and splenic uptake increases with time, this uptake appears to be reversible suggest-
ing a dynamic transit of granulocytes through these organs (Peters et al.  1985b ). 
Hence adrenaline and exercise are both able to mobilise granulocytes from the mar-
ginated into the circulating pool, while in opposition, prednisolone increases the 
size of both pools, and endotoxin causes a shift of granulocytes from the freely 
circulating into the marginated pool (Athens et al.  1961 ). Following the injection of 
adrenaline, the use of Cr-51-labelled granulocytes demonstrates a fall in splenic 
activity and a corresponding rise in peripheral blood activity (McMillan et al.  1968 ). 
This illustrates the dynamic movement of granulocytes in the spleen and suggests 
that the initial margination seen in the spleen is physiological rather than a result of 
cell activation or damage (Peters and Saverymuttu  1987 ). 

 Intravascular transit time is estimated at 10 min in the spleen and 2 min in the 
liver; the persistent radioactive signal detected in the spleen beyond this represents 
both pooled and destroyed (or damaged) granulocytes (Peters  1998 ). Infl ammatory 
conditions lead to a fall of activity detected in the spleen as granulocytes are diverted 
to sites of infl ammation (Peters et al.  1985b ). Although the liver normally represents 
a smaller part of the marginated pool, there is increased uptake if granulocytes are 
activated or damaged, which suggests that the destruction of granulocytes occurs 
within the reticuloendothelial system. 

 Granulocytes have a rapid transit through the lung under normal physiological 
circumstances (Saverymuttu et al.  1983a ) and a mean transit time of between 20 s 
in the capillary blood (Doershuk  2000 ). Others have reported longer capillary tran-
sit times as much as 3–5 min (Peters  1998 ). There has been considerable debate 
regarding the size of the pulmonary granulocyte pool: it has been suggested that 
marginated granulocytes within the lung exist in two pools, one in which the granu-
locytes are moving quickly at the speed of erythrocytes and another pool in which 
granulocytes are met with obstruction as they do not deform as readily as erythro-
cytes as they travel through the vasculature (Peters  1998 ). For example, fully 
dilated capillaries have a diameter of 7.5 ± 2.3 μm whereas neutrophils have a diam-
eter of 6.8 ± 0.8 μm; larger neutrophils are therefore restricted by smaller capillaries 
causing a 60–100-fold slower transit through the pulmonary capillary system 
 relative to erythrocytes, which travel through in less than a second (Hogg  1994 ). 
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The same review suggests that these slower moving neutrophils increase their 
 concentration within the pulmonary circulation relative to erythrocytes, and form 
the marginated, neutrophil pulmonary pool. Inhaled platelet-activating factor (PAF) 
leads to marked pulmonary sequestration of  111 In-labelled neutrophils, which again 
illustrates the capacity for activated neutrophils to be retained in the lung due to 
cytokines or other bioactive molecules (Tam et al.  1992 ). 

 In addition to dynamic movement of granulocytes within the spleen, a similar 
process of margination occurs in the bone marrow which has an intravascular transit 
time for granulocytes of 10 min (Ussov et al.  1995 ). A method using H-3 thymidine 
has provided insight into bone marrow neutrophil kinetics (Dancy et al.  1976 ). This 
study suggests a daily generation of 0.85 × 10 9  post-mitotic neutrophils per kg body 
weight within the bone marrow. Furthermore, the paper demonstrates that this post- 
mitotic pool of neutrophils contains adequate number of maturing and storage neu-
trophils to maintain the turnover of 0.85 × 10 9 /kg/day for 6.6 days, therefore 
demonstrating a bone marrow transit time of just under 7 days. This is consistent 
with the observed neutropenia resulting from total body radiation where the nadir of 
cell counts in the peripheral circulation is 5–7 days post irradiation. 

 Using a WBC, the approximate distribution of In-111-labelled granulocytes can 
be detected using extremely low administered activities of the radioisotope 
(Szczepura et al.  2011 ). Neutrophils have a 45-min recovery time of approximately 
40 % (due to their distribution between the marginated and freely circulating intra-
vascular pools) and are then removed from the circulation in a mono-exponential 
manner (zero order) with fi nal localisation in the liver, spleen, and bone marrow, 
which is evident at 24 h, refl ecting their sites of destruction (Fig.  8.4b, c ). 

 Tc-99m-HMPAO-granulocytes have identical kinetics through the lung, liver, 
and spleen as In-111-granulocytes. The half-life, however, of Tc-99m-HMPAO- 
leukocytes is lower at 4 h than that of In-111-granulocytes, which is thought to be 
an artefact, and represents Tc-99m elution from the circulation. Correction of such 
elution by in vitro stability experiments demonstrates a half-life approximating 6 h 
(Peters  1994 ). Non-specifi c bowel, urinary, and hepatobiliary activity is seen due to 
the excretion of hydrophilic complexes of Tc-99m-HMPAO and this must be taken 
into consideration in the analysis of abdominal scans performed in IBD or to local-
ise abdominal collections. Early and sequential imaging is therefore important in 
IBD to avoid such non-specifi c bowel activity, which is not usually seen until at 
least 2 h following re-injection.  

8.4.2     Eosinophils 

 To date there has been only one published study examining the kinetics of circulat-
ing radiolabelled eosinophils in healthy individuals (Farahi et al.  2012 ). Two early 
papers used intravenous injection of tritiated thymidine (H-3 thymidine) in patients 
with eosinophilia following surgical treatment for oesophageal cancer, bladder can-
cer (Parwaresch et al.  1976 ), glioblastoma, and chronic lymphocytic leukaemia 
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(   Steinbach et al.  1979 ). Two patients with eosinophilia of unknown aetiology have 
also been studied although in one case, sarcoidosis was suspected (Herion et al. 
 1970 ). In Herion’s paper leukocytes were separated by dextran sedimentation fol-
lowed by hypotonic lysis of erythrocytes and then labelled with sodium radio- 
chromate (Cr-51) before being re-injected. In-111-oxine-labelled eosinophil-enriched 
cells have also been used to assess eosinophil kinetics in one patient with Churg–
Strauss syndrome and one with hypereosinophilic syndrome (Yamauchi et al.  1989 ). 
In the latter studies eosinophils accounted for only 87 % of the “eosinophil-enriched 
cells” that were purifi ed and labelled, and neither technique isolated cells in autolo-
gous plasma as is our practice. Other disadvantages of the experimental methods 
used in these studies include the poor image resolution derived with the use of 
Cr-51, the potentially cytotoxic effect of In-111-oxine, and the risk of leukocyte 
clumping induced by heparin. 

 More recently however, eosinophil intravascular half-life has been determined 
using human mixed leukocytes that have been purifi ed in autologous plasma and 
radiolabelled with In-111-tropolonate before re-injection. Subsequent blood sam-
pling followed by isolation of “ultra-pure” eosinophils has indicated an intravascu-
lar residence time for these cells of approximately 25 h (Farahi et al.  2012 ). These 
investigators also studied purifi ed eosinophils (prepared by discontinuous Percoll 
gradients and CD16-negative selection) radiolabelled with In-111-troponolate. In 
preliminary studies, the use of dynamic and static planar gamma camera imaging 
demonstrated rapid eosinophil transit through the lungs and margination in the liver 
and spleen (and to a far lesser extent bone marrow) with evidence of some recircula-
tion of eosinophils from the liver (Farahi et al.  2012 ). This technological advance 
and knowledge about the circulation of eosinophils in healthy subjects provide an 
opportunity for pharmaceutical companies to test the impact of new drugs on eosin-
ophil kinetics. Given the important role of eosinophils in allergic infl ammation, this 
has wide applications in common conditions such as asthma and other conditions 
characterised by eosinophilic infl ammation.  

8.4.3     Lymphocytes 

 Lymphocyte kinetic studies have been limited by the use of suboptimal radionu-
clides such as Cr-51 and concerns about the lymphotoxicity of the oxine ligand used 
for In-111-oxine. It has been suggested that restricting the dose of radionuclide 
(either lower counts or higher specifi c radioactivity) allows lymphocytes to behave 
physiologically and unencumbered by the presence of oxine (Chisholm et al.  1979 ). 
Although In-111-oxine has been used to assess lymphocyte traffi cking in man 
(Wagstaff et al.  1981 ), the amount of In-111-oxine label per 10 8  lymphocytes used 
in this study exceeds the level that has been shown to be lymphotoxic, particularly 
after 24 h. Lymphocytes were purifi ed using a cell separator in the absence of autol-
ogous plasma. This produced lymphocytes that were greater than 95 % pure and 
90 % viable. Following re-injection, serial blood samples demonstrated an initial 
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rapid clearance from the blood followed by a rise at 3–4 h which plateaued for 4–8 h 
before a second fall. Gamma camera imaging indicated a lack of uptake in the lungs 
and a distribution of activity between the liver and spleen by 4 h leading to the initial 
rapid clearance. There was a subsequent reduction in the splenic signal, which cor-
related with an increase in lymph node activity suggesting the recirculation of lym-
phocytes from the spleen into the circulation and thence to the lymph nodes. 
Heat-damaged lymphocytes demonstrate altered kinetics with signifi cant lung and 
liver uptake and low activity in lymph nodes relative to controls suggesting that the 
In-111-oxine-labelled lymphocytes were behaving relatively physiologically.  

8.4.4     Monocytes 

 Tritiated thymidine has been used to study monocyte kinetics in seven healthy indi-
viduals and this demonstrated a circulating half-life of 71 h (Whitelaw  1972 ), con-
siderably longer than neutrophils. The use of Tc-99m-HMPAO-labelled monocytes 
to assess their biodistribution when re-injected into patients with rheumatoid arthri-
tis has also shown initial margination in the lung followed by the re-distribution to 
the liver, spleen, and bone marrow (Bennink et al.  2008 ).   

8.5     Migration Characteristics of Leukocytes 

 Following re-injection, the migration characteristics of labelled autologous leuko-
cytes can clearly be seen to alter in pathological conditions such as abscesses and 
other systemic infl ammatory processes. The pathological situations which involve 
leukocyte migration can be separated broadly into three categories according to the 
migratory behaviour of these cells: fi rstly, conditions in which leukocytes migrate to 
sites of infection and infl ammation and remain localised such as abscesses; sec-
ondly, conditions in which leukocytes travel to such sites but continue to migrate 
into the lumen of the airway or the bowel such as bronchiectasis, COPD, and IBD; 
and thirdly, conditions such as community-acquired pneumonia (CAP) where re- 
injected leukocytes fail to migrate to the infl amed site because of early termination 
of such migration in the disease history. 

8.5.1     Solid Abscess 

 Ga-67 citrate has been used previously to localise abscesses, but despite high sensi-
tivity, it lacks specifi city due to transferrin and other iron-binding sources which 
gallium also follows. Furthermore, renal and gastrointestinal excretion of radio- 
gallium leads to non-specifi c bowel activity, which makes the detection of 
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intra- abdominal collections diffi cult. The delay of 24–72 h before the result of such 
a scan is available is also generally clinically unacceptable. 

 In-111-leukocytes have been used since the late 1970s for the localisation of 
abscesses and results are generally interpreted within 24 h; although faster than 
Ga-67, not all NM Departments offer this service and the time requirement still 
remains a disadvantage relative to other imaging modalities such as computed 
tomography (CT) although CT is non-specifi c and relates only to anatomical den-
sity discrimination or tissue/organ displacements. Intra-abdominal abscesses are 
identifi ed with the use of a planar gamma camera as focal activity outside the nor-
mal distribution with intensity greater than that of the liver (Peters and Saverymuttu 
 1987 ). Only 33 % of abscesses are identifi ed within 1–4 h of re-injection but 95 % 
are true positives (TP) at 18–24 h. The use of In-111-tropolone-labelled granulo-
cytes can however generate false-positive (FP) images in conditions such as IBD, 
haematomas, tumours, non-rejecting renal allografts, and uncomplicated bowel 
anastomosis (Peters and Saverymuttu  1987 ). 

 In-111-labelled leukocytes would be the modality of choice in the investigation 
of an abscess in the gastrointestinal tract as ultrasound, and to some extent CT 
images, may be diffi cult to interpret because of overlying bowel gas and the distinc-
tion between an abscess and thickened or dilated loops of bowel. Comparison 
between In-111-troponolate-granulocytes, Tc-99m-HMPAO-leukocytes, and ultra-
sound scanning for the detection of intra-abdominal abscess has shown that Tc-99m- 
HMPAO scanning is at least as accurate as In-111-troponolate scanning and that 
both have a greater sensitivity and specifi city than ultrasound scanning, although 
scintigraphy is less effective at detecting or discriminating hepatic abscesses 
(Weldon et al.  1995a ,  b ). The physiological uptake of labelled leukocytes in the liver 
makes the detection of hepatic abscesses more diffi cult; however, sequential imag-
ing may demonstrate a gradual increase in radioactivity within a septic focus 
whereas the physiological liver uptake falls between 1 and 4 h (Cousins et al. 
 2003a ). Figure  8.5  demonstrates the use of In-111-labelled granulocytes to localise 
a communicating abscess.

   The use of In-111-labelled autologous granulocytes is also able to detect pulmo-
nary (Saverymuttu et al.  1985a ) and brain (Peters et al.  1980 ) abscesses. Tc-99m-
labelled leukocytes have also been used to detect brain abscesses (Grimstad et al. 
 1992 ) and both techniques may help distinguish infective or malignant lesions at 
this site.  

8.5.2     Intrathoracic Disease 

 Re-injected radiolabelled autologous leukocytes usually demonstrate a rapid transit 
through the lungs unless the cells have been activated in vivo (for example, in graft-
versus- host disease (GVHD) or septicaemia) or damaged ex vivo. Leukocyte traf-
fi cking in the lung however is altered under several disease conditions, such as in 
ARDS, COPD, bronchiectasis, and lobar pneumonia.  
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8.5.3     ARDS 

 Neutrophils play a vital role in the pathogenesis of acute lung injury (Ware and 
Matthay  2000 ). The histological appearance of the lungs of patients with ARDS 
demonstrates the presence of neutrophils in the lung interstitium, alveolar space, 

  Fig. 8.5    In-111-granulocyte scans taken 3 h following injection. ( a ) Anterior planar camera view 
and ( b ) posterior planar camera view of an abscess in the left iliac fossa anterior to the left sacro- 
iliac joint. ( c ) The same individual scanned at 24 h indicating residual activity at the site of the 
abscess but also new activity in the distal colon because of a communicating abscess (Peters  1994 )       
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and vascular compartment, as well as structural damage to the endothelium and 
epithelium. These anatomical distributions and structural alterations are postulated 
to affect the barrier function of the alveolar capillary endothelium leading to lung 
injury (Downey et al.  1999 ). Granulocytes dual-labelled with both In-111 and 
Tc-99m have been used to determine pulmonary granulocyte kinetics in individuals 
with systemic infl ammation characterised by increased soluble E-selectin levels, a 
marker of vascular activation (Ussov et al.  1999 ). Individuals with systemic infl am-
mation demonstrate a larger pulmonary granulocyte pool but of note, these cells do 
not migrate into the interstitium unless the pulmonary endothelium is also activated. 
The re-injection of In-111-labelled autologous granulocytes into patients with 
ARDS demonstrates pulmonary retention even in the context of concurrent steroid 
treatment (Warshawski et al.  1986 ).  

8.5.4     COPD 

 Neutrophils are abundant in the airways and lung parenchyma of individuals with 
COPD and are believed to be involved in the pathogenesis of the condition. The 
assessment of neutrophil kinetics in the lungs of patients with COPD has been 
determined using In-111-troponolate- and Tc-99m-HMPAO-labelled granulocytes 
combined with WBC and SPECT, which measures neutrophil clearance from the 
blood into the lung parenchyma (Ruparelia et al.  2011 ). At 45 min post re-injec-
tion, WBC data demonstrates a peak of radioactivity within the liver and spleen 
region followed by a second peak in the pelvic bone marrow. By 24 h, the peak 
within the liver and spleen is reduced whereas the bone marrow peak is higher, 
consistent with the known physiological re-distribution of neutrophils (Fig.  8.4c ). 
The mean whole body loss of In-111-tropolonate in COPD patients over 7 days is 
less than 10 % and similar to healthy non-smokers; by contrast currently smoking 
COPD patients displayed a greater whole body In-111-tropolonate cell loss 
(Fig.  8.6b ). SPECT images also demonstrate signifi cant time-dependent and quan-
tifi able migration of neutrophils into the lungs of patients with COPD (Figs.  8.6c  
and  8.7a ) and this signal offers considerable promise as a marker of drug effi cacy 
in this condition.

8.5.5         Bronchiectasis 

 The re-injection of In-111-troponolate-granulocytes followed by gamma camera 
imaging and whole-body counting has been used to assess granulocyte kinetics in 
patients with bronchiectasis (Currie et al.  1987 ). This demonstrates the migration of 
granulocytes to actively infl amed bronchiectatic areas of the lung within the fi rst 
24 h. These labelled cells then continue to migrate into the airway lumen and are 
expectorated in the sputum (Fig.  8.6a ). Patients with severe bronchiectasis can lose 
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>50 % of the re-injected labelled neutrophils in the sputum (Currie et al.  1987 ). As 
a consequence, radioactivity may be detected in the gastrointestinal tract of patients 
with severe bronchiectasis due to swallowed sputum containing In-111-labelled 
cells. In-111 uptake however is not present in all segments of bronchiectatic lung 
demonstrated on CT and such areas presumably refl ect focally quiescent disease. 
The use of In-111-labelled granulocytes followed by WBC scanning demonstrates 
that bronchiectatic patients with active disease have a higher 7-day whole body loss 
of In-111, approximating 25 %, compared to less than 10 % in those with quiescent 
disease, which is similar to the loss seen in healthy non-smokers (Ruparelia et al. 
 2011 ) (Fig.  8.6b ).  
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  Fig. 8.6    Migration of In-111-labelled neutrophils into the sputum of patients with COPD and 
bronchiectasis. ( a ) The radioactivity of expectorated sputum in each 24-h period. ( b ) The percent 
of In-111 retention over a 10-day period in healthy volunteers (controls) and in patients with 
COPD and bronchiectasis. A higher level of In-111 loss from the body is demonstrated in those 
with bronchiectasis and COPD compared to controls. ( c ) Autoradiograph of an  111 In-labelled neu-
trophil in the expectorated sputum of a patient with COPD (Ruparelia et al.  2011 )       
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  Fig. 8.7    ( a ) SPECT image demonstrating increased Tc-99m-labelled neutrophil uptake in the 
lung parenchyma of COPD patients. Regions of interest highlighted over the lungs ( red outline ), 
heart, and bone marrow (ribs, sternum, and vertebral body) (Ruparelia et al.  2011 ). ( b ) SPECT 
image indicating focal uptake of Tc-99m-labelled neutrophils in the left lower lobe of the lung 
( blue arrow ). The  red arrow  indicates physiological uptake in the vertebral bone marrow) 
(Ruparelia et al.  2009 )       
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8.5.6     Lobar Pneumonia 

 Although In-111-labelled leukocytes can be used to detect and localise abscesses in 
the lung and elsewhere, no signal is detected by gamma camera imaging in patients 
with uncomplicated lobar pneumonia. This is likely related to the extremely early 
(less than 6 h) termination of granulocyte migration in this disease (Saverymuttu 
et al.  1985a ). The injection of Tc-99m-labelled autologous neutrophils followed by 
SPECT imaging in a patient with COPD, who was clinically well at the time of 
injection, incidentally demonstrated focal uptake in the lung at 4 hours after injec-
tion (Ruparelia et al.  2009 ) (Fig.  8.7b ). Within 48 h the patient under study devel-
oped symptoms of dyspnoea, fever, and purulent sputum and clinical signs of 
consolidation confi rmed by chest radiograph along with a positive sputum culture. 
This represents the capacity of these techniques to identify a pneumonic focus at a 
very early time point in the natural history of this condition before neutrophil migra-
tion has ceased.  

8.5.7     Infl ammatory Bowel Disease 

 IBD is a chronic infl ammatory disease of the bowel and includes Crohn’s disease, 
which may affect any part of the bowel, and ulcerative colitis (UC), which is usually 
confi ned to the rectum and colon. 

 In-111-labelled granulocyte scintigraphy in IBD has the ability to detect, anatomi-
cally locate, and defi ne the severity of active infl ammation and can image both the 
small and large bowel (Peters and Saverymuttu  1987 ). It has also been shown to 
 correlate reliably with endoscopic fi ndings and the histologically defi ned disease extent 
and activity (Saverymuttu et al.  1986 ). The intensity of uptake in the bowel in compari-
son to the uptake of the liver and spleen has been shown to correlate with clinical mark-
ers of severity (Peters and Saverymuttu  1987 ). The severity of IBD has also been shown 
to correlate with faecal granulocyte loss provided the stool collections are complete. 

 In the same way that granulocytes are lost in the sputum of patients with bron-
chiectasis and COPD, faecal loss of granulocytes occurs in IBD over the course of 
4 days post injection and indicates the extent of migration of cells into the bowel 
lumen and subsequent loss from the body (Saverymuttu et al.  1983c ). This may be 
demonstrated by the gradual reduction in image signal as the radiolabelled cells 
leave the body. Scanning with a WBC over 4 days also has the distinct advantage 
that it allows the administration of much lower levels of indium to quantify infl am-
mation in IBD and the retention and loss of labelled cells (Cheow et al.  2005 ). It has 
been shown to be an accurate alternative to measuring the faecal excretion of these 
cells (Carpani de Kaski et al.  1992 ). 

 Tc-99m-HMPAO-labelled granulocytes are used more frequently in IBD due to 
the lower radiation dose of Tc-99m, greater image resolution, and capacity to detect 
small bowel pathology, which indium-scanning can miss (Fig.  8.8 ). Due to non- 
specifi c intestinal activity typical of Tc-99m-HMPAO-labelled granulocytes, false 
positives are possible when patients are scanned late particularly after 3 h; it is 
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important therefore that an early image is taken followed by sequential images. The 
sensitivity of Tc-99m-HMPAO for the detection of acute infl ammation ranges from 
91 to 95 % (Weldon  2003 ). Used in conjunction with SPECT, this approach has 
been shown to accurately quantify the extent of infl ammation in IBD (Weldon et al. 
 1995a ,  b ). Faecal counting with Tc-99m is not possible due to its short half-life (6 h) 
and the extent of non-specifi c gastrointestinal excretion (>24 h).

   Tc-99m-labelled granulocytes can also be used to assess disease reactivation and 
to identify complications in Crohn’s disease such as abscess formation and fi stulae 
although imaging must be performed early in suspected colo-vesical fi stulae due to 
the urinary activity caused by renal excretion (Peters  1994 ). The signal from a 
Crohn’s abscess remains persistent at 24 h and can be distinguished from non- 
specifi c bowel activity, the signal from which diminishes with time. False positives 
may be seen in recent bowel anastomosis and gastrointestinal bleeding.  

8.5.8     Nephrological Disease 

 Abnormal renal uptake has been demonstrated by In-111-leukocyte scintigraphy in 
patients with renal transplant rejection with a sensitivity of 73 % (Forstrom et al.  1981 ). 
However, many individuals with chronic renal disease referred for pyrexia of unknown 
origin (FUO) do not show renal uptake (   Cousins et al.  2003b ). Given the extent of 
renal uptake of secondary Tc-99m-HMPAO complexes in the kidney, imaging of 
the renal parenchyma should always be undertaken with In-111-labelled cells. Diffuse 
renal uptake of In-111 has also been seen in systemic vasculitis (Jonker et al.  1992 ).  

  Fig. 8.8    Tc-99m-HMPAO 
scan in a patient with severe 
ulcerative colitis 
demonstrating severe colitis 
(Cheow et al.  2005 )       
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8.5.9     Orthopaedic Infections 

 Osteomyelitis is an infection of the bone arising from haematological seeding, 
direct spread from adjacent soft tissue and joints, or direct infection through trauma 
and/or orthopaedic surgery. Without prompt diagnosis and treatment complications 
may occur including the progression to chronic osteomyelitis. 

 The use of labelled leukocytes in the detection of bone infection is made more 
diffi cult by the previously discussed physiological uptake of leukocytes by the bone 
marrow. Negative scans are also possible in cases of chronic osteomyelitis, where 
granulocyte migration can be impeded by poor blood fl ow to osteomyelitis and thus 
provide minimal signal (Peters and Saverymuttu  1987 ). 

 The use of In-111-oxine-labelled leukocytes has however been used to detect 
osteomyelitis with a sensitivity of 0.91 and specifi city of 0.62 (Palestro et al.  2002 ). 
These values are improved further if white cell scanning is combined with Tc-99m 
sulphur colloid. Limitations again include negative scans in chronic infections, and 
the local uptake of labelled leukocytes in lymph nodes (e.g. in the groin), which can 
confuse the interpretation of joint infection (Palestro et al.  2006 ). 

 Within the axial skeleton, the detection of abnormal uptake in the bone depends 
on the demonstration of leukocyte activity in the absence of colloid uptake (bone 
scintigraphy) (Peters  1994 ). Leukocyte scintigraphy in cases of vertebral body 
osteomyelitis will paradoxically demonstrate reduced uptake in affected areas due 
to comparatively greater physiological uptake in the bone marrow of adjacent 
healthy vertebral bodies (   Seabold and Nepola  2003 ). Although the bone marrow in 
the peripheral skeleton is not usually a problem for the detection of osteomyelitis, it 
can sometimes be diffi cult to differentiate bone infection from adjacent soft tissue 
infection. CT or MRI anatomical discrimination may be of assistance together with 
the localised leukocyte uptake. Leukocyte scintigraphy may also be used to assess 
the response to treatment with antibiotics and to detect infection of and loosening of 
joint prostheses resulting in non-specifi c infl ammation.  

8.5.10     Rheumatoid Arthritis 

 Rheumatoid arthritis (RA) is a symmetrical, infl ammatory polyarthropathy charac-
terised by the accumulation of infl ammatory cells in the synovial tissue of joints 
leading to chronic infl ammation and destruction of joints. 

 Imaging of Tc-99m-HMPAO-labelled monocytes in patients with active RA has 
demonstrated similar initial kinetics to those seen with labelled mixed leukocytes 
with initial margination to the lungs followed by margination in the liver and spleen 
(Bennink et al.  2008 ). Within 2 h however, the labelled monocytes accumulate in 
the large and small joints of the hands and feet. Tc-99m-HMPAO-labelled lympho-
cytes have also been shown to migrate to joints and a positive joint scintigram is 
predictive of active synovitis (Jorgensen et al.  1995 ). 
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 Leukocyte scintigraphy has also been used to assess the response to treatment in 
RA. In-111-granulocyte scintigraphy has been carried out in RA patients before and 
after treatment with agents targeting the tumour necrosis factor-α (TNFα) pathway. 
Following such treatment, granulocyte counts within the synovial fl uid of patient 
samples are lower and this is accompanied by a signifi cant reduction of the In-111- 
granulocyte signal in the knees, hand, and wrist joints (Taylor et al.  2000 ) (Fig.  8.9 ).

8.5.11        Systemic Vasculitis 

 Systemic vasculitis is associated with marked changes in granulocyte kinetics 
involving both the lung and spleen (Jonker et al.  1992 ). Patients with granuloma-
tosis with polyangitis (GPA) and microscopic polyarteritis (MP) studied with 
autologous Tc-99m-HMPAO- or In-111-troponolate-labelled leukocytes, demon-
strate diffuse lung uptake which is most marked in GPA patients. Activity can also 
be detected in the nose of GPA patients, and one such patient with rapidly pro-
gressive glomerulonephritis had diffuse uptake of indium-labelled cells in the 
kidneys. There was also abnormal splenic uptake in patients with  systemic 
vasculitis.   

8.6     Summary 

 Modern imaging modalities with ever-impressive improvements in spatial resolu-
tion and methods to interpret cell kinetics, have led to a revolution in leukocyte 
imaging via scintigraphy, and such methods have allowed for the quantitative inter-
pretation of cell traffi cking and migration of leukocytes under both physiological 
and pathological conditions. 

  Fig. 8.9    In-111 scans of the hands and wrists of fi ve patients taken 22 h after injection ( a ), before 
and ( b ) after a single intravenous bolus of anti-tumour necrosis factor α antibody. A reduction in 

the signal detected is demonstrated after treatment in all fi ve patients (   Taylor et al.  2000 )       
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 Published studies have clearly demonstrated the utility of radioscintigraphy to 
assess the response of disease conditions (and normal physiology) to pharmacologi-
cal intervention. Careful leukocyte preparation and radiolabelling, coupled to mod-
ern imaging modalities such as SPECT/CT, now provides an exciting platform to 
test the effi cacy of new drugs and biologics, as well as novel cell therapies, in alter-
ing the migration characteristics and kinetics of infl ammatory cells. The ability to 
image the anti-infl ammatory responses to treatment with existing and novel drugs 
and biologics will continue to be innovative and a valuable asset in the understand-
ing of how we can best control or treat infection and infl ammation.     
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    Abstract     Traditional approaches in measuring the effi cacy of antimicrobials, antivirals, 
antifungals, and antiparasitic therapies have limitations which contribute to noise in 
effi cacy assessment. These include the following: (1) large number of animals must 
be sacrifi ced at multiple time points to assess the effects of therapy on pathogen 
titers in the organs; (2) weight loss of 25–30 % in animals requires ethical animal 
euthanasia which may be unscheduled and skew sampling; and (3) the organ titers 
are based upon ex vivo culture or analysis. Such limitations can lead to erroneous 
conclusions regarding drug effi cacy versus spontaneous recovery. One needs to 
evaluate dissemination of the pathogen in vivo within the same animal to truly mea-
sure effi cacy. Bioluminescence imaging (BLI) has been developed as a new method 
to monitor infections in small animal models. BLI is based on noninvasive measure-
ment of biomarkers possessing a light-producing luciferin or other light-emitting 
metabolic substrates. This imaging platform is now a widely used technique in 
oncology, tumor metastasis, establishing effi cacy of anticancer and anti-infective 
therapies, detecting protein–protein interactions, detecting transgene expression in 
vivo, and many more. BLI, importantly, enables each animal to be used as its own 
control over time, thus limiting the number of animals required in studies and mini-
mizing animal-to-animal variations which improves statistical precision of effi cacy 
outcomes. In this chapter we describe applications of BLI in the study of infection, 
reveal important limitations of the technique, and summarize recent work in murine 
microbial and viral models.  
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9.1        Brief Description of the BLI Principles and Methodology 
of the Experiments Utilizing BLI as a Tool to Study 
Infections in Mice 

9.1.1     Tissue Optics 

 The optical properties of the tissue to a large degree determine the sensitivity of 
deep-tissue imaging that utilizes fl uorescent or bioluminescent probes. For example 
wavelengths of less than 600 nm are strongly quenched by hemoglobin molecule, 
while water absorption quenches wavelengths above 900 nm. In addition, endoge-
nous chromophores such as elastin, collagen, tryptophan, NADH, porphyrins, and 
fl avins in animal tissues and in the skin are subjected to autofl uorescence upon 
excitation in wavelengths below 600 nm. Therefore, although fl uorescent signals 
are generally brighter than bioluminescent signals, the very low autoluminescent 
levels usually result in superior signal-to-background ratios for bioluminescent 
imaging, particularly compared with fl uorescent imaging in the green to red part of 
the spectrum (Lin et al.  2009 ; Troy et al.  2004 ). Based upon this fundamental 
 differences in the signal-to-noise ratio, bioluminescent reporters remain to date 
more sensitive than fl uorescent reporters for deep-tissue imaging applications.  

9.1.2     Luciferases 

 Production of visible light is a natural phenomenon observed in some marine and 
terrestrial species. The mechanism responsible for light production is similar 
between these organisms and involves oxidation of an aldehyde substrate which is 
catalyzed by the enzyme luciferase. The major differences in the produced light 
between species are based on the source of the substrate, and on the kinetics and 
wavelength of the emitted light. 

 Genomes of bacteria such as Gram-negative bacteria  Photorhabdus luminescen s 
and  Xenorhabdus luminescens  contain  lux  operon that encodes genes to synthesize 
luciferase and substrate luciferin, thus omitting the need to provide the substrate 
exogenously. Bacteria expressing the  lux  operon constitutively produce light with a 
peak emission at 490 nm.  Lux  operon has been widely used for bioluminescence 
imaging (BLI) of bacterial infections. 

 The luciferase enzymes from the North American fi refl y (Fluc) ( Photinus 
pyralis ) and from click beetle ( Pyrophorus plagiophthalamus ) are most widely used 
for BLI. These enzymes are monomeric proteins encoded by a single gene ( luc ). 
Modifi ed fi refl y luciferase is expressed in the cytoplasm with a half-life of about 
3 h. Luciferase catalyzes chemical reaction where exogenously provided  d -luciferin 
substrate is oxidized in the presence of ATP-Mg +2  and O 2 -generating oxyluciferin, 
CO 2 , AMP, and light with a broad spectral emission that peaks at 560 nm but that 
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also includes a signifi cant fraction of light above 600 nm (Gould and Subramani 
 1988 ). The luciferase enzymes from click beetle have been optimized to produce 
green-orange (544 nm) or red (611 nm) light after oxidizing luciferin. The longer 
wavelength light in the orange-red spectrum exhibits better penetration in living 
 tissue and is therefore optimally suited for use in whole-animal imaging modality. 
The currently available methods allow detection of >2.4 × 10 5  molecules of lucifer-
ase (Gould and Subramani  1988 ). The fi refl y luciferase is an oxygen scavenger. Due to 
the high homology to endogenous enzymes in mammalian cells, fi refl y luciferase is 
poorly immunogenic. 

  d -Luciferin substrate is a small molecule which penetrates across cell  membranes 
and the blood–brain barrier. The mechanism of cellular uptake of luciferin is not 
fully elucidated and the role of specifi c membrane transporters in inward delivery 
and effl ux of luciferin has been recently suggested (Zhang et al.  2012 ). Following 
injection of the substrate via intraperitoneal (IP) route, signal peaks around 15 min 
followed by a plateau phase of 15–20 min after which it steadily declines (Paroo 
et al.  2004 ). Studies that used radiolabeled  d -luciferin showed that the kinetics of 
uptake and biodistribution varied signifi cantly depending on the route of adminis-
tration (Berger et al.  2008 ; Lee et al.  2003 ). The  d -luciferin is not metabolized and 
is excreted via the kidneys within 2 h post injection. 

 Luciferase from marine organisms,  Renilla  (sea pansy) and  Gaussia  (copopod) 
luciferases, utilize coelenterazine substrate to produce light with emission peak at 
approximately 480 nm. The availability and in vivo distribution of the coelentera-
zine substrate is more limited than of the  d -luciferin and therefore the coelentrazine 
may not be easily available for cells infected with  Renilla  luciferase-expressing 
pathogens. Bioluminescence from  Renilla  luciferase differs in kinetics from fi refl y 
luciferase peaking in about 1 min followed by decline in 10 min after i.v. injection 
(Paroo et al.  2004 ).  

9.1.3      Detection and Measurement of Bioluminescence 
In Vivo in Live Animals 

 First bioimaging experiments utilizing photonic detection of light-emitting bacteria 
were performed in mice infected with luciferase-expressing  Salmonella typhimurium  
(Contag et al.  1995 ). The same study also compared the sensitivity of bioluminescence 
measurements performed in live animals and in extracted organs and determined a fi ve- 
to tenfold reduction in luminescence per cm of tissue, thus setting up the limitations for 
imaging of organs that are located deep in the body. The advancement in detector tech-
nologies greatly increased the sensitivity of charge-coupled device (CCD) cameras that 
can be cooled to −120 °C to maximally suppress dark current/noise allowing detection 
of minute amounts of bioluminescent light. As mammalian tissues are mainly absorb-
ing in the blue, green, and yellow regions, the cooled CCD cameras are designed to 
detect red and near-red light (Contag and Bachmann  2002 ). 
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 In a typical experiment, mice are infected with luciferase-expressing pathogen, 
receive a single dose of a luciferin substrate (the substrate is not injected when bac-
teria expressing  lux  operon are used), and are imaged while under anesthesia. Light 
emitted by infected organ(s) is captured by a CCD device during preset exposure 
time, is converted to numerical values using specifi c software, and is displayed on 
the monitor in pseudotyped colors scaled to refl ect intensity of the captured light. 
During analysis of recorded images, the areas in the image that exhibit color are 
marked as regions of interest (ROIs) and the amount of light within designated ROIs 
is quantifi ed as photon fl uxes. Often, to adjust for various exposure times and sizes 
of ROIs, fl uxes are normalized per unit of time and per area and are expressed as 
fl ux/s/cm 2 . While normalization provides some advantage for comparison of lumi-
nescence signals between groups, one needs to remember that measured biolumi-
nescence is relative and comparisons cannot be applied to tissues that are located at 
various depths of the organism. Therefore, in most studies, a set of ROIs is estab-
lished for each site/organ, and groups of mice are compared and followed using the 
same ROIs throughout the study. Once these limitations are taken into consider-
ation, it can be expected that BLI can measure luminescence signals in vivo with 
high sensitivity and reproducibility. The emitted fl uxes can be used as quantitative 
measurements for statistical analyses. However, the correlation between biolumi-
nescence and viral loads needs to be established for each organism/infection model. 

 Early studies using cell lines stably expressing luciferase showed that BLI can 
detect as few as approximately 30 cells in vitro and 1 × 10 3  cells in a mouse (Sweeney 
et al.  1999 ). However, it is important to note that the strength of promoters used to 
drive luciferase expression in recombinant viruses or bacteria may affect limits of 
detection. Therefore, it is essential to generate correlation curves for each luciferase- 
expressing pathogen used in the study. Our own data as well as reports published by 
other investigators have shown that measurements of photon fl uxes emitted by 
recombinant viruses expressing luciferase correlated in linear fashion with viral 
loads measured in organs isolated from infected mice, thus supporting the notion 
that bioluminescence provides a direct measure of in-host viral replication and 
 dissemination (Cook and Griffi n  2003 ; Luker et al.  2002 ; Luker and Luker  2008 ; 
Zaitseva et al.  2009 ). It is also important to note that because luciferase requires 
ATP for generating light from luciferin, the IVIS system measures luciferase activ-
ity only in cells. Luciferase in the plasma is not measured and any signal acquired 
is from the organ not the blood.   

9.2     BLI for Monitoring Viral Infections 

 The introduction of the luciferase gene into the genome of vaccinia virus (VACV) 
was the fi rst attempt to use measurements of emitted light as an alternative approach 
to traditional plaque assay to quantify DNA viruses (Rodriguez et al.  1988 ). At a 
high infection rate, recombinant VACV produces about 10,000 particles per cell, 
which contributes to the 1,000-fold higher sensitivity in detecting VACV in vitro by 
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measuring luciferase activity compared with β-galactosidase as reporter-gene 
 system (Rodriguez et al.  1988 ). Several studies used luciferase-expressing VACV to 
assess viral–host interactions. BLI of IFNα receptor knockout (KO) or TLR4 knock-
out mice infected with VACV-reporter virus showed that mutant mice had increased 
dissemination and higher levels of bioluminescence signal in internal organs that 
correlated with lower survival rates (Hutchens et al.  2008 ; Luker et al.  2005 ). More 
severe pathogenesis was observed in the TLR4 KO mice, and was attributed to 
increased lung infl ammation. It suggested that innate immune receptors play a 
major role in limiting in-host dissemination of VACV (Hutchens et al.  2008 ). In our 
laboratory, BLI was extensively used to evaluate effects of anti-smallpox vaccine 
and antiviral treatments on dissemination of two strains of recombinant VACV 
expressing luciferase, WRvFire, and IHD-J-Luc, and the results of these studies are 
summarized at the end of this chapter (Zaitseva et al.  2009 ,  2011 ). 

 In vivo dissemination of a herpes simplex virus type I (HSV-1) was monitored 
using a recombinant strain of KOS HSV-1 virus that encoded both  fi refl y  luciferase 
and  Renilla  luciferase under the control of an early gene promoter (Luker et al. 
 2002 ). The validity of this model to study HSV-1 pathogenesis was confi rmed by 
showing that valacyclovir, a potent inhibitor of HSV-1 replication, reduced biolumi-
nescence in the eyes of mice in vivo and reduced viral titers in the tear fi lm material 
ex vivo following KOS HSV-1 infection via corneal scarifi cation. The same study 
also pointed to several limitations of the BLI; the activity of  Renilla  luciferase could 
be detected only after direct inoculation of the substrate (coelenterazine) in infected 
eyes but not after systemic administration. In addition, due to low spatial resolution 
of the 2-D imaging system, bioluminescence from the site of infection in the cornea 
could not be separated from the subsequent spread of infection to the periocular tis-
sues (Luker et al.  2002 ). In the follow-up studies, BLI was used to study the role of 
IFNα in protection from HSV-1 infection using mice lacking IFNα R1 and mice 
lacking TLR9 and MyD88, known inducers of IFNα (Krug et al.  2004 ; Luker et al. 
 2003 ). IFNα R1 KO mice infected with reporter virus exhibited higher biolumines-
cence in internal organs compared with wild-type mice confi rming that dissemina-
tion of HSV-1 was controlled by IFNα (Luker et al.  2003 ). In contrast, luminescence 
was not increased in mice lacking TLR9 or MyD88 suggesting that TLR9/MyD88 
pathway was not involved in controlling viral replication in vivo (Krug et al.  2004 ). 

 While large DNA viruses such as poxviruses and HSV virus allow for insertion 
of a large portion of foreign DNA, the insertion of a reporter gene in RNA viruses 
is more challenging. Nevertheless, several laboratories reported successful 
 construction of recombinant RNA viruses expressing luciferase and development of 
animal models where infection with recombinant RNA viruses was monitored 
by BLI. 

 Dengue virus (DENV) is a global disease threat for which there are no approved 
antivirals or vaccines. A recent report described an infectious recombinant 
  fl uc - expressing  DENV that was sensitive to neutralizing antibodies and to antiviral 
agents, adenosine nucleoside NITD008 and mycophenolic acid in vitro (Schoggins 
et al.  2012 ). However, of the two compounds, only NITD008 but not mycophenolic 
acid suppressed virus replication in vivo, thus demonstrating that BLI may be a 
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useful drug discovery tool to identify compounds that target DENV in vivo 
(Schoggins et al.  2012 ). 

 BLI was used to study infections of mice with two members of the family of 
alphaviruses, Venezuelan equine encephalitis virus (VEEV) and Sindbis virus (SV), 
that are an important cause of encephalitis in the Americas, causing disease in 
horses, birds, and humans. Following intranasal infection of mice with TC83- 
luciferase, a highly attenuated strain of VEEV that replicates in mouse brain, biolu-
minescence was detected in the CNS at least 3 days before the onset of clinical signs 
of disease, including encephalitis and meningitis, thus allowing humane treatment 
of animals (Patterson et al.  2011 ). Moreover, this model was successfully utilized to 
show that human antiviral drug and TLR3 agonist Ampligen effectively inhibited 
viral dissemination after intraperitoneal but not intranasal delivery (Patterson et al. 
 2011 ). In the SV infection model, BLI enabled authors to visualize invasion of CNS 
by TRNSV-Luc recombinant SV from peripheral sites of viral replication following 
subcutaneous (s.c.) inoculation (Cook and Griffi n  2003 ). Replication of SV was 
detected in the noses of mice at day 1 post infections followed by lower spinal cords 
and brains, thus providing evidence for the previously suggested nasal neuroepithe-
lium as the initial site for replication of the SV prior to entering of the CNS (Cook 
and Griffi n  2003 ). 

 An interesting application for BLI was recently reported in infection of mice 
with highly contagious respiratory parainfl uenza virus (PIV) as a surrogate model 
for transmission of respiratory syncytial virus (RSV) in humans (Burke et al.  2011 ). 
Here authors utilized BLI to follow animal-to-animal transmission of a negative- 
RNA strand recombinant rSeV-luc(M-F*) virus that was phenotypically similar to 
wild-type Sendai virus (Burke et al.  2011 ). The study revealed important differ-
ences in the role of viral replication in pathogenesis versus transmission: infection 
of the upper respiratory tract and trachea were associated with animal-to-animal 
transmission while infection in the lungs was associated with pathogenesis (weight 
loss and mortality) (Burke et al.  2011 ).  

9.3     BLI for In Vivo Monitoring of Bacterial Infections 
and Antibacterial Treatments 

 Bacterial  lux  operon contains genes coding for both luciferase and its substrate, and 
therefore BLI of bacterial infections in animal models does not require injections of 
the substrate. Yet, creating Gram-positive bioluminescent bacteria is complicated 
due to inability of the ribosomes in Gram-positive (G+) bacteria to bind and translate 
mRNA of the  lux  operon from Gram-negative  Photorhabdus luminescens . Therefore 
two approaches were developed to adapt G+ bacteria for BLI. The G+ ribosome-
binding sites were installed above each gene of the  P. luminescens lux  operon and the 
created cassette was inserted into the chromosome of G+ bacteria; this technique was 
implemented in animal models of infections with  Staphylococcus aureus  and 
 Streptococcus pneumoniae  (Francis et al.  2000 ,  2001 ; Kadurugamuwa et al.  2003 ; 
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Xiong et al.  2005 ). In other studies,  lux  operon was provided within the reporter 
plasmids to follow replication and dissemination of  S. aureus, Yersinia pestis , and 
 Francisella tularensis  (Bernthal et al.  2010 ; Bina et al.  2010 ; Nham et al.  2012 ; Sha 
et al.  2013 ). 

 The antimicrobial effects of several antibiotics were evaluated by BLI in the 
mouse and in the rat models of  S. aureus  bacterial biofi lm infections, commonly 
associated with implantation of prosthetic devices in humans and with  S. aureus  
endocarditis (Kadurugamuwa et al.  2003 ; Xiong et al.  2005 ). In the fi rst study, cath-
eter colonized with luminescent  S. aureus  XEN 29 was implanted s.c. in mice. 
Bacterial growth and sensitivity to rifampin but not tobramycin or ciprofl oxacin 
were determined by BLI and were confi rmed by colony counts in extracted cathe-
ters ex vivo. Importantly, after the rifampin was discontinued, the rebound of the 
signal was observed, and was mediated by growth of the rifampin-resistant staphy-
lococci (Kadurugamuwa et al.  2003 ). In the rat model of aortic infective endocardi-
tis (IE), the effects of several anti-staphylococcal agents on  S. aureus  XEN 29 
bacterial burden in cardiac vegetations were monitored by BLI. Microbial relapse 
due to discontinuation of vancomycin therapy was correctly predicted based on 
increased cardiac bioluminescence (Xiong et al.  2005 ). In addition, bioluminescent 
SH1000  S. aureus  strain containing the  lux  genes within a plasmid was used to 
evaluate effectiveness of antibiotic treatment in a model of post-arthroplasty 
 S. aureus  joint infection in genetically engineered mice with fl uorescent neutrophils 
(LysEGFP mice) (Bernthal et al.  2010 ). Following inoculation of the SH1000 
 S. aureus  into the mouse joint containing orthopedic implant, increased biolumines-
cence, swelling of the affected leg, and increased EGFP-neutrophil fl uorescence 
were observed. Importantly, bioluminescence and fl uorescence were substantially 
lower in mice that received implants pre-coated with antibiotic-eluting polymers 
suggesting that bacterial biofi lm and infl ammatory responses could be prevented if 
suffi cient concentrations of antibiotics are constitutively present at the surface of the 
implant (Bernthal et al.  2010 ). 

 The potential use of multidrug-resistant  Yersinia pestis  as a biological warfare 
and the reappearance of human plague in countries where no cases have been 
reported for decades renewed interest in the development of anti- Y. pestis  drugs and 
vaccine. Virulent variants of  Y. pestis  C092 containing  lux  operon within pGEN- 
luxCDABE or within pUTmini-TN::luxKM2 reporter plasmids were recently 
 generated and used in mouse models of bubonic plague and pneumonic plague, 
respectively (Nham et al.  2012 ; Sha et al.  2013 ). To mimic the natural route of 
transmission of bubonic plague in humans via fl ea bite, the bioluminescent  Y. pestits  
C092 was inoculated into mice s.c. at  linea alba . Using BLI, the in-host progression 
of the infection was monitored in real time. The data showed that after initial multi-
plication at the injection site, bacteria migrated from one lymph node to another via 
the lymphatic stream and once it reached the lymph nodes, the bacteria progressed 
very rapidly throughout the body (septicemic phase) leading to death within 2 days 
(Nham et al.  2012 ). In the mouse model of pneumonic plague, following intranasal 
inoculation, bioluminescent  Y. pestis  C092 established infection in the lungs prior to 
dissemination to the liver and spleen. Importantly, using this model, the authors 
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demonstrated that daily treatments with levofl oxacin (10 mg/kg/day) starting 24 h 
post infection protected mice from lethality and completely reduced biolumines-
cence, indicating that this antimicrobial treatment killed bacteria early in the course 
of infection and prevented its dissemination (Sha et al.  2013 ). 

 Recently, BLI was employed in the mouse model of  E. coli -induced infectious 
diarrhea (Rhee et al.  2011 ). In the fi rst study, Enteropathogenic  E. coli  (EPEC) was 
transformed with  lux  operon-containing plasmid and used to localize intestinal 
sites where bacteria disseminate following oral administration. To allow for consistent 
EPEC colonization, mice were pretreated with streptomycin for 1 day prior to bacte-
rial infection. In addition, because luciferase requires oxygen to induce biolumines-
cence, the entire intestine (duodenum–rectum) was excised, aerated, and subjected to 
BLI ex vivo. The study showed that cecum and colon, but not rectum, were the main 
sites of colonization by EPEC (Rhee et al.  2011 ). Human infections with EPEC are 
often studied using a genetically relevant murine  Citrobacter rodentium  which induces 
transmissible colitis and colonic epithelial cell hyperplasia in mice. A combination of 
a 2D BLI with a 3D diffuse light imaging tomography with μCT imaging (DLIT-μCT) 
(to determine the exact location of the BL foci in vivo) was employed for the fi rst time 
to evaluate the effects of prophylactic treatment with  Bifi dobacterium breve  UCC2003 
probiotics on  C. rodentium  dissemination (Collins et al.  2012 ). The results showed 
that  C. rodentium  forms focal infection in the cecum, followed by colonization of the 
large intestine. Interestingly, pretreatment with  B. breve  did not prevent  C. rodentium  
colonization, but signifi cantly reduced distribution within the large intestine and 
 ameliorated intestinal infl ammation (as was  confi rmed by histological analysis of the 
lamina propria) (Collins et al.  2012 ).  

9.4     BLI for In Vivo Monitoring of Infections 
with Parasites and Fungi 

 Recent reports demonstrated the utility of BLI in following infections of mice with 
parasites and fungi. The recombinant protozoan parasites  Leishmania donovani , 
 Leishmania major , and  Leishmania amazonensis  with genomic expression of fi refl y 
luciferase gene were shown to infect bone marrow-derived macrophages in vitro and to 
form lesions upon intradermal infection of mice in vivo (Lang et al.  2005 ; Roy et al. 
 2000 ). Importantly, light produced by in vitro-infected macrophages and light detected 
in lesions following in vivo infections correlated in linear fashion with the number of 
parasites measured by culture-based assay. In addition, the in vitro infection was shown 
to be useful for rapid screening of anti-Leishmania agents (Lang et al.  2005 ). 

 Interesting results were obtained with bioluminescent luciferase-expressing 
 Toxoplasma gondii  in the study of parasite reactivation after latency in chronically 
infected mice (Saeij et al.  2005 ). BLI of live mice showed that the parasites emerged 
in different anatomical sites: in the head and neck area in mice that were infected 
with highly virulent  T. gondii  and in the abdomen of mice infected with low- 
virulence  T. gondii , thus linking virulence with anatomical location of the  parasite 
(Saeij et al.  2005 ). 
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 For visualization of  Candida albicans  fungal infections, clinical isolate of  Candida 
albicans  was stably transformed with a codon-optimized luciferase gene (Doyle et al. 
 2006 ). Chronic infections were established in mice and bioluminescence in vaginal 
tissue correlated with fungal loads assayed in vaginal lavage. Importantly, clearance of 
the infection following treatment with the antifungal drug, miconazole, as determined 
by imaging in vivo was confi rmed in the ex vivo  detection of fungal loads (Doyle et al. 
 2006 ). This study was further extended by expressing a synthetic version of the 
 Gaussia princeps  luciferase gene as part of the  C. albicans  GPI-linked cell wall protein 
(Enjalbert et al.  2009 ). In this construct, luciferase is expressed on cell surface and is 
readily accessible to the substrate irrespectively of whether the fungus is in the yeast or 
in the hyphal form, and thus omitting the  problem of limited permeability of the hyphal 
cells for luciferin substrate (Enjalbert et al.  2009 ). 

9.4.1     Conclusion 

 In conclusion, BLI of small rodents infected with pathogens engineered to express 
luciferase enzymes provides a useful tool to study pathogen–host interactions and 
for drug discovery and preclinical testing of therapies and vaccines. In all of these 
studies there are several issues that need to be taken into consideration while plan-
ning the experiments and interpreting the data. These factors include but are not 
limited to the following: susceptibility to the infection can be affected by genetics 
of the mouse strain, the intensity of the recorded signal is strongly affected by the 
color of the mouse fur and underlying skin, introduction of the luciferase gene may 
attenuate pathogenicity, and animal-to-animal variability in signal intensity and 
between anatomical sites. 

 It is important to also note that the improvements in gene sequences of luciferase 
enzymes and optimization of the expression techniques during the past several years 
dramatically expanded the panel of pathogens expressing luciferase reporter genes, 
enabling in vivo imaging during preclinical studies. As described above, some bio-
luminescent pathogens were already tested in prototype models for drug evaluation 
and others such as  Mycobacterium tuberculosis ,  Vibrio cholerae , and  Bacillus 
anthracis  were already engineered for in vivo luminescence imaging and future 
studies will show their usefulness for preclinical studies of antibacterial treatments 
(Andreu et al.  2010 ; Glomski et al.  2007 ; Morin and Kaper  2009 ).   

9.5     Bioimaging of Mice Infected with Recombinant 
Vaccinia Viruses Expressing Luciferase 

 Smallpox, a highly lethal disease with nearly 30 % mortality rate, is caused by infection 
with variola virus. Smallpox is highly contagious and is thought to be transmitted as an 
aerosol and via fomites, causing lung infection followed by viremic phase and develop-
ment of classic disseminated rash or “pocks” (Fenner et al.  1988 ; Henderson et al.  1999 ). 
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Vaccination of the general public against smallpox was discontinued in the USA in 
1972 after the massive worldwide vaccination campaign that eradicated smallpox. Yet 
the threat of potential release of variola virus as a bioterrorist agent and the emergence 
of monkeypox virus infections in humans have led to renewed interests in the develop-
ment of antiviral drugs and safer vaccines (Henderson et al.  1999 ; Rimoin et al.  2010 ; 
Whitley  2003 ). The currently licensed smallpox vaccine containing replicating VACV 
(that belongs to the same family of orthopoxviruses as variola virus) poses a signifi cant 
risk to individuals with certain skin disorders or immunodefi ciency conditions (Baker 
et al.  2003 ; Belongia and Naleway  2003 ). To manage cases of vaccine-associated com-
plications and for treatments of accidental exposures, new antiviral compounds are 
being investigated in animal models and in clinical trials in humans (Neyts and De 
Clercq  2003 ). 

 Preclinical testing of new anti-smallpox vaccines and therapeutics is performed 
using several animal models as surrogate models of variola virus infection in 
humans including infection of macaques with monkeypox virus (Edghill-Smith 
et al.  2005 ; Hooper et al.  2004 ; Panchanathan et al.  2007 ). However, due to the 
expense and requirement for Biosafety Level 3 facilities, nonhuman primate models 
cannot be widely used for smallpox vaccine development. The majority of preclini-
cal testing and initial characterization of smallpox vaccines and therapies are per-
formed with the Western Reserve (WR) strain of VACV or with ectromelia virus, 
which is highly lethal in mice. Various endpoints are used to follow infections in 
mice and include weight loss, pox lesion scoring, and viral load measurements by 
plaque formation on sensitive cell lines. These endpoints are not optimal as 
they cannot avoid morbidity or accurately predict lethality of individual animals. 
They require large number of animals in order to determine survival rates and to 
quantify viral loads in internal organs. Lethality was frequently used as an endpoint 
in the past, but is no longer acceptable. 

 To get an inside view on the pharmacology and mechanism of protection from 
lethality provided by vaccines against smallpox and antiviral therapies, our labora-
tory developed a complex approach where we employ bioluminescence to record 
dissemination and replication of VACV in live mice in the presence of antiviral 
treatments. In the experiments, mice are infected with a recombinant VACV which 
expresses fi refl y luciferase (emission peak at 560 nm), such as the WR (WRvFire) 
or International Health Department J (IHD-J-Luc) strains via intranasal (IN) route. 
Following infection, mice are observed for lethality and for weight loss and biolu-
minescence is recorded daily or as specifi ed following administration of  d -luciferin 
substrate via IP route each time prior to imaging. The recorded bioluminescence 
within ROI (as described above in Sect.  9.1.3 ) is converted into numerical values of 
photon fl uxes using Living Image 3.2 software (PerkinElmer Inc., Hopkinton, MA, 
USA) and is analyzed using a panel of statistical tools. This chapter describes four 
experiments that illustrate the imaging approach we have employed combined with 
various types of statistical analyses that can be applied to understand how biolumi-
nescence data can answer pharmacology questions which depend on the type of 
treatment and the scientifi c question one is trying to resolve. 
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9.5.1     Usage of Bioluminescence Recordings 
to Predict Lethality 

 The objective of the fi rst approach was to determine whether a bioluminescence 
marker recorded using the IVIS 50 bioluminescence imaging instrument (PerkinElmer, 
Hopkinton, MA) in selected organs of infected mice (i.e., nasal cavity, lungs, spleen, 
and liver as shown in Fig.  9.1 ) was predictive of infection outcome, lethality versus 
survival. To answer this question, normal BALB/c mice (nine per group) were immu-
nized with a licensed Dryvax vaccine that is considered a “gold standard” due to the 
long-lasting immune response in humans (Amanna et al.  2006 ; Hammarlund et al. 
 2003 ) or received PBS (control group) via IP injection, and 2 weeks later were chal-
lenged with a lethal dose of WRvFire (10 LD 50 ) via the IN route (Fig.  9.2 ) (Zaitseva 
et al.  2009 ). Control mice succumbed within 1 week post infection (p.i.), while all 
mice that received Dryvax survived (Fig.  9.2a , closed circles and open squares, respec-
tively). In Dryvax-vaccinated mice, bioluminescence (photon fl ux) was not detected in 
the spleens and livers (data not shown). In the nasal cavity and lungs, photon fl uxes 
were recorded on day 1 p.i., and were similar between control mice (closed circles) 
and immunized mice (open squares) (Fig.  9.2b, c,  respectively). 1  Starting from days 3 
to 4 p.i., photon fl uxes were dramatically reduced in vaccinated but not in control mice 
suggesting that strong antiviral response induced by Dryvax vaccine protected mice 
from dissemination of WRvFire to the spleen and liver and rapidly cleared infection 
from the upper respiratory tract.

1   Each curve represents specifi c wavelength photon fl uxes recorded in one mouse on subsequent 
days. 

  Fig. 9.1    Images of 5-week-old BALB/c mice infected with WRvFire VACV. Representative 
images of the heads ( left ), ventral torso ( center ), and dorsal torso ( right ) of mice infected with 10 5  
pfu of WRvFire via the intranasal route are shown. Strong bioluminescence signals were noted in 
the nasal cavity ( a ), lungs ( b ), spleen ( c ), and liver ( d ).  Circles  mark the regions of interest (ROI) 
used to calculate total fl uxes for subsequent analyses       
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    Mean photon fl uxes were compared between control and immunized mice using 
 t  tests. Values of the  t  statistic above 2.12 (Fig.  9.2d, e,  dashed lines) correspond to 
signifi cant differences ( p  < 0.05) for groups of nine mice. Calculated  t  values were 
above this critical value for the photon fl uxes in the Dryvax-vaccinated mice on days 
2–5 and 3–5 in the nasal cavity and lungs, respectively (Fig.  9.2d, e ). These data 
showed that Dryvax-immunized mice all survived lethal challenge and had either no 
bioluminescence signal in internal organs or signifi cantly lower signals in the upper 
respiratory track compared with control mice. Therefore, in this scenario, representing 
sterilizing immunity due to a potent vaccine, a direct comparison of means of photon 
fl uxes using  t -tests can be suffi cient to support the effi cacy of treatment.  

9.5.2     Usage of Bioluminescence Recording to Predict Lethality 
When 100 % Effectiveness of Treatment Is Not Expected 

 To illustrate a situation when treatment protects only a proportion of animals or, in other 
words, only a proportion of animals “respond” to treatment with a desirable outcome, 
we employed a more suitable statistical approach. Two hundred (200) BALB/c mice 
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  Fig. 9.2    Survival curves ( a ), bioluminescence in the nasal cavity ( b ), and lungs ( c ), and  t  statistics 
of the mean fl uxes measured in the nasal cavity ( d ) and lungs ( e ) in mice that were challenged with 
WRvFire following immunization with Dryvax vaccine (on week 2).  b  and  c  illustrate the differ-
ences in the means of total fl uxes between control animals (unimmunized,  closed circles ,  n  = 9) and 
mice that were immunized with Dryvax vaccine ( open squares ,  n  = 9) and survived challenge. 
 d  and  e  show signifi cant differences in fl uxes between Dryvax-vaccinated and control mice on days 
2–5 in the nasal cavity and on days 3–5 for the lungs,  t   >  2.12 (shown as  dashed line )       
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were treated IP with human Anti-Vaccinia Immunoglobulin for Intravenous use (VIGIV, 
Cangene Corporation, Winnipeg, Canada) at 5 doses ranging from 0.3 to 30 mg/animal 
or with PBS in controls, and 2 days later all mice were challenged with a lethal dose of 
WRvFire (Zaitseva et al.  2009 ). The study resulted in a true dose–response of none to 
100 % of the lethally challenged mice to prophylaxis treatment with VIGIV (Fig.  9.3a ). 
Bioluminescence recordings were acquired in all animals daily and mean photon fl uxes 
in 4 organs of survived mice ( n  = 147) and non-survived mice ( n  = 53) were determined 
(Fig.  9.3b–e , closed vs. open symbols, respectively). Statistical analysis involved a  t  test 
of the means of fl uxes recorded in individual mice. Although  t -tests showed that mean 
fl uxes were signifi cantly different between surviving and non-surviving mice in all 
organs, some overlap in the signals was noted among the groups. These data prompted 
us to identify a statistical tool predictive of protection from lethality based on  threshold 
bioluminescence. 

   Receiver operating characteristic (ROC) curve analysis is a graphical statistical 
tool that quantifi es the ability of a prediction score to distinguish between 
“responders” and “nonresponders” by plotting  sensitivity  versus  1-specifi city  for a 
binary classifi er system as its discrimination threshold varies. As demonstrated in 
Fig.  9.4 , four scenarios are possible for each predicted outcome: (1) biolumines-
cence in mice that did not survive could be above threshold (true positive, TP) or 

110
107 106

105

104

103

102

101

100

106

105

104

103

102

101

100
90
80
70
60
50
40

P
er

ce
nt

 s
ur

vi
va

l

30
20
10
0
0 1 2

PBS
VIGIV 0.3 mg

VIGIV 30.0 mg
VIGIV 10.0 mg
VIGIV 3.0 mg
VIGIV 1.0 mg

3
Days post infection Days post infection

4 5 6 7 8 9 1 2 3 4 5 6 7 8 9 10
Days post infection

1 2 3 4

Nonsurvivors
Survivors

5 6 7 8 91010

F
lu

x 
(p

ho
to

ns
/s

ec
on

d)
 x

 1
04

F
lu

x 
(p

ho
to

ns
/s

ec
on

d)
x1

04

Nasal cavitya b c Lungs

104105

104

103

102

101

100

103

102

101

100

Days post infection
1 2 3 4 5 6 7 8 9 10

Nonsurvivors
Survivors

1 2 3
Days post infection

4 5 6 7 8 9 10

F
lu

x 
(p

ho
to

ns
/s

ec
on

d)
x1

04

F
lu

x 
(p

ho
to

ns
/s

ec
on

d)
x1

04

d eLiver Spleen

  Fig. 9.3    Survival and bioluminescence in WRvFire-challenged mice that received pretreatment 
with VIGIV. Two hundred BALB/c mice (4–6 per group) received i.p. injections of VIGIV at doses 
0.3, 1.0, 3.0, 10.0, and 30.0 mg per animal (or PBS in controls) 2 days before intranasal challenge. 
( a ) The number of live mice was recorded each day and was used to calculate the percent survival. 
( b – e ) The bioluminescence data per site/organ were obtained from six experiments. Daily fl uxes in 
internal organs of surviving ( open circles ) and non-surviving mice ( closed circles ) of individual 
animals are shown. Total fl uxes in the nasal cavity ( b ), lungs ( c ), liver ( d ), and spleen ( e ) were used 
to calculate means of total fl uxes for surviving ( broken lines ) and non-surviving animals ( solid 
lines ). Total fl uxes of 25 % of non-surviving ( closed symbols ) and 25 % surviving animals ( open 
symbols ) at each time point were randomly chosen using Excel’s sampling for plotting in the graph       
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(2) below threshold (false negative, FN); similarly, (3) mice that survived could 
exhibit signal below threshold (true negative, TN) or (4) exhibit signal above 
threshold (false positive, FP). Based on this assumption, the  sensitivity  of a 
 prediction threshold is calculated as the ratio of the number of mice correctly 
predicted to die based on the level of bioluminescence to the number of all mice 
that died, TP/(TP+FN), and  specifi city  is calculated as the ratio of the number of 
mice that had signal below threshold and survived to the total number of survived 
mice, TN/(FP+TN). Knowing the lethality/survival outcome for all 200 animals, 
sensitivity was plotted against 1-specifi city for each value of recorded fl ux to cal-
culate area under the ROC curve (AUC) for predictions based on bioluminescence 
levels in each of the four organs and for each of the days 1–5 following VACV 
challenge. The 5-day time frame for AUC analysis was selected based on the 
observation that all mice were alive during the fi rst 5 days p.i. (Fig.  9.3a ). Thus, 
bioluminescence recordings obtained during the fi rst 5 days could be compared 
between mice that eventually survived or did not survive the challenge (Fig.  9.5 ). 
The highest AUC of 0.88–0.91 and of 0.91–0.87 were calculated for days 3–5 in 
the liver and spleen, respectively, suggesting that measurements of biolumines-
cence in these organs at these time points predicted lethality with greatest accu-
racy (Fig.  9.5 ). This approach showed that ROC analysis of the bioluminescence 
recordings can serve as a useful prediction tool when 100 % effectiveness of the 
treatment is not expected.

  Fig. 9.4     Confusion matrix  describing actual and predicted lethality in BALB/c mice challenged 
with WRvFire after they received prophylaxis treatment with VIGIV. This table explains the pos-
sible outcomes of a binary prediction rule. Study animals fall into four possible categories: ( a ) True 
positives are mice that died (positive outcome, p′) and were correctly predicted to die based on the 
levels of bioluminescence above threshold (positive prediction, p); ( b ) false negatives are mice that 
died (p′) and were incorrectly predicted to survive (negative prediction, n) based on the levels of 
bioluminescence below threshold; ( c ) false positives are mice that survived (negative outcome, n′) 
and were incorrectly predicted to die (p); ( d ) true negatives are mice that survived (n′) and were 
correctly predicted to survive (n)       
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9.5.3         Usage of Bioluminescence to Assess the Effects 
of Doses on the Outcome of Treatment 

 In the third scenario, we used  t -tests to determine the effects of treatment doses on 
viral loads (as assayed by recorded bioluminescence) in a given organ on a given 
day post challenge (Fig.  9.6 ). Groups of BALB/c mice (12 animals per group) 
received VIGIV at 30 mg/animal (open triangles) or 3 mg/animal (open squares) or 
PBS in controls (closed circles) 2 days prior to lethal challenge with WRvFire 
(Fig.  9.6a–e ) or with IHD-J-Luc VACV (Fig.  9.6f–j ) (Zaitseva et al.  2011 ). All con-
trol mice died within 1 week (Fig.  9.6a, f , closed circles); VIGIV at 30 mg protected 
100 % of animals in both infections (Fig.  9.6a, f , open triangles). However, VIGIV 
at 3 mg protected only 33 and 17 % of mice infected with WRvFire or with IHD-
J- Luc, respectively (Fig.  9.6a, f , open squares). Bioluminescence was recorded in 
all animals daily and mean photon fl uxes per organ per group were calculated and 
plotted. As can be seen in Fig.  9.6b–e and g–j , viral loads in all survived mice 
returned to baseline levels on days 10–14.

   To determine if treatment with the two doses of VIGIV signifi cantly affected 
viral loads in each organ, mean photon fl uxes were compared between control and 
treated mice using  t -tests ( t  critical value = 2.07 for groups of 12 mice; dotted lines 
in Fig.  9.6k–r ). In the nasal cavity, there were no signifi cant differences in viral 

  Fig. 9.5    ROC analyses of total fl uxes in surviving and non-surviving mice. AUC values for liver 
( a – c ) and spleen ( d – f  ) were computed on days 3, 4, and 5 using fl uxes recorded in mice described 
in the legend of Fig.  9.3  on days 1–5 post infection. This fi gure illustrates graphic format of ROC 
analysis       
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loads between VIGIV-treated and control mice for either dose of VIGIV at any time 
points in either virus infection (Fig.  9.6  panels k and o). In the lungs, liver, and 
spleen, viral loads were signifi cantly different between mice that were treated with 
a 30 mg dose but not with 3 mg dose of VIGIV and control mice (hatched and solid 
bars, respectively), between days 3 and 5 (panels i–n in WRvFire infection and 
panels p–r in IHD-J-Luc infection). These statistical analyses demonstrated a cor-
relation between protection from lethality and signifi cant reduction in viral loads in 
3 organs (lungs, liver, and spleen) on 3 consecutive days (days 3–5 p.i.). It also 
showed that signifi cant reduction in viral loads for only 1 or 2 days in any individual 
site, as shown for VIGIV at 3 mg, did not confer protection from lethality (Fig.  9.6  
panels i, m, and n, fi lled bars). Furthermore, these analyses underscore the conclu-
sion that measurements of bioluminescence at a single time point may not be 
suffi cient for assessing the effi cacy of treatment. Accurate prediction of drug effec-
tiveness might be improved by bioimaging at multiple time points and in several key 
organs as illustrated below   .  

9.5.4     Calculation of Areas Under the Flux Curve (AUC) 
for the Entire Survival Period Post Challenge 

 In the fourth scenario, we employed analysis of bioluminescence in infected mice to 
relate the effi cacy of post-challenge treatment to the day of treatment initiation. 
In this approach, BALB/c mice were infected with IHD-J-Luc VACV and were 
treated IP with the antiviral drug Cidofovir (100 mg/kg dose) at 1, 2, 3, or 4 days 
post  challenge. Controls were administered PBS (Fig.  9.7 ). Cidofovir is approved 
for treatment of cytomegalovirus (CMV) retinitis in AIDS patients and is the only 
antiviral compound approved by CDC for postexposure treatment of smallpox virus 
infections; see the Web site:   http://www.bt.cdc.gov/agent/smallpox/vaccination/
mgmt-adv- reactions.asp    . All no-treatment control mice succumbed within 1 week 
(Fig.  9.7a , black curves), while all mice that received Cidofovir starting on day 1, 2, 
or 3 p.i. survived (Fig.  9.7a , red, blue, and green curves, respectively). Five out of 
six mice (83 %) survived when treatment was initiated on day 4 p.i. (Fig.  9.7a , 
purple curves). Mice were subjected to bioimaging daily and the recorded biolumi-
nescence from individual mice was used to calculate and to plot mean photon fl uxes 
for groups of six mice per group in the nasal cavity, lungs, liver, and spleen 
(Fig.  9.7b–e ). As depicted in Fig.  9.7b–e , the bioluminescence signal returned to 
background levels in the lungs, liver, and spleen in all survived animals by day 14 
p.i. and in the nasal cavity by day 30 (data not shown). Yet, there were clear differ-
ences in shapes of fl ux curves between groups suggesting that the delay in initiation 
of Cidofovir treatment post challenge might affect the kinetics of virus clearance.

   To determine which delay in Cidofovir treatment signifi cantly affected IHDJ- 
Luc viral loads, areas under the fl ux curves (AUC) were calculated for days 1–6 for 
all mice. These AUCs refl ect the combined fl uxes per organ per mouse representing 
cumulative viral loads during the observation period when all animals were still 

9 Application of Bioluminescence Imaging (BLI)…
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alive (days 1–6 p.i.). Mean AUCs for groups of mice were compared with  t -tests. 
AUCs in the lungs, liver, and spleen were signifi cantly different between untreated 
control mice (open triangles) and mice that received Cidofovir (closed circles) start-
ing on day 1, 2, or 3 post challenge (Fig.  9.7g–i ). In the nasal cavity, AUCs were 
signifi cantly different between control and treated mice only when treatment was 
delayed for 1 or 2 days (Fig.  9.7f ). Although treatment initiated on day 4 p.i. rescued 
83 % of animals from lethality, it failed to signifi cantly reduce AUC (as a depiction 
of viral loads) compared to control mice in any of the organs that exhibited biolumi-
nescence. We also compared AUCs between treatment groups only and found 
 signifi cant differences in the AUC in mice that initiated Cidofovir treatment on 
day 1 compared with day 3 or 4 (in the lungs, spleen, and liver). There were no 
signifi cant differences in lethality or in viral loads if Cidofovir was administered on 
day 1 or 2 p.i. However, longer delay of  >  3 days was found to be protective from 
lethality, but was less effi cient in reducing viral loads in all four organs.   

9.6     Conclusions 

 Altogether our data showed that the use of bioluminescence imaging as a quantitative 
tool for assessing replication and dissemination of VACV in live mice, combined 
with a set of statistical tools (the  t  test, AUC, and ROC analysis), allowed us to 
(1) conserve signifi cantly in the number of animals needed, (2) monitor dissemina-
tion of the virus within the same host over time including assessment of replication 
in hard-to-access anatomical sites within reasonable limits of detection, (3) generate 
models for prediction of lethality, and (4) gain insight regarding the effects of anti-
viral treatments on virus distribution over time and the quantitation of organ  burdens 
(proportional to light intensity) as it relates to protection from lethality. Dissemination 
to the skin (i.e., pox formation) was also monitored. The bioimaging provides 
 additional important information on the drug–pathogen–host interactions that cor-
relate with organ pathology and between-host transmissibility that cannot be fully 
appreciated with the traditional models.     
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    Abstract     Structural and functional imaging are emerging as powerful tools for 
studying highly pathogenic infectious disease processes. Nuclear imaging modali-
ties and sophisticated radiolabeled probes can be used to track physiological or 
biochemical processes associated with viral infection. Magnetic resonance imag-
ing can provide anatomical images with exquisite soft tissue contrast, while 
 magnetic resonance spectroscopy can measure the relative amounts of certain 
metabolites in a given tissue. However, conducting medical imaging studies in a 
high-containment laboratory requires advanced applications and modifi cation not 
only of image acquisition and analysis processes but also of the imaging equip-
ment. Processes such as ex vivo labeling of cells are hampered by the personal 
protective equipment required for the safety of laboratory personnel. Modifi cation 
of medical imaging equipment can prevent contamination of the equipment. 
Regardless of the challenges involved, medical imaging could provide valuable 
information to researchers developing therapeutics against highly pathogenic 
infectious diseases.  
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10.1         Benefi ts of Medical Imaging in Infectious Disease 
Research and Drug Development 

 In vivo medical imaging is emerging as a powerful supplement to conventional studies 
of viral pathogenesis and treatment. Imaging techniques have the potential to become 
infl uential and informative tools that could be applied to many steps in the drug devel-
opment process. In general, one substantial benefi t associated with medical imaging in 
highly pathogenic infectious disease research and drug development is the potential for 
longitudinal studies in a single subject with minimal  interference with physiological 
processes and disease development. As opposed to conventional studies based around 
euthanasia and necropsy of infected subjects at various time points along the disease 
process, this longitudinal approach could increase the statistical relevance while 
decreasing the number of subjects needed to assess the effi cacy of an investigational 
drug or treatment (Rudin and Weissleder  2003 ). 

 The drug development process is a time-consuming and expensive venture that 
involves many steps prior to approval. Both the fi nancial and temporal burdens of many 
of the required phases might be mitigated with the use of medical imaging technolo-
gies. For example, the fi rst step in the development of a new drug or biologic is the 
identifi cation of the drug target, such as proteins and enzymes encoded by viruses. By 
developing and using specialized probes that bind to the drug targets, medical imaging 
could verify the presence and characterize the spatial and temporal distribution of 
intended targets (Willmann et al.  2008 ). After a target is chosen, high-throughput 
screening of compound libraries identifi es experimental drugs or chemicals that have 
the desired effect on the target (Willmann et al.  2008 ; Valadon et al.  2006 ). Molecular 
imaging techniques could assess gene–protein interactions during this step of com-
pound identifi cation (Luker et al.  2003 ; Sharma et al.  2002 ). Also, by labeling investi-
gational drugs, imaging could characterize the pharmacokinetics (e.g., accumulation 
and distribution over time) using various routes of administration and dosing schedules 
(Viglianti et al.  2004 ; Garg et al.  2008 ; Di Mascio et al.  2009 ; Bray et al.  2010 ; Ferro-
Flores et al.  2012 ). The biodistribution of a drug interpreted from an image might give 
the fi rst indication of the drug interacting with the intended target (Valadon et al.  2006 ). 
For example, small interfering RNAs  (siRNAs) used to produce a therapeutic effect 
could be radiolabeled or conjugated to magnetic nanoparticles to verify tissue distribu-
tion or delivery of the molecules to the intended target using nuclear or magnetic reso-
nance imaging (MRI) (Liu et al.  2007 ; Kumar et al.  2010 ). Furthermore, imaging 
techniques have the potential to quantify viral burden, assess the severity of infection 
or infl ammation, track the host response to disease processes, and evaluate treatment 
outcomes throughout the life of the subject (Bray et al.  2010 ; Schellingerhout et al. 
 1998 ; Nahrendorf et al.  2006 ; Dotti et al.  2009 ; Jubeli et al.  2012 ). Biological, physio-
logical, and molecular parameters assessed or quantifi ed by imaging modalities may 
aid the drug development process by predicting the effi cacy or safety of a new drug and 
serving as a surrogate for a  clinical endpoint in controlled studies (Willmann et al. 
 2008 ; Wang and Deng  2010 ). Development of these parameters, collectively referred 
to as imaging biomarkers, could also facilitate evaluations of novel drug therapy (Rudin 
and Weissleder  2003 ). 
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 Other considerations for the development of drugs and therapies for high 
 consequence pathogens include the implementation of the FDA’s “Animal Rule” 
(US Food and Drug Administration  2002 ). This rule applies to new drugs or biolog-
ics that are intended to treat or prevent disease that are either (1) very rare or 
(2) life- threatening or permanently debilitating. In the fi rst case, clinical studies 
involving large patient populations are impractical, and historical data on these dis-
eases are limited. In the second case, human studies are unethical, for obvious 
 reasons. In these situations, investigators may forgo clinical trials if effi cacy of a 
new drug or treatment procedure is evidenced by adequate well-controlled animal 
studies. Medical imaging could be used to support the assertion that the pathogen-
esis of the disease under question in selected animal models is similar to that in 
humans.  

10.2     Image Acquisition and Analysis Strategies 
for Infectious Disease Research 

10.2.1     Nuclear Imaging 

 Nuclear imaging modalities such as positron emission tomography (PET) and 
single- photon emission computed tomography (SPECT) are powerful, noninvasive 
techniques to visualize both location and number of infectious and infl ammatory 
foci throughout the body. These techniques track physiological or biochemical pro-
cesses at cellular and molecular levels. Application of nuclear imaging modalities 
focusing specifi cally on viral infection and diseases associated with biosafety 
level-3 (BSL-3) or BSL-4 pathogens has been limited. However, molecular imaging 
could provide a better understanding of viral infection progression and specifi c 
physiologic and metabolic changes that correspond to the effi cacy of pharmaceutical 
therapies. 

 Clinically, a host response to infection can be studied by use of available isotopes 
and radiotracers that are not specifi c for a viral infection. Common features of most 
immune responses to an infection include increased blood supply, local or systemic 
changes in vascular permeability, and enhanced transudation. Beginning in the 
1970s, cytomegalovirus pneumonitis and other infections in immunodefi cient 
patients could be detected by administering an intravenous dose of Ga-67, which 
binds to circulating transferrin, and the in vivo biodistribution can be subsequently 
imaged with a gamma camera (Hamed et al.  1979 ; Reinders Folmer et al.  1986 ). 
Similar to other radiolabeled macromolecules such as proteins, polysaccharides, 
and polyamine derivatives proposed for imaging infl ammation, Ga-67-transferrin 
complex extravasates at the site of infl ammation as a result of increased blood fl ow 
and enhanced vascular permeability. 

 Other approaches to imaging infection include the intravenous infusion of 
In-111- or Tc-99m-labeled polyclonal human immunoglobulin (IgG), which is 
retained at sites of infl ammation due to specifi c binding of IgG with Fc receptors 

10 Preclinical Imaging in BSL-3 and BSL-4 Environments…



274

expressed on leukoctyes, which accumulate at the site of infection (Rubin and 
Fischman  1994 ). Radiolabeled IgG accumulation at infectious foci is mainly attrib-
utable to nonspecifi c extravasation or leakage of the labeled protein associated with 
increased vascular permeability. IgG radiolabeled with In-111 appears to have both 
high sensitivity and specifi city for imaging human immunodefi ciency virus (HIV)-
infected patients (Buscombe et al.  1995 ). 

 A common practice in nuclear imaging is to use radiolabeled leukocytes that 
migrate to sites of infection and localize the sites of infl ammation (Kumar  2005 ). 
Two approaches can be used for leukocyte labeling: in vivo and ex vivo. In vivo 
leukocyte labeling can be based on either antibody–antigen interaction or leukocyte 
receptor binding. Ex vivo labeling requires drawing a blood sample from the subject, 
isolating and purifying leukocyte population, radiolabeling with the appropriate 
radionuclides such as Tc-99m or In-111, and reinjecting the leukocytes into the 
subject. Ex vivo labeling requires additional lab space and equipment, is time inten-
sive, and can subject laboratory staff to increased risk if blood samples contain a 
pathogenic agent. Therefore, ex vivo leukocyte labeling is not optimal for a BSL-4 
environment. Regardless of the labeling strategy, imaging with radiolabeled 
 leukocytes provides up to 90 % sensitivity for detection of both acute and chronic 
infection in the clinical setting (Wanahita et al.  2007 ). 

 Another way to image sites of viral infection or infl ammation is with F-18 
 fl uorodeoxyglucose (F-18 FDG), a nonspecifi c PET radiotracer that is trapped in 
cells in proportion to glycolytic activity. F-18 FDG PET imaging can be used to 
develop and evaluate new drugs for infectious diseases and monitor immune 
responses to newly developed treatments. Early in the HIV pandemic, for example, 
PET imaging with F-18 FDG demonstrated that regional or generalized alterations 
of cerebral glucose metabolism accompanying functional brain impairment in 
acquired immunodefi ciency syndrome (AIDS) dementia can be reversed after 
effective antiviral (zidovudine) therapy (Yarchoan et al.  1987 ; Brunetti et al.  1989 ). 
The same technique has shown that peripheral lymph nodes have a greater glucose 
uptake in untreated HIV-infected patients than in patients on antiretroviral therapy, 
indicating that lymph nodes are a site of viral replication (Brust et al.  2006 ) or, 
alternatively, the increase could be due to uptake of F-18 FDG by clonal expanding 
lymphocytes. Computed tomography (CT) and F-18 FDG PET imaging of a patient 
with severe swine-origin H1N1 infl uenza indicated an intense infl ammatory 
response revealed by an increase in F-18 FDG uptake in areas of dense pulmonary 
consolidation (characterized by higher Hounsfi eld units on CT images) as well as in 
regions of aerated lung (Bellani et al.  2010 ). 

 However, F-18 FDG is a nonspecifi c probe and incapable of differentiating 
infl ammation from an infectious process. Therefore, other radiotracers that specifi -
cally quantify or characterize cell proliferation have been developed. For example, 
F-18 fl uoro-3-deoxy-3- l -fl uorothymidine (F-18 FLT) is monophosphorylated by 
thymidine kinase 1 (TK1) and remains trapped inside cells (Bading and Shields 
 2008 ). Since TK1 concentrations increase during the synthesis phase of the cell 
cycle, the uptake of F-18 FLT is believed to correlate with cell proliferation rather 
than with metabolic activity. Thus, F-18 FLT might be useful for identifying more 
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specifi c processes and mechanisms associated with immune response. Nevertheless, 
neither F-18 FDG nor F-18 FLT has any specifi city towards any particular cell or 
tissue type. In contrast, 1-(29-deoxy-29-18F-fl uoro-b- l -arabinofuranosyl)cytosine 
(F-18 FAC) represents a specifi c probe for lymphoid tissue (Bray et al.  2010 ; Shu 
et al.  2010 ). This probe targets deoxycytidine kinase, an enzyme involved in DNA 
synthesis through deoxyribonucleoside salvage pathway. Since deoxycytidine 
kinase is primarily expressed in lymphoid cells, F-18 FAC is considered a specifi c 
probe to study immune activation in vivo. 

 A different application of molecular imaging in infectious disease research is to 
label viruses directly using specifi c probes that bind to or are incorporated into 
viruses. The value of virus-specifi c radiopharmaceuticals is not only in the develop-
ment of therapeutics against dangerous pathogens in animal models but also is to 
diagnose and formulate clinical decisions regarding therapy. New and improved 
radiotracers are being developed from several effi cient antiviral drugs known to 
inhibit viral replication by binding to specifi c virion structural proteins or to the 
active sites of a viral enzyme. In addition, some antibodies are active against viral 
proteins expressed on the surface of infected cells. Such drugs and antibodies have 
been proposed for use as radiolabeled probes for the detection of viral infection 
(Bray et al.  2010 ) to visualize sites of viral replication in the body by in vivo imag-
ing. Bray et al. identifi ed a number of processes unique to viral replication that 
might serve as targets for radiolabeled, pathogen-specifi c tracers. They reviewed 
nine different DNA and RNA virus families and identifi ed approved and experimen-
tal antiviral drugs that target virus-encoded molecules that might have potential as 
radiolabeled probes. A current example of this approach is the PET imaging of 
herpes simplex virus infections, in which the viral thymidine kinase phosphorylates 
thymidine analogues labeled with several different radionuclides, including C-11 or 
I-131, trapping them within infected cells (Gambhir et al.  2000 ). Finally, virus par-
ticles can be radiolabeled and tracked by in vivo imaging, providing a quantitative 
measure of viral burden (Schellingerhout et al.  1998 ; Rojas and Thorne  2012 ; 
Penheiter et al.  2012 ).  

10.2.2     Magnetic Resonance Imaging 

 In contrast to other imaging modalities, MRI offers high, potentially submillimeter 
spatial resolution. Also, MR images exhibit superior soft tissue contrast compared to 
other imaging modalities, since the magnetic characteristics of tissues with similar 
electron densities can differ considerably. Magnetic resonance spectroscopy (MRS) 
measures the presence and relative amounts of certain metabolites based on the reso-
nant frequencies of the metabolites present within a sample. Furthermore, unlike 
nuclear imaging, MR images can be obtained by exploiting only endogenous sources 
of contrast; exogenous and potentially harmful contrast agents are not a necessity. 
However, as will be discussed below, contrast agents can be used to probe certain 
 cellular or molecular interactions. In general, an appreciable amount of fl exibility is 
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associated with magnetic resonance techniques. This fl exibility makes the modality 
appealing for infectious disease research in BSL-3 or BSL-4 environments. 

 Many viral hemorrhagic fevers (VHFs) are caused by pathogens that must be 
contained within a BSL-3 or BSL-4 environment. As the name suggests, VHFs are 
characterized in part by overall damage to the vascular system, often accompanied 
by hemorrhage and an increase in vascular permeability. A number of MRI 
 techniques assess vascular permeability, integrity of the blood–brain barrier, and 
prevalence of hemorrhages in other nonviral diseases. Previously, dynamic contrast-
enhanced MRI has been using to assay and quantify vascular permeability (Padhani 
et al.  2000 ; Floris et al.  2004 ; O’Connor et al.  2007 ; Cyran et al.  2012 ). Using an 
FDA-approved gadolinium diethylenetriaminepentaacetate (Gd-DTPA) contrast 
agent, Floris et al. reported a statistically signifi cant increase in T1 values on quan-
titative T1 maps that were hypothesized to result from increased vascular permea-
bility and subsequent leakage of the contrast agent. These measurements were used 
to objectively measure blood–brain barrier integrity (Floris et al.  2004 ). Cyran et al. 
used a macromolecular contrast medium and a dynamic image acquisition to esti-
mate vascular permeability of tumors using a two-compartment model (Cyran et al. 
 2012 ). The calculated coeffi cients for endothelial permeability correlated with 
immunohistochemical measurements of vascular endothelial growth factor. Also, 
susceptibility-weighted imaging (Haacke et al.  2004 ) has been shown to be more 
sensitive in detecting hemorrhages and differentiating them from other physiologi-
cal processes than classic T2*-weighted imaging techniques (Lobel et al.  2010 ). Liu 
et al. have used quantitative susceptibility mapping to objectively measure and 
assess the presence of as well as the physiologic burden of cerebral microhemor-
rhage (Liu et al.  2012 ). Approaches similar to these techniques would be benefi cial 
to tracking both the loss of vascular integrity and prevalence and burden of hemor-
rhage with the progression of VHFs. 

 In addition to quantifying vascular permeability, MRI could potentially be used 
to track cell migration during viral infections. Recently, strategies for imaging 
 cellular migration with MRI have been applied to tracking the distribution of stem 
cell therapies (Hoehn et al.  2007 ). In order to achieve a detectable level of contrast, 
cells of interest must be labeled prior to imaging. Many different, well-documented 
in vitro labeling strategies exist (Frank et al.  2003 ; Modo et al.  2005 ). However, 
similar to PET imaging tracers described above, in vivo labeling is preferred in a 
BSL-4 environment due to increased simplicity of the labeling process and avoid-
ance of the risks associated with handling infected cells or tissue. Spontaneous, in 
vivo labeling of monocytes, macrophages, and other phagocytic cells can be 
achieved by systemic injection of a contrast agent that subsequently is incorporated 
into the cell by phagocytosis. Labeled cells then infi ltrate areas of infl ammation. 
Iron oxide nanoparticles, specifi cally ultrasmall paramagnetic iron oxides (USPIOs) 
or superparamagnetic iron oxides (SPIOs), have been successfully used as contrast 
agents to label phagocytic cells. Iron oxides produce areas of signal void, or hypoin-
tensity, in T2- or T2*-weighted MR images. In vivo labeling has been used to track 
macrophage infi ltration in rat models of antigen-induced arthritis (Beckmann et al. 
 2003 ), infl ammatory neurological disorders (Stoll et al.  2004 ), and ischemic brain 
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lesions (Kleinschnitz et al.  2003 ). Macrophage tracking would be extremely 
 benefi cial in the investigation of many infectious diseases. However, one challenge 
associated with this technique is the diffi culty in distinguishing between SPIO-
labeled cells and endogenous blood derivatives associated with hemorrhage that 
also exhibit hypointensity (Bulte  2009 ). This diffi culty with detection of SPIO-
induced loss of signal intensity may limit the effi cacy of using SPIO-labeled cells 
for imaging viral hemorrhagic fevers or other diseases caused by BSL-3 or BSL-4 
pathogens that are associated with hemorrhage. 

 Although viral hemorrhagic fevers or diseases caused by other exotic, 
high- consequence (BSL-4) viruses have not been imaged with MRI, patients 
infected with certain neurotropic viruses (BSL-3 viruses) have been imaged using 
MRI in the clinical setting. Japanese encephalitis virus is endemic in Southeast Asia 
(Umenai et al.  1985 ). Bilateral hemorrhagic thalamic involvement (Kumar et al. 
 1997 ) and bilateral white matter lesions (Shoji et al.  1994 ) have been detected by 
MRI in such virus-infected patients. Large outbreaks of West Nile virus disease 
occurred in United States in 2002 and 2003 (Hayes and Gubler  2006 ). Hyperintense 
lesions in the leptomeninges, cortex, subcortical white matter, brainstem, thalamus, 
and substantia nigra can be observed on T2-weighted clinical images (Jeha et al. 
 2003 ; Sejvar et al.  2003 ; Burton et al.  2004 ). While these publications are an appre-
ciable benefi t to clinical practice, well-controlled, experimental MRI studies in 
high- containment laboratories have not characterized the radiological presentation 
of these diseases. Such studies would be advantageous to both clinical diagnosis 
and drug treatment development.  

10.2.3     Image Analysis 

 Many robust medical image processing techniques have been developed and 
 validated in human subjects and phantoms in clinical and preclinical settings. To 
integrate medical imaging and infectious disease research in a BSL-3 or BSL-4 
laboratory, techniques optimized for humans outside of containment need to be 
translated to small animals in high-containment environments. This translation is 
not without challenges. 

 For longitudinal studies of disease progression, all temporal scans of the subject 
should be aligned to the same spatial coordinate system using registration tech-
niques. Such alignment is critical in providing quantitative data of rate of change of 
features during disease progression. This alignment is normally performed by 
 automated image registration methods that benefi t from considerable care in posi-
tioning the subject correctly and reproducibly in the scanner. In BSL-3 and BSL-4 
environments, optimal subject placement is inherently more diffi cult due to restric-
tions of movement of personnel wearing positive-pressure suits or other personal 
protective equipment. Therefore, image registration methods must be robust to 
larger positional differences in subject orientation across scanning sessions in high 
containment than that occurring during sessions outside containment. 
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 Atlas-based segmentation has become a common method to delineate anatomy 
in a medical image. For example, atlases of liver, brain, and other organs are used 
for image overlays in human research studies. In BSL-3 and BSL-4 environments, 
new animal atlases must be developed to utilize these segmentation strategies. 
Image segmentation is also more diffi cult in small animals than in humans due to 
the signifi cantly smaller anatomy and corresponding decrease in the number of vol-
ume elements, or voxels, which represent a given area of interest within the image. 

 Many of the medical image analysis methods that have been developed and 
extensively validated were designed for the initial purpose of neuroimaging research 
(e.g., traumatic brain injury). These neuroimaging analysis methods must be trans-
lated to other organ systems necessary for the characterization of infectious disease 
and development of treatment.  

10.2.4      Discovery and Validation of Imaging Biomarkers 
for Infectious Disease 

 Increasingly, medical imaging modalities provide either imaging biomarkers or 
 surrogate endpoints for the costly and time-consuming process of drug development 
(Pien et al.  2005 ). An imaging biomarker is defi ned by extension of the Biomarkers 
Defi nitions Working Group (Biomarkers Defi nitions Working Group  2001 ) as “any 
anatomical, physiological, biochemical or molecular parameter detectable by one or 
more imaging modalities used to establish the presence or severity of disease” 
(Richter  2006 ). For example, the number of lesions identifi ed on a T2-weighted MR 
image has been used as a surrogate endpoint for evaluating treatment response in 
patients with multiple sclerosis (Smith et al.  2003 ). Dynamic contrast-enhanced 
MRI markers, including blood fl ow, vessel permeability, or blood volume, have 
been used to assess reduction of vascularization of tumors in studies of antiangio-
genic drugs (O’Connor et al.  2007 ). Enhanced standardized uptake value  determined 
from an F-18 FDG PET image has been used as an imaging biomarker for tumor 
metabolism (O’Connor et al.  2008 ). 

 Traditionally, investigations into infectious disease pathogenesis or the develop-
ment of vaccinations or therapeutics against these diseases rely heavily upon clini-
cal assessments, clinical assays, standard techniques of virology and immunology, 
and histopathological fi ndings in animal models. An appreciable challenge to 
 integrating medical imaging into research conducted in high containment is the 
determination, development, and validation of imaging biomarkers that will quan-
tify disease processes associated with the pathogens. Imaging studies performed 
with the intent of biomarker development must be prudently designed to correlate 
imaging biomarker data with at least one other, well-established method to prove 
the accuracy, precision, and sensitivity of the imaging biomarker (Smith et al.  2003 ). 
The risks of relying upon imaging biomarkers that have not been suffi ciently vali-
dated beyond an individual study can be highly prejudicial, as these unvalidated 
biomarkers could negatively impact future studies. 
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 Current and potential applications of clinical imaging modalities to infectious 
disease research have been reviewed above; however, the applications discussed 
were not necessarily designed to fulfi ll the requirements of an imaging biomarker. 
In an experimental study of nonhuman primate monkeypox virus (MPXV) dis-
ease model of human variola infection, serial F-18 FDG PET imaging has been 
used to identify infl ammatory patterns of MPXV infection as predictors of disease 
outcome (Dyall et al.  2011 ,  2012 ). Multiple processes can contribute to lymph 
node activation. Such processes include, but are not limited to, immune cell 
 proliferation as a part of a normal immune response, infl ammation from cytocidal 
effects of MPXV, or cytotoxicity associated with the infi ltration of activated 
immune cells. 

 Various imaging modalities have been used to identify biomarkers in animal 
models of infectious diseases. For example, magnetic resonance spectroscopy was 
used to identify changes in metabolic markers of neuronal integrity, such as 
N-acetylaspartate or creatine, during minocycline therapy of simian immunodefi -
ciency virus-induced encephalitis (Ratai et al.  2010 ). In another study, the disease 
pathogenesis of neuroAIDS in nonhuman primates was monitored using C-11 
(R)-1-(2-chlorphenyl)- N -methyl- N -(1-methylpropyl)-3-isoquinoline-carboxamide, 
a PET radioligand for peripheral benzodiazepine receptors abundant on macro-
phages. Increased binding of this radioligand has been proposed as a biomarker of 
neurodegenerative disease (Venneti et al.  2004 ).   

10.3     Containment Strategies to Incorporate 
Imaging Platforms 

 The integration of modern medical imaging technologies within a high-containment 
biological laboratory is a relatively new concept that has not been widely under-
taken. This lack of integration is mainly due to concerns over breaching the biocon-
tainment barrier, contaminating the imaging equipment and potentially harming the 
imaging equipment with harsh decontamination chemicals. Furthermore, many of 
the pathogens for which vaccines or therapies are actively sought pose signifi cant 
health risks to humans and therefore call for high levels of biosafety in highly spe-
cialized laboratory spaces. Such laboratory spaces require specialized ventilation 
and air treatment systems, controlled-access zones, air locks at laboratory entrances, 
and separate building modules to isolate the laboratory (US Department of Health 
and Human Services, Centers for Disease Control and Prevention, National 
Institutes of Health  2009 ). 

 Several containment strategies integrate medical imaging into the theatre of 
infectious disease research within a BSL-3 or BSL-4 laboratory. The majority of 
these strategies fall under one of two categories: imaging equipment that is fully 
contained within BSL environment or the BSL environment is extended to include 
only necessary components of the imaging equipment. Some advantages and diffi -
culties inherent to each strategy are discussed below. 
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10.3.1     Fully Contained Equipment 

 One method for the integration of medical imaging and biological hazards is the 
inclusion of the entire imaging instrument within a high-containment laboratory. 
This method differs from the others discussed in this section in that there is no 
physical biocontainment barrier between imaging equipment and infected subject. 
As such, full containment of imaging instruments is only practical in circumstances 
when the instrument in question is dedicated to infectious disease imaging. Such 
containment would not only limit the use of the imaging device but would also be 
associated with a relatively large footprint within the BSL laboratory. A    major 
 concern in employing this confi guration is the ability to decontaminate and service 
the devices without voiding warranties. 

 This containment confi guration would require service engineers to have access 
to the high-containment laboratory to perform maintenance or service tasks. Such 
access could be granted in one of two scenarios. First, the service engineers are 
trained in BSL-3 or BSL-4 laboratory practices, and they perform required tasks 
using these practices, including donning personal protective equipment. The entry 
and training requirements for work within a BSL-3 or BSL-4 laboratory are not 
trivial, especially when certain high consequence pathogens are involved (US 
Department of Agriculture  2005 ). Requiring this training for each service engineer 
would be time consuming and ineffi cient. Furthermore, maintenance or repair activ-
ities could require work with tools or objects that may increase the risk of a tear in the 
positive-pressure suit or other breaches of personal protective equipment. 

 Alternatively, the imaging suite could be decontaminated prior to planned 
 maintenance or repair by service engineers who are not trained in BSL practices. 
Subjecting the imaging device to decontamination procedures may increase the risk 
of damage. Many chemicals used in decontamination of a BSL-3 or BSL-4 labora-
tory (US Department of Health and Human Services, Centers for Disease Control 
and Prevention, National Institutes of Health  2009 ) could harm the device. Caustic 
etching of detectors, progressive degradation of device wiring insulation, and corro-
sion of solder points are only a few of the risks. Therefore, neither of these scenarios 
(i.e., entry of trained service engineers, decontamination) is optimal.  

10.3.2     Containment Extension Strategy 

 Containment extension strategies are those that aim to keep the imaging device 
itself, or a large portion of it, outside the high-containment zone. Such strategies 
are solutions for imaging modalities that are large and not easily integrated into the 
BSL-3 or BSL-4 laboratory for the reasons described above, for example, clinical 
CT, PET, SPECT, and MRI systems. Containment is maintained by creating an 
extension of the high-containment laboratory within the bore or surrounding the 
subject table of the imaging device. This extension could be confl uent to the BSL 
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laboratory, as in the containment tube strategy that will be discussed below, or could 
involve an encapsulation of the infected subject (Jain et al.  2010 ). 

 The National Institute of Allergy and Infectious Diseases Integrated Research 
Facility (IRF) at Fort Detrick, MD, pursued a biocontainment extension design that 
located only those imaging elements that are absolutely necessary inside the high- 
containment zone. The IRF is equipped with clinical SPECT/CT, PET/CT, diagnos-
tic X-ray, and MRI systems. The high-containment zone is extended into the bore of 
each imaging device with the use of transparent biocontainment tubes made of 
 polycarbonate resin thermoplastic (Philips Bioshield ™ , North Ryde, Australia) 
(Fig.  10.1 ) (de Kok-Mercado et al.  2011 ). The subject is placed on the imaging table 
in the high-containment side of the barrier wall that then advances into the biocon-
tainment tube prior to imaging. The bulk of the imaging device and associated elec-
tronic equipment remain outside of high containment and are therefore accessible to 
service engineers under normal maintenance and repair conditions. All electrical 
signals necessary for the imaging modality are sent through an airtight patch panel 
to the control room on the cold side of the barrier wall (Fig.  10.2 ). In addition to 
providing biocontainment, this containment extension tube strategy protects the 
imaging equipment from gases and chemicals that are used to decontaminate the 
high-containment laboratory, such as formaldehyde gas, hydrogen peroxide vapor, 
or chlorine dioxide gas. However, since placing the subject on the imaging table 
requires access to the hot zone, this containment strategy requires the imaging 
 systems to be dedicated to infectious disease imaging.

  Fig. 10.1    Schematic of medical imaging suite with clinical SPECT/CT, MRI, X-ray, and PET/CT 
systems integrated into a biosafety level-4 laboratory using the containment tube strategy. The barrier 
wall and the containment tube separate the high-containment areas ( mauve ) from the non- 
containment rooms ( blue ). All rights reserved. Reprinted with permission from the American 
Biological Safety Association (ABSA), Mundelein, IL. Originally published in  Applied Biosafety: 
Journal of the American Biological Safety Association, 16 (2), p. 59. Copyright © 2011. Visit 
  http://www.absa.org     for more information       
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    The BSL-4 environment itself, along with the containment strategy chosen, will 
introduce issues unique to each imaging modality. Some of the issues that pertain to 
the containment extension tube strategy are discussed, and solutions are explored 
below for SPECT/CT, C-arm diagnostic X-ray, and MRI. 

10.3.2.1     SPECT/CT System 

 The containment extension tube integrated into the SPECT/CT imaging equipment 
(Fig.  10.3 ) is 0.6-cm thick with an outer diameter of 61.0 cm. In nuclear imaging 
with parallel-hole collimators, spatial resolution degrades with increasing distance 
between source and collimator (Cherry et al.  2003 ). In a typical clinical environment, 
one can optimize spatial resolution by minimizing the distance between patient and 
collimator. With the containment tube strategy, this option is no longer available 
since the radius of the circular SPECT orbit is restricted to 33.0 cm or larger. The 
standard low-energy high-resolution (LEHR) collimator routinely used in the clinic 
is expected to provide inadequate spatial resolution at this operating distance. To 
overcome this limitation, the manufacturer of the SPECT scanner custom- designed a 
unique “ultra-ultra high-resolution” (UUHR) collimator for use at the IRF. 
Characteristics of the UUHR and LEHR collimators are listed in Table  10.1  (Leyson 
et al.  2012 ). System spatial resolution is expressed as full width at half maximum of 
the line spread function of data acquired from imaging Tc-99m- fi lled capillary tubes. 
Spatial resolution degradation with increasing distance from the collimator is 
less severe with the UUHR collimator than with the LEHR collimator (Fig.  10.4 ). 

  Fig. 10.2    Airtight patch panel through which electrical signals are sent to electronic components 
on the cold side of the barrier wall. This eliminates the need for electronic components to be on the 
hot side and subjected to decontamination chemicals       
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  Fig. 10.3    Photograph of the SPECT/CT equipment with containment extension tube       

   Table 10.1    Characteristics of the UUHR and LEHR collimators   

 UUHR  LEHR 

 Hole size (fl at-to-fl at)  1.22 mm  1.22 mm 
 Hole length  48 mm  27 mm 
 Septa thickness  0.15 mm  0.15 mm 
 System spatial resolution    at 10 cm distance*  5.3 mm  7.3 mm 
 Sensitivity*  56 cpm/mCi  168 cpm/mCi 

  * Data presented were measured with 140 keV photons and 5/8″ NaI(TI) crystal;  cpm  counts per 
minute  

  Fig. 10.4    System spatial 
resolution expressed as full 
width at half maximum of 
line spread functions versus 
distance to collimator using 
standard low-energy 
high-resolution (LEHR) and 
ultra-ultra high-resolution 
(UUHR) collimators       
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With the UUHR collimator, system resolution at a source-to- collimator distance of 
35 cm, an orbital radius that allows room for the biocontainment tube, is comparable 
to the resolution achieved at 20 cm with the standard parallel- hole LEHR collimator. 
However, the improved spatial resolution capabilities of the UUHR collimator come 
at the expense of a substantially reduced planar sensitivity that is nearly one-third 
that of standard collimators. The reduced sensitivity may be compensated for by 
administration of a higher dose of injected radioactivity or by a longer acquisition 
time than required with the LEHR collimator.

10.3.2.2          Diagnostic X-Ray 

 The implementation of the containment tube strategy into diagnostic X-ray imaging 
is relatively straightforward (Fig.  10.5 ). However, one important consideration is 
the potential for collision between the C-arm gantry and the containment tube that 
increases the risk of a biocontainment breach. One strategy for collision prevention 
is to use optical sensors to immediately stop all motion of the device if an object 
interrupts the optical laser light beam. Such sensors prevent collision of the imaging 
device with the containment tube as well as the wall of the high-containment labora-
tory (Fig.  10.6 ) (de Kok-Mercado et al.  2011 ).

  Fig. 10.5    Diagnostic X-ray 
installed with containment 
extension tube       

 

L. Keith et al.



285

10.3.2.3         Magnetic Resonance Imaging 

 MRI presents a unique challenge when it comes to the integration of the modality 
with infectious disease research at high biosafety levels (Fig.  10.7 ). Even with the 
implementation of the containment extension tube strategy, MRI can require  imaging 
equipment to be housed and operated within the containment zone. Most commercial 
MR scanners come equipped with a body radio frequency (RF)-receiver coil housed 
within the main bore, which is outside the containment tube in the containment 
extension strategy described above. In contrast, external RF-receiver coil arrays can 
appreciably improve signal-to-noise ratio and decrease scan time by taking advan-
tage of an accelerated MR acquisition strategy called parallel imaging (Blaimer et al. 
 2004 ). Specialized external RF coils dedicated to a specifi c anatomical region or 
imaging protocol are commonly used. However, clinical RF-receive coils are costly 
and are not designed to withstand the autoclaving process associated with removal 
from biocontainment should repair be required. Possible solutions to repairing RF 
coils include use of off-the-shelf coils that can sustain the decontamination process 
or are inexpensive to replace should the coils become unusable (Dannels et al.  2008 ). 
Alternatively, custom, in-house coils could be designed such that coil maintenance 
can be performed in the biocontainment suite. Another option is the reliance on the 
body coil if external RF coils are damaged or worn.

  Fig. 10.6    X-ray gantry with its containment tube and unique laser system (black collar around 
containment tube) to prevent the movable X-ray head from striking the tube as its position is 
adjusted. If the X-ray head interrupts any laser beam, the power is immediately shut off. The bar-
rier wall and containment tube separate the equipment from the laboratory. All rights reserved. 
Reprinted with permission from the American Biological Safety Association (ABSA), Mundelein, 
IL. Originally published in  Applied Biosafety: Journal of the American Biological Safety 
Association, 16 (2), p. 60. Copyright © 2011. Visit   http://www.absa.org     for more information       
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   Beyond issues with the MRI equipment, the associated strong magnetic fi eld 
introduces a unique, additional hazard into a high-containment facility. The chance 
of ferrous objects entering the magnet room is always a risk in clinical MRI. Typically, 
the danger with this scenario is injury due to ferrous objects fl ying into the bore of 
the magnet. While this danger remains present with high-containment MRI, an addi-
tional risk of biocontainment breach is possible due to missile objects. Extreme care 
and caution must be used to avoid these dangerous events (Chaljub et al.  2001 ; 
Zimmer et al.  2004 ).    

10.4     Conclusion 

 Regardless of the challenges involved with integrating medical imaging equipment into 
high-containment laboratory spaces, structural and functional imaging could serve as 
an integral tool in the development of therapeutics against highly pathogenic infectious 
diseases. Using nuclear imaging probes that are currently available, SPECT and PET 
imaging can identify foci of increased cell metabolism or proliferation after infection. 
The development of a greater number of more specialized and specifi c probes would 
make these modalities even more infl uential. Certain MRI techniques have the advan-
tage of not requiring administration of exogenous contrast agents, which decreases risk 
of exposure from accidental needle sticks. Also advantageous is the possibility of cell 

  Fig. 10.7    High-containment side of the magnetic resonance imaging room at the National Institute 
of Allergy and Infectious Diseases Integrated Research Facility at Fort Detrick, MD. The  black 
ring  around the bore entrance is a gasket that seals the connection between the containment tube 
and the barrier wall       
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labeling and tracking with SPIOs or USPIOs as contrast agents. New, meaningful 
image biomarkers are being developed in animals to characterize infectious disease 
processes and effi cacy or safety of a new drug. However, care must be taken to validate 
these imaging biomarkers  thoroughly prior to implementation. 

 Following image acquisition, standard image analysis processes must be optimized 
for imaging experimentally infected small animals in longitudinal studies in a high-
containment laboratory. Such optimization in part will require the development of 
new, small animal atlases for automated segmentation algorithms as well as rigorous 
image registration routines. As positioning of infected small animals is hampered by 
personal protective equipment required for the safety of laboratory personnel, image 
registration methods must be utilized in order to minimize larger positional differ-
ences in subject orientation across scanning sessions. 

 Numerous strategies are available to physically integrate and install medical 
imaging equipment into BSL-3 and BSL-4 laboratory spaces. The advantages and 
disadvantages associated with each strategy may differ depending on the require-
ments of each facility. An assessment of the laboratory necessities is recommended 
for new high-containment laboratories. As a result of such assessment and delibera-
tion, personnel from the Integrated Research Facility in Fort Detrick, MD, elected 
for the containment tube strategy described above. With the containment tube strategy, 
repair of imaging equipment does not require entry into high containment. The con-
tainment tube assures the safety of imaging and repair personnel by preventing 
exposure to highly pathogenic agents. 

 By using the same imaging techniques throughout the drug development  process, 
the translation from basic science biodefense research to clinical evaluation will be 
streamlined in a way that could decrease the approval time for an investigational agent. 
Imaging biomarkers identifi ed in animals could be used as surrogate markers in clinical 
evaluation. Image analysis techniques used to track progression of viral infection and 
therapeutic response to a drug candidate could also be applied to tracking response of 
patients to a therapeutic intervention. The integration of temporal, spatial, functional, 
and metabolic information gained from medical imaging modalities in combination 
with standard evaluation of antiviral drug candidates will have a great impact on the 
course of future drug development.     
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    Abstract     Imaging technologies in the nonclinical laboratory have been greatly 
bolstered by the ever-improving methods available with magnetic resonance (MR) 
imaging. Small animal systems have been growing in capability even while becom-
ing more amenable to use by biologists, revolutionizing how we can study patho-
physiology and follow a drug or biologic therapy. MR’s ability to characterize many 
anatomical and physiological processes, based on their underlying infl uence on 
 tissue magnetization properties, has led, for example, to discoveries in the psycho-
pharmacology of attention defi cit and cognitive drug therapies and in recording 
changes of oxygenation, blood fl ow and vessel permeability in acute studies, or the 
chronic remodeling of tissue water diffusion following therapy. This is a short 
and clearly abbreviated discussion of the applications of MRI in the nonclinical 
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(and clinical) drug development laboratory, and it is meant to introduce the reader 
to the concepts and how this specifi c imaging modality likely offers the most versa-
tile of all imaging modalities as well as being one with very high resolution.  

  Abbreviations 

   ADC    Apparent diffusion coeffi cient—the diffusion of molecules in tis-
sues is modulated by many mechanisms that restrict or impose 
tortuosity around obstacles and such as blood fl ow in small ves-
sels or cerebrospinal fl uid in ventricles and other contributions to 
MR signal attenuation. Images are “weighted” by the “apparent” 
diffusion processes. Note that the ADC concept has been 
extremely successful in tumor biology to demonstrate necrosis, 
especially for clinical applications. The basic ADC approach has 
been challenged recently, as new, more comprehensive models of 
diffusion in biological tissues have been introduced. Also, the 
rADC, or relative ADC, is a ratio of lesions to control brain ROIs   

   B  0     Static main magnetic fi eld provided by the MR system magnet   
   B  1     Secondary magnetic fi eld perpendicular to  B  0  transiently created 

during an experiment by the system’s radiofrequency coils and 
gradient sets   

  BOLD    Blood oxygen level dependent (a particular contrast mechanism)   
  Chemical shift    The resonant frequency of nuclei in some chemical environment 

relative to those in a standard environment (e.g., the protons of 
benzene)   

  CNR    Contrast-to-noise ratio—the CNR is directly linked to statistical 
measures such as the  t -values, but it does not depend on the 
number of points or runs as do the  t -values; in fMRI it is made 
up of the functional signal change and the temporal signal 
change as the average signal change (task related) over the non-
task- related variability over time (time-series noise)   

  FT    Fourier Transform—a mathematical treatment of the FID or 
echo signal from a modern pulsed MR experiment to convert the 
recorded time-domain data into usable spatial frequency-domain 
data and hence images; an MR image consists of a matrix of 
pixels based on the number of lines fi led in “K-space” (phase 
matrix) and the number of data points in each line (frequency 
matrix)   

  FID    Free induction decay—the signal observed during the process of 
relaxation that follows an excitation of nuclei induced by a pulse 
of radiofrequency energy   

  FOV    Field of view—physical dimensions of the imaged volume   
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  fMRI    Functional magnetic resonance imaging—generally for cerebral 
blood fl ow   

  Gradient    A (relatively small) magnetic fi eld that increases in strength with 
distance from the center of the image; these are created tran-
siently by pulses from the gradient coils to impart the magnetic 
spins with frequency and phase information to facilitate image 
formation   

  K-space    A spatial frequency domain where information on the frequen-
cies of a signal and where it comes from (on the gradient) in the 
patient is located; this information is in radians per cm; often 
called the chest of drawers for how the data is stored   

  NMR    Nuclear magnetic resonance—general term for the analytical 
chemistry of chemical shift analysis and the former term of MR 
as “NMR imaging”   

  phMRI    Physiologic or pharmacologic imaging using MRI   
  Pulse sequences    A programmed sequence of magnetic fi eld pulses and time 

delays from the radiofrequency coil and the gradient set during 
the imaging experiment which manipulate the spin behavior of 
nuclei; changes to the induction and relaxation can be exploited 
to reveal properties of the tissue of interest   

  Relaxation    Process by which a population of excited (high-energy) nuclei 
give up RF energy and return to their ground (low-energy) state. 
This emitted energy is detected to form the images   

  Relaxivity    The ability of magnetic compounds to increase the relaxation 
rates of the surrounding water proton spins. Relaxivity is used to 
improve the contrast of the image and to study tissue-specifi c 
areas where the contrast agent better diffuses; view   http://www.
youtube.com/watch?v=Osx8Ced9Eyw       

  RF    Radiofrequency—the resonant frequency of protons at com-
monly used magnetic fi eld strengths is in the radiofrequency 
range, e.g., 64 MHz at 1.5 Tesla   

  SNR    Signal-to-noise ratio   
  T 1     Longitudinal relaxation occurs when a population of excited 

nuclei give up their extra energy to the surrounding electronic 
environment; the time constant “T 1 ” (63 % of the longitudinal 
magnetization to recover) for this process is also known as the 
“spin–lattice” relaxation time constant. T 1  values are typically 
on the order of a second   

  T 2     Transverse relaxation occurs when a population of excited nuclei 
exchange energy with their neighbors; the time constant “T 2 ” 
(63 % of the longitudinal magnetization to recover) for this pro-
cess is also known as the “spin–spin relaxation” time constant. 
In biological tissues T 2  values are typically on the order of tenths 
of a second   
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  T 2 *    The observed decay of the FID signal following the RF excitation 
pulse; it is faster than T 2  as it is the combination of the    T 2  decay 
superimposed on dephasing phenomena such as magnetic fi eld 
inhomogeneity   

  Tesla    One weber per meter squared; the SI unit of magnetic fi eld 
strength   

  TOF    Time of fl ight—fl owing nuclei present in a slice of interest 
which has an excitation pulse applied; more or less signal is 
recovered depending on their velocity; useful in magnetic reso-
nance angiography   

      A full listing of defi nitions is available at     http://cis.rit.edu/
htbooks/mri/gloss.html     (8 pages of glossary terms)   

11.1           Introduction to Magnetic Resonance Imaging 

 The fi eld of modern biomedical imaging has been heavily infl uenced by the matura-
tion of nuclear magnetic resonance (NMR) away from its roots as an analytical 
chemists’ spectroscopic tool into the medical application known as magnetic 
 resonance imaging (MRI). As a disclaimer we must acknowledge that this chapter 
cannot even begin to teach all the fundamentals of MR chemistry, physics, and 
mathematics nor even biology; MR is a fi eld in its own right. For an excellent trea-
tise with full coverage of the topic of magnetic resonance imaging and excellent 
illustrations of the physics, instrumentation and equipment imaging techniques and 
examples of various imaging artifacts, and safety, we refer the reader to the book 
entitled  MRI in Practice  by Westbrook, Roth, and Talbot (4th Ed.,  2011 , a Wiley- 
Blackwell publication). 

 The role of magnetic resonance imaging in drug development has grown expo-
nentially as the instrumentation has become more refi ned, more widely available, 
and easier to use. This has been driven in part by the rapidly expanding clinical 
utility of MRI and the prospect of having a bench-to-bedside translation for many 
important experiments. Wise and Tracey ( 2006 ) have provided a comprehensive 
view of how one aspect of MRI, functional MRI (fMRI), is being used in drug 
development, specifi cally in brain functional assessments under drug challenges 
and therapies. More will be discussed on fMRI in the fi eld of psychotherapy and 
neuropharmacology in a later section. It is the premise of this book that imaging has 
over the past 50–60 years advanced the portfolio of imaging agents, contrast agents, 
and other imaging probes and has begun the new exploitation of biomarkers—
elements of physiologic expression—using the many radiotracers, US-CT-MR con-
trast agents, optical probes, and more and the imaging platforms of CT and MR as 
tools to dissect disease. We have an armament of tools at our disposal and one of the 
most versatile is magnetic resonance imaging. Advances in phMRI (physiologic 
MRI) are making huge strides in our understanding of drug effects on brain func-
tion, tumor susceptibility to novel therapeutics, cardiac imaging and blood/vascular 
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imaging (especially in stroke and deep vein thrombosis, or DVT), and even lung 
function such as pulmonary fi brosis and ventilation. 

 Modern clinical radiological imaging relies on the existence of useful image 
contrast between tissue types. Even before the fi eld of MRI was developed, altera-
tions were noted in the spin–lattice (T 1 ) and spin–spin (T 2  and T 2 *) relaxation times 
of solutions containing paramagnetic ions. The signifi cance of this alteration for the 
development of MRI was that small differences in the local magnetic properties of 
substances could be detected in spectroscopic changes of the surrounding water. In 
particular, Damadian observed that the relaxation times for tumors in rats presented 
differently than normal tissue as a function of the decrease in water constrained in 
tumor tissue (Damadian et al.  1977 ; Geva  2006 ). In a 1973 seminal paper, Paul 
Lauterbur demonstrated spatial localization via NMR, which he called “zeugmatog-
raphy,” and the utility of relaxometry in imaging. The fi rst images were of two 
 capillary tubes in a NMR spectrometer (Lauterbur  1973 ). One capillary contained a 
solution of MnSO 4  in order to reduce the T 1  of the observed hydrogen nuclei in 
water. By increasing the power of the RF transmission, two different images (“zeug-
matograms”) were acquired, which showed variation in the image intensity for the 
MnCl 2  solution capillary compared to water only, and demonstrated the feasibility 
of using T 1  variation as an image contrast. Lauterbur further postulated that all 
NMR visible phenomena, such as chemical shifts, diffusion, and dipolar couplings, 
can be “visible” in an image form. 

 As illustrated in the example above, intrinsic relaxometric differences in tissue 
can serve as image contrast, and furthermore, contrast can be enhanced by agents 
with different affi nities for pathological and healthy tissue. Useful qualities of a 
contrast agent include (a) physical properties that affect the local magnetic environ-
ment sensitively and (b) chemical properties that allow the contrast agent to travel 
to the appropriate region of interest for imaging. MRI continues to be dominated by 
detection of the protons in tissue water, and our discussion will focus on these wide-
spread  1 H MR techniques. However, we note that MRI with less common nuclei 
such as  23 Na or  19 F have been investigated and may have niche roles to play in fi elds 
such as imaging brain function or tissue oxygenation, respectively. 

11.1.1      Pulse Sequences 

 Pulse sequences are the tools of the MRI imaging scientist. They can be thought of as 
a way to “sculpt” or “paint” the images using a wide variety of “paint brushes.” These 
sequences are a series of RF pulses and magnetic fi eld gradient applications spaced at 
carefully defi ned intervals so that the whole sequences excite or rephrase the reso-
nance response following fi eld perturbation. One “paints” with alterations in pulses 
and gradients. The brushes are simply how we address and make the RF pulses interact 
with the magnetic fi eld both temporally and spatially. There are many pulse sequences 
in practice, and they each take some knowledge of the pathology of interest to select 
and customize appropriately; there may not be a single choice that is optimal. 
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 Table  11.1  describes some frequently encountered pulse sequences, their most 
common abbreviations, and basically what they are directed to do in the generation 
of an image. Each pulse sequence is designed to accomplish a specifi c purpose, such 
as eliminating signal from static structures to reveal motion; this is not always to 
create a “better” image, but rather to improve image quantifi cation and to emphasize 
particular aspects of the physiology being studied. The advantages and disadvan-
tages of each pulse sequence are too complex to cover in this chapter; however, the 
reader is invited to review the textbook of Westbrook, Roth, and Talbot,  MRI in 
Practice , published by Wiley-Blackwell, 2011 (Chap. 5 in the 3rd edition). Another 
textbook to review, especially for small animal imaging examples, is  Practical 
Small Animal MRI , also published by Wiley-Blackwell by    Gavin and Bagley (2009).

11.1.2        Potential Uses of MRI for Pharmaceutical Imaging 

 The pharmaceutical industry has for years investigated drug and biologics in 
 development by measuring changes intrinsic to the physiologic behavior of the 
 systems being targeted, such as the receptor-mediated generation of a biochemical 
signal that leads to some behavioral, functional, biochemical, or biophysical change 
to the system. MR imaging takes full advantage of the later phenomena, with the 
relaxation properties of tissue water greatly infl uenced by subtle variations in 
the presence of blood, oxygen, lipid membranes, proteins in solution or in aggre-
gates, the anisotropic orientation of nerve fi bers, etc. The intrinsic behavior of 
hydrogen (a dipole magnet in itself with a POS proton and a NEG electron forming 
a dipole; essentially encumbered as water) can be mapped in biophysical terms and 
exploited to create a signal of metabolic change (chemical exchanges in a chemical 
reaction, e.g., magnetic resonance spectroscopy; see Chap.   12     of this book) or as an 
anatomic change (tissue-type transitions and edge detection) and even as a measure 
of fl ow as magnetized blood elements fl ow through a tissue. Each of these behaviors 
allows an investigator to use nonionizing electromagnetic fi elds ( B  1 ) in a magnetic 
fi eld ( B  0 ) to interrogate biologic systems. On top of this rich variety of intrinsic tis-
sue contrast are all the additional contrast mechanisms available to us through the 
introduction of extrinsic contrast agents. We commonly apply contrast agents in CT 
and X-ray imaging, but contrast agents can also be used to enhance MRI. Contrast 
agents differ from radioactive tracers (say) in that they are not detected by the 
 system directly but rather by their alteration of the local magnetic fi elds and the 
resultant change in resonant frequency (chemical shift) or relaxivity, properties 
which can be differentiated with an appropriate pulse sequence. 

 The magnetic properties of tissue and even contrast agents vary with the  magnetic 
fi eld strength. Higher fi eld strengths lead to inherently higher detection sensitivity 
because a greater net polarization of the nuclear spins is achieved, but this comes 
with the potentially unwelcome complications of increased T1 and decreased T2 
relaxation times which makes it more diffi cult to maintain (and image) transverse 
magnetization, adversely affecting the use of pulse sequences with long echo trains 
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like EPI and altering the impact of contrast agents. Because building magnets with 
higher fi eld strengths or larger diameters is relatively expensive, magnets which 
have to be large enough to accommodate human patients typically operate at lower 
fi eld strengths (0.5–3 T) than those commonly found in small animal imaging labo-
ratories (4.7–11 T). Very high-fi eld magnets, such as the 21.1 T system at the 
National High Magnetic Field Laboratory in Florida, help to quantify the benefi ts 
and challenges that come with increasing fi eld strength, and some clinical research 
centers have magnets of 9.4 T and higher. Because rapid imaging with EPI and the 
use of contrast-enhancing agents are important for some applications, and this is 
easier to achieve at relatively low fi elds such as 1 T, a new generation of relatively 
affordable low-fi eld small animal imaging systems is being made available by man-
ufacturers traditionally associated with high-fi eld magnets, such as Bruker. 
Exploration of small animal imaging at fi eld strengths beyond 9.4 T is mostly of 
academic interest at present but is very much application-dependent. Other techno-
logical developments also aim to increase the sensitivity of the MR experiment, 
such as more precise RF electronics, low-noise detector design, especially with 
cryogenic cooling of the RF coil and receiver electronics, and the design of coils 
with application-specifi c forms for maximum effi ciency such as the multi-element 
spine coils common in the clinic and now being implemented in small animal sys-
tems. These developments may offer sensitivity improvements at lower cost and 
with fewer consequences than continually increasing the magnetic fi eld strength. 

 Fundamental questions facing drug and biologics developers when testing a 
NCE into an animal model for advanced development may be answered using imag-
ing applications. The listing below (and this list is certainly not exhaustive) addresses 
some imaging points about inclusion of an imaging approach to development 
questions:

•    MR, like CT, addresses anatomy and distortions of anatomy very well (see Chap.   7     
in oncology).  

•   Also, like CT, disease model natural history progression (i.e., tumor growth and 
RECIST determination) assessment is possible but with a distinct advantage in 
chemical characterization, such as discriminating lean from fatty tissues.  

•   Risk of different drug/biologic activities related to circadian rhythms may be 
imaged (i.e., neurologic changes in day–night sleep patterns and even 
hibernation).  

•   Biologic signal response times: Long duration versus immediate measures.  
•   Blood fl ow in tumors, angiogenesis, chemotherapeutic, and radiation effects.  
•   Appropriateness of use of multimodal imaging reagents/platforms.  
•    Cell therapies : Methods for labeling of cells ex vivo and in vivo and methods to 

follow stem cell tracking.  
•   Noninvasive imaging of proliferation and necrosis; histologic slice correlates.  
•   Changes in metabolic activity (and with circadian rhythms).  
•   Choosing the appropriate functional and/or quantitative platform.  
•    Lung : Noninvasive imaging of oxidative stress and lung function/fl uid clearance, 

volume changes, capacity, macrophage activity, and changes in compliance due 
to fi brotic changes.  
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•    Kidney/liver : Renal blood fl ow, clearance of drugs based upon renal function, 
liver metabolic changes, biliary fl ow, blood fl ow, tubular secretion.  

•    GI tract : Drug dissolution, segmental analysis/function, GI transit time, blood 
fl ow, crypt and villus apoptosis, GI lesions of various etiologies.  

•    Wound  healing: Hematopoietic traffi cking, clotting, stem cell arrival times, fl ow.  
•    Liver : Quantitation of fi brosis and changes in tissue elasticity accompanying 

 disease progression.  
•   Hyperpolarization or chemical shift imaging applications; applicable to lungs.  
•    Limits  of resolution in image fusion: Optical, X-ray, PET/SPECT, and MR 

images.  
•   Regulatory: Validation of the platform(s) and novel imaging biomarkers.  
•   Cost: Appropriateness; always include a cost analysis.    

 A general view of what MRI can achieve in the small animal setting is seen in 
Fig.  11.1  which displays a set of serial slices (fl oor of the cranium up to the ventricles) 
of the mouse brain. This is a high-resolution high-fi eld image set utilizing a 
62 × 62 micron resolution in 150 micron slices. Typical small animal imaging, even in 
a 1.5 T machine, can achieve a useful resolution in a mouse and is a fi rst-line approach 
in drug development imaging. Higher-fi eld systems may be better suited to applica-
tions where sensitivity is limiting, but care must be taken to avoid neural stimulation 
when gradients are switched rapidly.

  Fig. 11.1    Depiction of the mouse brain from the fl oor of the cranium ( upper left ) to the superior 
aspect above the ventricles ( lower right ) using a very high-magnetic-fi eld system. From: Florida 
State University, National High Magnetic Field Laboratory using their 900 MHz system at 
62 × 62 micron resolution in 150 micron slices; Resources include: Initial in vivo rodent sodium 
and proton MR imaging at 21.1 T. Schepkin    VD, Brey WW, Gor’kov PL, Grant SC.  Magn Reson 
Imaging .  2010 ; 28(3):400–407. With permission.   http://www.magnet.fsu.edu/usershub/scientifi c 
divisions/nmr/probes/probe_900mri.html           
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   The physics of MR is complex and challenging, but the basic principle is simple: 
a population of hydrogen nuclei will behave like tiny magnets, each aligning with or 
against the static magnetic fi eld  B  0 , and the whole having a small net magnetization 
vector precessing at the Larmor frequency around  B  0 . A perpendicular pulse of radio-
frequency energy along the B 1  axis and at the same Larmor frequency causes the net 
magnetization vector to “tip” and reorient along  B  1.  After the  B  1  pulse is turned off, the 
magnetization returns by T 1  and T 2  relaxation to the  B  0  axis, emitting radiofrequency 
electromagnetic energy which allows a remote coil to sense the energy; based upon the 
induction fi eld strength and the pulse sequence of the initiating radiofrequency, the 
exact position of the response can be mapped in what is termed K-space (Fig.  11.2 ).
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  Fig. 11.2    Sound is produced as oscillations in air as a function of time and perceived as tones of 
specifi c frequencies. If three piano keys are struck ( a ), the vibration of the strings causes the air and 
thus the tympanic membrane of the ear to oscillate with time. If we measure these oscillations, they 
might look like the graph in panel ( b ). These sound waves produce an oscillation within the basilar 
membrane in the cochlea ( c ) where specifi c regions of the membrane ( indicated by stars ) respond 
maximally to the principal frequencies of the sound burst. The tonotopic mapping of the cochlea 
allows the brain to perceive the relative loudness of each specifi c frequency (or  piano key ), as shown 
in the spectrum ( d ). Both graphs ( b ) and ( d ) represent the sound produced by the piano and are related 
by the FT. The cochlea performs a natural FT. In an analogous way, the gradients of an MR scanner 
make tissues at different keys (locations) resonate at different frequencies, giving off a time signal 
measured by the receive coil that might look like the graph in panel ( b ). A computer, rather than a 
cochlea, performs the FT to reveal an image of the relative signal strength of each key (tissue loca-
tion), analogous to the graph in ( d ). Reprinted from Paschal and Morris    ( 2004 ). With permission       
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   MRI signals are similar to sound in that they can be presented in two equal ways, 
as either functions of time ( t ) or frequency (Hz or 1/ t ). The reciprocal relationship 
between these variables is no accident and carries with it a great deal of physical and 
mathematical utility. If we strike a chord on a piano, several strings vibrate at a 
specifi c frequency. These frequencies mix to form a superposition of waves that we 
can pickup in a microphone or the tympanic membrane of our middle ear. The oscil-
lations can then be decoded by the cochlea due to its frequency-specifi c mapping. 
Mathematically we can perform the same operation to recover the individual pure 
tone and amplitude of the keys in the chord. 

 In this fashion, MRI signals produce a superposition of all components in the 
RF-excited portion of the patient/animal which is then detected and digitized. The 
spatial information that is available in this signal has been encoded by the MRI scan-
ner in such a way to fi ll a grid line (or K-line) in K-space. Each successive acquisition 
will fi ll another K-line such that we will fi ll our image K-space uniformly. Using a 
mathematical technique known as Fourier analysis, we can transform the signal into a 
number of weighted coeffi cients that will make up the intensities of our image. Thus 
we have used the Fourier transform to “transform” our K-space time-varying data to 
an image based on frequencies. MRI has a great deal of fl exibility on how it fi lls in 
K-space and a great deal of image contrast, resolution, and clarity can occur due to the 
manner in which K-space is fi lled. The popular technologist training book,  MRI in 
Practice , uses an interesting paradigm as a “chest of drawers” to describe the orthogo-
nality of the phase versus frequency axes of K-space. In this manner, we can think of 
each drawer as being a rapidly scanned K-line and we sequentially acquire each 
“drawer of information” as an acquisition (Fig.  11.3 ).

   The leftmost image in Fig.  11.3  shows the ordering and line information describing 
the K-space data of phase versus frequency. K-space itself is not the image; rather, 
it is an information package of an image. The “diagrammatic” representation high-
lights the acquisition order for a rectilinear MR K-space strategy. The actual data 
shown in Fig.  11.3b  demonstrates the center-out character of K-space where the 

diagramatic the chest of drawersdata

  Fig. 11.3    A pictorial description of “K-space” for one slice of an image. The graphic shows a map 
of phase versus the frequency. That is, the graphic shows a spatial frequency domain where loca-
tion of the signal within the subject is contained. Frequency is defi ned here in terms of phase 
change over distance (measured in radians). The units of K-space are radians per cm       
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low-frequency components of the image (contrast, total signal amplitude, etc.) are 
located around the K(0,0) point. Following Fourier transform (FT) computation in 
one or more directions, the “package” converts the K-space phase versus frequency 
into frequency amplitudes which is actual positional information. 

 Figure  11.4  is a demonstration of this positional transformation as it shows an 
image derived out of K-space order (Fig.  11.4a ). By removing the    center points of 
K-space (Fig.  11.4b ), the resulting image consists of short-range or high-frequency 
edge transitions that show only line like image structures without any image con-
trast. Similarly, when transforming    only the low-frequency components (Fig.  11.4c ) 
results in a near-interpretable image based on contrast and large scale structures but 
at low spatial resolution.

   A large number of methods or sequences have been developed to acquire MRI 
images and thus fi ll K-space most effi ciently for the application and results desired. 
Simply by changing the K-space fi lling order from edge-to-edge sequentially, 
center- out, or center-in K-line ordering, it is possible to change the contrast of the 
image especially when changes in state to the imaging region are in progress (i.e., 
contrast agent washout). Table  11.2  includes some of the most common K-space 
fi lling orders in currently in clinical use. The major types, sequential rectilinear, 
EPI, and parallel imaging, account for a vast majority of the K-space ordering used. 
Some knowledge of these techniques will allow the reader to be more discerning 
about the strengths and weaknesses of each method when encountered in the 
literature.

11.2         Contrast Agents for Pharmacological Imaging 

 The fi eld of MR imaging has greatly been improved, and indeed expanded, in 
 capability with the introduction of contrast agents. Not unlike CT with X-ray con-
trast media such as the iodinated products, MRI has contrast-enhancing products. 
Unlike CT contrast agents which are electron dense and directly affect the X-ray 
absorption, MR contrast agents are typically not “seen” per se; rather, they affect the 
magnetic susceptibility and thus the tissue water imaging properties (not the media 
itself). Magnevist (formerly Schering AG, now Bayer) was approved for use by the 
FDA in 1988 and it revolutionized the kinds of imaging approaches one could take 
on then-typical systems with limited fi eld strength and often stability and homoge-
neity issues too. Since that time there have been many other contrast media products 
introduced (Table  11.2 ). The products are termed “linear” or “macrocyclic” and 
“nonionic” and “ionic” to describe their chemistries; the macrocycles are suppos-
edly more chemically stable than the linear variants, while nonionic agents in bolus 
form may be less perturbing to the heart, for example. These kinds of agents gener-
ally require a paramagnetic atom or ion: gadolinium (Gd), dysprosium (Dy), iron 
(Fe), and manganese (Mn), among others, have been employed for this purpose. 

 The Fe ion is, of course, intrinsic as a physiologic element predominantly in 
hemoglobin, myoglobin, and red blood cells. It is also very effective in what are 
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  Fig. 11.4    A depiction of the spatial information contained in K-space. The entire K-space information 
is passed through a Fourier transform to which transforms frequency amplitude to frequency- domain 
(positional) space to create the image in where ( a ) is the entire K-space, ( b ) is everything but the center 
information (high resolution but poor content), and ( c ) is the center information only (poor resolution 
with high content). Magnetic fi eld gradients spatially locate signals according to their frequency and 
converts to amplitude (positional intensity). From:    Westbrook et al. ( 2011 ); with permission       
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termed SPIO (super paramagnetic iron oxide) applications. SPIO magnetic resonance 
imaging can be used in liver pathologies, i.e., nonalcoholic fatty liver disease, as a 
way to evaluate Kupffer cell phagocytic function. Iron oxide (as SPIOs) can be also 
used in cell labeling and thus tracking cells and their homing capacity. With typical 
pulse sequences and at the relatively high fi eld strengths common in small  animal 
imaging, iron is usually considered to be a specifi c T2 imaging agent meaning 
that its principal effect is to shorten the tissue T2 causing a signal “drop out” (reduc-
tion) rather than giving a signal enhancement such as might be expected with a T1 
contrast agent. 

 In the ionic form, manganese (Mn), gadolinium (Gd) and dysprosium (Dy) from 
the lanthanide series exert a dramatic effect on the relaxation properties of 
water. This effect results from unpaired electrons in the  d  or  f  atomic shells, which 
give rise to a strong magnetic moment. Other elemental examples include Cr 3+  
(3 unpaired electrons), Fe 3+  (5 unpaired), Ni 2+  (2 unpaired), Cu 2+  (1 unpaired, with 
dipole contributions from the  d  shell), Eu 3+  (6 unpaired), Gd 3+  (7 unpaired), and 
Dy 3+  (5 unpaired, with contributions from the  f  shell). Although the properties of 
each ion govern its utility in imaging, the strength of an ion’s effect on contrast will 
depend upon the strength of the magnetic moment. 

 The effect of these ions on the excited  1 H nuclei (which comprise the MRI  signal) 
depends on multiple components. First, the dipoles of the ions may interact with 
nuclear  1 H dipole, which in turn stimulates spin–fl ip transitions and accelerates T 1  
relaxation of  1 H. The strength of this interaction depends on the approach distance 
between  1 H and the ion. If the ion is part of a larger molecule (e.g., deoxyHb), large 
distance leads to a small interaction. The effect magnitude of the dipole–dipole 
interaction is also modulated by the correlation time which determines the duration 
of the coupling between  1 H and ionic dipole. To increase coupling, the rotational 
rate of the ion or chelating molecule should be similar to the excitation frequency of 
 1 H. If the ion is not chelated, it will have a wide range of rotational velocities com-
pared to the excitation frequency of  1 H. In this case, the dipole–dipole interaction is 
weaker. For suitable rotational rates, the correlation time will depend on the electron 
spin relaxation time of the agent, where slower electronic relaxation results in 
greater coupling of the dipoles. Ultimately, relaxation rates should be comparable to 
the  1 H Larmor frequency for an agent to be effective at increasing T 1  relaxation. 
Electron spin relaxation times    for ionic Mn and Gd are ~10 −8  to 10 −10  s and appro-
priate for the range of Larmor precessional frequencies in clinical scanners. Larmor 
precession refers to the precession of the magnetic moments of electrons, atomic 
nuclei, and atoms about an external magnetic fi eld. Those effects which lead to 
spin–fl ip transitions also result in randomization of  1 H phase after de-excitation and 
result in increased local T 2  relaxation. Finally, the presence of the paramagnetic 
dipoles around less mobile  1 H nuclei (e.g., water in the hydration shells of tissue 
macromolecules) alters the local precessional frequency, which further increases T 2  
relaxation. 

 Consideration of all these effects together determines the ratio of T 1  and T 2  relax-
ation rates for a given concentration. Like other forms of emission spectroscopy, 
these characteristic relaxation processes return the nuclear magnetization back to 
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the equilibrium distribution after being excited. Ions with longer spin relaxation 
time (e.g., Mn 2+ , Gd 3+ ) tend to stimulate spin–fl ip transitions effectively and are 
 useful for enhancing contrast positively on T 1 -weighted images. At higher concen-
trations, they are also useful for increasing T 2  relaxation resulting in local loss of 
signal in the image. Increased signal is particularly useful because it usually has a 
higher dynamic range and can be quantifi ed more accurately than a loss of signal. 
Typically, paramagnetic agents, such as chelated Gd, increase T 1  and T 2  relaxation 
at the same rate per mM. Since this rate is the same, the change of T 1  relaxation per 
mM is larger by proportion than the change in T 2  relaxation. On the other hand, ions 
with shorter spin relaxation times, such as dysprosium (Dy 3+ ), do not stimulate 
spin–fl ip transitions readily. These ions function primarily to vary the local Larmor 
frequency (they are said to act as “chemical shift agents”) and therefore to decrease 
the intensity on T 2 -weighted images which are formed from protons precessing at or 
very close to the original Larmor frequency. While Mn 2+  may not have as strong of 
a magnetic moment as other agents such as Gd 3+ , the T 2  relaxation rate ( R  2 ) of water 
containing Mn 2+  ions at 1.5 T grows at 10× the rate per mM as compared to the T 1  
relaxation rate ( R  1 ). This makes Mn 2+  a valuable agent for both T 2  and T 1  imaging, 
the effect depending on the fi eld strength and the local concentration of agent in 
the tissue. 

 Another avenue to increase the T 1  relaxivity is to chelate the paramagnetic ions 
to a larger molecule so as to decrease their rotational velocity and increase the rota-
tional correlation time. An added benefi t of using a chelate is that for less chemi-
cally reactive but toxic metals, such as Gd, the chelated complex is excreted from 
the body within a short timescale (approximately a few hours). This greatly 
decreases potential toxic side effects, although in some patients with altered kidney 
function gadolinium contrast agents have been associated with severe toxicities 
causing the FDA to require a black-box warning to be included in the label 
(see Sect.  11.2.1 . Nephrogenic Syndrome). Examples of chelates that have been 
used include Gd-DTPA, Gd-DPDT, Gd-DOTA, and other macromolecules such as 
MnDPDP, Cr-EDTA, and Dy-EDTA. Nonionic molecules have also been utilized to 
prevent the release of the ion and to decrease the rotational velocity. 

 Manganese dipyridoxyl diphosphate (MnDPDP) is approved as an i.v. contrast 
agent for MR imaging of the liver. MnDPDP is a chelate consisting of the organic 
ligand dipyridoxyl diphosphate (DPDP) and Mn 2+ . Following i.v. injection, 
MnDPDP is metabolized by a process involving dephosphorylation of MnDPDP to 
MnPLED (manganese dipyridoxyl ethylamine) and exchange of Mn 2+  for Zn 2+  
(Toft et al.  1997 ) with the consequent release of manganese ions. In humans the 
rate of total manganese plasma clearance is multiphasic (Toft et al.  1997 ). The 
initial clearance half-life lasts for less than 20 min, with the longer terminal elimi-
nation phase occurring between 5 and 11 h. Following i.v. injection of MnDPDP, 
the released manganese accumulates in the liver, bile, pancreas, kidneys, and 
 cardiac muscle (Hustvedt et al.  1997 ). Following oral intake the manganese accu-
mulation occurs only in the liver and bile (Thomsen et al.  2005 ). Due to its T 1  
relaxation effect, the released Mn 2+  ions act as an MR contrast agent (Cory et al. 
 1987 ; Mendonca-Dias et al.  1983 ) which allows MnDPDP to be used as an MR 
contrast agent. 

B.R. Moyer et al.
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11.2.1      Gadolinium Nephrogenic Syndrome 

 Gadolinium ions have known toxicities and as such any use of Gd requires the chem-
istry of the contrast agent keep the ion “caged” in chelation to maintain safety. The 
safety issue for gadolinium is known as nephrogenic syndrome (fi brosis) (Kanal 
 2008 ). It is primarily a skin phenomenon but can affect internal organs as well. 
Originally termed nephrogenic fi brosing dermopathy (NFD) due to its proclivity for 
the skin, it was eventually found to actually include systemic tissues and organs. 
Gadolinium-based MR contrast agents (GBMCAs) which have received FDA 
approval include, for example, Omniscan™ (gadodiamide) which is the one agent 
that accounts for most of the nephrogenic syndrome reports. There are two others 
that contribute to the total incident count and they are Magnavist™ (gadopentetate) 
and Optimark™ (gadoversetamide). It is apparent that most of the patients develop-
ing this syndrome are also in end stage renal disease, are >60 years of age and have 
a history of diabetes or a history of severe hepatic disease/liver transplant or pending 
liver transplant. Present recommendations from the ACR MR safety committee can 
be found at   http://www.acr.org/mr_safety     (Kanal et al.  2013 ). An excellent review of 
the safety of contrast agents in MR is provided by Kirchin and Runge ( 2008 ).   

11.3     MRI and Functional MRI (fMRI) Applications 

 MRI and fMRI have advanced their footprint in the drug development laboratory with 
increasing improvements in system adaptations to small animals and novel imaging 
pulse sequences which have expanded both anatomical and functional capabilities. 
Functional MR imaging (fMRI) is an imaging technique that can evaluate blood fl ow 
when at rest and following stimulation. It is particularly useful in the brain because of 
the well-defi ned and largely symmetric anatomy and the tight  anatomic and physio-
logical relationship between neural and vascular tissues, but it has been applied to 
other tissues. Two or more sets of images collected under different conditions (with 
and without some stimulus, e.g.) can be related mathematically and can be statistically 
correlated with each other to reveal the areas showing changes as a result of the stimu-
lus, for example, the altered blood fl ow patterns in regions of the brain performing 
mental activation tasks. This methodology has been extended to brain studies where 
drugs (rather than physical or mental stimuli) can alter the activity of regional centers 
to show blood fl ow changes in the affected areas of the cerebral cortex. In the early 
days of fMRI, the change in fl ow was mostly seen using contrast agents but now the 
blood itself, and its intrinsic sensitivity to MR fi elds (oxyhemoglobin is diamagnetic 
vs. deoxyhemoglobin which is paramagnetic) allows one to image blood fl ow without 
contrast. Venous blood contains an almost equal mix of oxy and deoxyhemoglobin. 
With exercise (change in oxygenation) more oxygen is needed and thus the oxy com-
ponent is extracted from the capillaries changing the “delta.” Paramagnetic deoxyhe-
moglobin creates an inhomogeneous magnetic fi eld in the immediate vicinity in the 
brain and this in turn increases the T 2 * decay and attenuates the MR signal. The MR 
signal intensity change is called the BOLD or “blood-oxygen-level-dependent” effect. 
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 The notion that MRI could be sensitive enough to measure brain activity, in 
 addition to brain anatomy, is only about 20–25 years old. An observation was made 
that when neural activity was seen to increase in a particular area of the brain, the 
area had a measurable MR signal that also increased by a small amount. Although 
this effect had a magnitude change of close to 1 %, it was seen to be consistent and 
measurable with high accuracy and is now a major basis as to why fMRI has taken 
off as a very useful MR tool in neurologic diseases, chemical injuries, blood–brain 
barrier breaches, and even in psychopharmacology in cognitive neuroscience. The 
applications of fMRI in translational medicine and clinical practice are becoming an 
important tool to measure plasticity of neural recovery (surgery and trauma) and 
maintenance of brain function under stresses and disease. 

 In its simplest form, fMRI places a subject under conditions where the subject 
alternates between periods of doing a particular task and placing himself back into 
a stable (cognitively speaking) control state. This could, for example, be structured 
as 30 s blocks looking at a visual stimulus alternating with 30 s blocks with eyes 
closed. The fMRI data is analyzed to identify brain areas in which the MR signal 
has a matching pattern of changes and these areas are taken to be activated by the 
stimulus (in this example, the visual cortex at the back of the head). 

 It is not because the MR signal is directly sensitive to the neural activity. Instead, 
the MR signal change is an indirect effect related to the changes in blood fl ow that 
follow the changes in neural activity. The picture of what happens is somewhat 
subtle and depends on two effects. The fi rst effect is that oxygen-rich blood and 
oxygen-poor blood have different magnetic properties related to the hemoglobin 
that binds oxygen in blood. This has a small effect on the MR signal, so that if the 
blood is more oxygenated, the signal is slightly stronger. The second effect relates 
to an unexpected physiological phenomenon. For reasons that we still do not fully 
understand, neural activity triggers a much larger change in  blood fl ow  rather than 
in  oxygen metabolism , and this leads to the blood being more oxygenated when 
neural activity increases. This somewhat paradoxical  blood-oxygen-level-dependent  
(BOLD) effect is the basis    for fMRI (Fig.  11.5 ).

   The orderly and sequential accretion of cognitive milestones in the typically 
developing child constitutes a most fascinating facet of childhood development. The 
establishment and use of cognitive developmental screening instruments such as the 
Denver Developmental Screening Test and the Wechsler Intelligence Scale for 
Children (WISC-R 1 ) refl ect the normalized and chronologic pattern of cognitive 
development documented in children. Recent advances in neurobiology have pro-
vided new understanding of cellular events that underlie neuronal function in the 
central nervous system. While this critical information sheds light upon function of 
the brain at a microanatomic level, it sheds little light upon the ways in which the 
neural tissue of the brain functions as an interrelated network of subsystems to 
 produce human behavior and cognition. 

1   Refer to Wechsler Intelligence Scale for Children  http://www.pearsonassessments.com/HAIWEB/
Cultures/en-us/Productdetail.htm?Pid=015-8979-044 . 
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11.3.1     Small Animal and Pediatric Applications of fMRI 

 One of the major uses of fMRI is in early childhood development in the assessment 
of disease, cognitive impairments, and functional defi cits. This is even true in the 
fetal subject where certain regions of the brain can be assessed for blood fl ow pre-
term. Table  11.3  gives a time line of major development events and anatomical 
information can be collected via MR imaging and the cofunctional component may 
also be explored using fMRI. In fetal imaging blood fl ow changes can be monitored 
using metronomic sounds as a form of stimuli. The use of anesthetics to prevent 
motion during a scan may be necessary with small children but it is common in 
small animal imaging; care must be taken that the anesthesia does not unduly 
 perturb the physiology being studied (there are effects on cerebral blood fl ow and 
blood glucose levels to consider, e.g.). Again, the reader is encouraged to seek fur-
ther information on small animal imaging with MRI in the textbooks of Westbrook    
et al. ( 2011 ) and Gavin and Bagley ( 2009 ).

    The regional blood fl ow in young children can be measured using task-oriented 
tests (reading, writing, physical movement) or passive testing such as auditory stim-
uli, tactile sensory stimuli, smells, and perturbations in light exposure. Each of these 
activities can change blood fl ow associated with the brain region of interest. Rivkin 
provides some examples in these tests in Fig.  11.6 . fMRI has pediatric challenges 
but it also has issues of reproducibility in the aged and in certain diseases such as 
dementia where comprehension is required (D’Esposito et al.  2003 ).

   Table  11.4  on the pediatric neuroanatomy development schedule and Fig.  11.7  
showing pediatric brain blood fl ow using fMRI are presented as examples of the 
complexity involved in pediatric MR imaging. Age dependent brain anatomic 

  Fig. 11.5    fMRI is a way to describe and image changes in localized blood oxygenation. Depicted 
in the fi gure is a theoretical location in the brain where blood fl ow is measured and the concomitant 
BOLD signal parallels the time course and relative area and modulation profi le. UCSD, Center for 
Functional MRI,  Why is the MR Signal Sensitive to Changes in Brain Activity?    http://fmri.ucsd.
edu/Research/whatisfmri.html    .  Left image : reproduced from Buxton ( 2010 ), based on data from 
Miller et al. ( 2001 );  Right image : reproduced from Buxton ( 2002 )       
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changes in newborns can confound image interpretation of blood fl ow patterns. 
Brain tissue arterial input and venous drain (i.e., fl owing blood) is what is imaged 
in fMR. As blood passes through a selected brain slice an RF pulse is applied to the 
slice and the blood within the slice experiences a phase change which allows for 
localized angiographic evaluation.

   In brain cancer, fMRI has a practical application (Young and Knopp  2007 ). fMRI 
provides activation maps of the brain cortex that refl ect hemodynamic activity 
related to neuronal activity. As discussed preciously, the BOLD signal of local tis-
sue oxygenation measures the magnetic property changes of hemoglobin as blood 
traverses through a vascular network as an intrinsic contrast agent. The effect of 
oxygenation of a brain voxel element is an increased diamagnetic oxyhemoglobin 
and decreased paramagnetic deoxyhemoglobin. Measurements within the brain 
locations for speech, language, comprehension, memory, and motor skills which 
may be altered by tumor invasion can be measured and effi cacy of treatment 
assessed. Preoperative fMRI can help the physician (or nonclinical investigator) to 
better determine the BOLD valuations of the tumor margins, control regions of the 
brain, supplemental cortex, and globally the bilateral hemispheres. Increased tumor 

  Table 11.4    Major events in human brain development and peak times of occurrence a    

 Major development event  Peak time of occurrence 

 Primary neurulation  3–4 weeks’ gestation 
 Prosencephalic development  2–3 months’ gestation 
 Neuronal proliferation  3–4 months’ gestation 
 Neuronal migration  3–5 months’ gestation 
 Apoptosis  6 months’ gestation-1 month postnatal 
 Synaptogenesis and organization  5 months gestation-years postnatal 
 Myelination  Birth-years postnatal 

   a Adapted from Rivkin ( 2000 )  

  Fig. 11.6    fMRI imaging in pediatric (nonverbal task) conditions. Group analysis of data obtained 
during fMRI study of four 9- to 10-year-old normal volunteer children. The children were instructed 
to perform bimanual alternating fi nger tapping to match the rhythm of a metronome beat delivered to 
them simultaneously by earphones. The statistical color map of regional activation is rendered upon 
the high-resolution T1W image of one of the subjects. The axial image ( a ) demonstrates  activation 
of primary motor cortex (areas marked by 1) and supplementary motor cortex (area marked by 2). 
The sagittal image ( b ) provides a medial view of supplementary motor cortex (area marked by 2). The 
coronal image in ( c ) reveals the same regions of primary motor cortex (areas marked by 1) activation 
found in ( a ). In addition, the superior temporal gyri (areas marked by 3) reveal signifi cant activation 
indicative of their role in hearing the metronome beat (from: Rivkin  2000 ). The nonverbal task 
approach is applicable to small animal studies       
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vascularity provides a measure of the grade of the tumor. The interpretation of the 
BOLD signal, however, requires some caution toward use as a clinical or transla-
tional tool for assessing drug-induced differences in fMRI images (Logothetis and 
Wandell  2004 ; Matthews et al.  2006 ) 

 Ferrari et al. ( 2012 ) provide an excellent review of an experimental protocol for 
rats and mice to evaluating pharmacologic fMRI changes (phMRI,  ph armacologic 
or  ph ysiologic MRI). They discuss the role of anesthetics (isofl urane and halothane) 
and chemical use, animals and the constraints on the animal models, animal prepa-
ration, tracheotomy (for controlled ventilation), vessel cannulations appropriate for 
the MR contrast agent administration and blood gas determinations in the MR envi-
ronment, arterial gas measurements, relative cerebral volume (rCBV), use of a 4.7 
Tesla system T2-weighted anatomical images using RARE sequence (RARE; rapid 
acquisition with relaxation enhancement) as well as conventional spin-echo 
sequences, and use of the blood pool contrast agent Endorem ®  (Guerbet, France). 
The methods they report are limited in that this is not set up for chronic measure-
ments. However it has excellent applications in the study of neuroscience and 
 psychopharmacology. Figure  11.8  depicts physiologic (or pharmacologic) phMRI 
images (Becerra et al.  2013 ).

  Fig. 11.7    Depiction of fl ow, where magnetic transference occurs within an MR image slice, which 
may be mapped to show relative change through a targeted vessel. Courtesy of Simon Williams, 
Genentech, So. San Francisco       
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11.3.2        MR Imaging and Psychopharmacology 

 Yurgelun-Todd et al. ( 2005 ) describe in their paper a study of fMRI imaging in 
schizophrenic patients during word production and the pharmacologic effects of 
D-cycloserine (D-CS). D-CS, a partial agonist at the glycine recognition site of the 
n-methyl D-aspartate (NMDA) receptor, can improve primary negative symptoms 
in schizophrenics. Rats administered the drug MK-801, an NMDA antagonist, have 
been shown to have a defi cit in spatial memory which can be reversed by D-CS. 
D-CS thus serves as a neuroleptic for the structural and functional abnormalities in 
the frontal and temporal cortex of schizophrenics. The effect of D-CS in cognition 
is less well understood. Previous work using verbal cognitive challenge testing an 
fMRI in controls and schizophrenics showed control subjects had greater activation 
of the left dorsolateral prefrontal cortex region relative to the schizophrenics. 
Schizophrenics exhibit hypo-frontality and neuroleptic therapy increases activation 
in the left temporal lobes relative to nonpsychiatric controls. Using fMRI they were 
able to show that D-CS plus neuroleptics augmented temporal lobe activation in 
schizophrenic patients relative to neuroleptics alone. They were also able to surmise 
that enhanced temporal lobe activation was negatively associated with a reduction 
in negative symptoms. Word fl uency was effectively augmented in subjects admin-
istered D-CS, and the fMRI results demonstrated that the temporal lobe activation 
directly correlated with the temporal drug induced change in blood fl ow which 
characterized the temporal lobe activation. 

 Roe and Chen ( 2008 ) provide a very good paper on high-resolution fMRI maps 
of cortical activation in nonhuman primates (NHP), a very prominent model in testing 
brain changes due to drug activity, i.e., psychopharmacology. They were addressing 
a method to map high spatial (submillimeter) resolution of cortical activity in the 
NHP brain. They note that other methods have been able to report at this level such 
as with optical imaging which has contributed in confocal microscopy in brain lay-
ers at the mm-plus dimension. Can fMRI also map the NHP brain at such resolu-
tion? Their hypothesis was “yes.” They studied the ability of BOLD fMRI to 
measure submillimeter resolution of the NHP cortex. Digital (hand, digit 3, D3, 
e.g.) stimulation leads to focal activation at the cortical location of D3 activation/
stimulation and also stimulation of D4 was mapped to the D4 location in the cor-
tex—using optical probes. The stimulation of D3 and D4 should lead to two activa-
tion spots, but what was observed was only  one  central location stimulation 
suggesting an illusionary perception. They observed that stimulation of the skin is 
not only a  surface topography  map but also a  perception  map. The brain serves as 
an integrator of signals for general “perception.” This was observed using optical 
probes and set the standard resolution required to test their hypothesis of obtaining 
similar information using fMRI. Consistent with the optical experiments, simulta-
neous stimulation of D3 and D4 in squirrel monkeys produced a single fMRI central 
focal cortical activation with 0.5 mm resolution image of the central stimulation 
spot. This kind of resolution has potentially profound implications in measuring 
psychopharmacologic drug interventions in the NHP model. 
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 Mitterschiffthaler et al. ( 2006 ) discuss the utility of fMRI in psychiatry. The  utility 
of psychiatric assessments in translational species remains in question but certainly 
changes in their physiologic parameters (as phMRI; refer to Fig.  11.8 ) by drug 
induced physiologic actions can be imaged and quantifi ed in the non-clinical setting.  

11.3.3     The Apparent Diffusion Coeffi cient (ADC) and Stroke 

 As most clinical and preclinical MRI is based on looking at the hydrogen nuclei of 
large concentration compounds such as water and fat, it is possible to sensitize the 
image to the structure below the level of the image resolution. One of the strengths 
of MRI is the ability to make relatively small changes in pulse sequence to be sensi-
tive to certain physical effects. In this manner, we can make the sequence diffusion- 
weighted image (DWI). DWI is can probe the integrity of cell membranes, the 
changes in microvascularity in tumors, and changes due to osmotic shock as in 
strokes or thrombosis. Diffusion sensitivity is produced by adding strong gradient 
pulses that encode nonlinear movement due to Brownian motion of water molecules 
traversing the local environment. The diffusion length scale can probe dimensions 
as small as a micron or as long as 10 s of microns by varying the length, amplitude, 
and spacing of the diffusion gradients. Using this fl exibility other applications of 
diffusion sensitized MRI can be detecting and following neuronal fi ber tracts in the 
brain, spine, or major nerves. In like manner, diffusion-based methods can be used 
to track muscle fi bers in skeletal and cardiac muscle. All of this done without any 
external contrast compound needed to be added. The basic diffusion-weighted 
image (DWI) technique, the Stejskal–Tanner sequence, uses a pair of high- amplitude 
gradient pulses in a spin-echo sequence with increasing amplitude,

  
I I bD= ´ -( )0 exp ,

   

where  b  =  f ( G ,  δ ,  Δ ) and where  G  = gradient amplitude,  δ  = gradient spacing,  Δ  = gradient 
duration. 

 The signal,  I , is reduced in amplitude from  I  0  based on the amount of diffusive 
motion the water molecules undergo. In this technique, any motion produces a 
reduction in signal amplitude,  I . Thus, it is possible to encode motion such as perfu-
sion or in some limited case fl ow as a complicating effect. This apparent diffusion 
coeffi cient (ADC) yields a method to probe the microstructural integrity of tissue at 
a cellular level (   Moseley et al.  2009 ). The ADC map can be obtained as a slope of a 
series of diffusion-weighted images with changing gradient strength (i.e., images 
collected at  b  = 0 s/mm 2 ), then, for example,  b  = 250, then  b  = 500, then  b  = 700, then 
 b  = 1000 s/mm 2 , and then the natural log of the ratio of each image to the fi rst image 
( b  = 0) as log[Image “ b  =  X  o ”/Image “ b  = 0”)] is plotted versus “ b ” to obtain the dec-
rement in regional intensity with increasing gradient strength (Fig.  11.9 ). In stroke, 
the apparent diffusion is measurably slower (thus relative hyperintensity is retained 
in the infarcted area in the diffusion image) compared to normal brain areas by as 
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much as 30–60 % decreases in the slope (a fl attening of the slope) versus normal. 
Figure  11.9  depicts an infarcted region which remains hyperintense in a DW image 
versus that same slice imaged as a T2-weighted image.

   In the case of stroke, cerebral blood fl ow is compromised from the normal 
12–20 mL/110 g/min to usually <12 or, at later time points, the region may be 
affected by increased fl ow, i.e., “luxury” perfusion, a condition called reactive 
hyperemia, where CBF is greater than 20 mL/110 g/min. Changes in CBF that are 
less than 12 will result in a hyperintense region of the DWI image (as seen in 
Fig.  11.9 ) which is a consequence of a decline in the apparent diffusion coeffi cient 
of water in passing through the brain parenchyma. In the chronic stroke brain 
 environment (<12 mL/110 g/min), the ADC is elevated due to extracellular water 
content and low diffusibility. 

 In a trial conducted    by Schlaug et al.  1997 ), they evaluated the relative ADC 
(rADC; a useful measure in preclinical studies as well), a ratio of lesions to control 
brain ROIs; they found that in stroke there are two phases for the rADC. That is, the 
rADC is reduced and lasts about 96 h staying at about 50 % of normal from the time 
of stroke onset. Then after 96 h an increasing trend in the rADC is observed from 
50 % of normal to normal and then to elevation of rADC at times >7 days in excess 
of 200 % of normal. The persistent reduction in rADC in the fi rst 4 h is suggested to 
indicate progressive cytotoxic edema rather than extracellular edema and cell lysis. 
Such an observation can thus allow investigations of rADC in test animal models 
with induced cerebral stroke (e.g., reperfusion injury following middle cerebral 
artery balloon occlusion rat models; Yang and Betz  1994 ). 

  Fig. 11.9    The ADC profi le (cm 2 /s, or m 2 /s). ( a )  Plot : An ADC map is obtained from a series of 
DW images with increasing  b  value (s/mm 2 ) here plotted as a series of regional area ratio values 
from  b  = 0–1,000. The ADC is the slope of the profi le. Gray matter has a slope is less than the CSF 
(cerebrospinal fl uid) and is commonly 1 × 10 −5  cm 2 /s, where the average displacement along one 
direction in the image is 8–9 μm observed over a 30–50 ms period. ADC regional decreases are 
highly correlated with areas of infarction (more mobile extracellular water protons). ( b )  Image : 
T2WI versus DWI where the DWI shows the ADC hyperintense region of an ischemic stroke 
 ( yellow circle ) (From: Neil ( 2008 ), with permission)       
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 Changes to the Fickian Diffusion model (Gaussian intensity decay) can be described 
using other DWI methods. One of the simplest methods is termed “diffusion kurtosis 
imaging” (DKI) where the deviations from Gaussian signal decay are mapped out using 
a kurtosis term to the normal (single mode) distribution (Jensen et al.  2005 ). This 
method purports to detect additional changes to the diffusion image which are masked 
by the ST model. A number of papers in recent years have applied this methodology to 
studies in neurology and oncology as a more sensitive detection for disease processes.  

11.3.4     The ADC Applied to Conditions in Oncology 

 The reader is again referred to the Oncology chapter of this volume (Chap.   7    ) for 
a view of imaging platforms used in oncology and where the MR platform is 
described. MRI can be quite fl exible in describing the tissue heterogeneity, vascu-
larity, and microstructural changes found in tumor environments. Standard charac-
terizations such as tumor perfusion, vascular bed integrity, and hypoxia can be 
measured via MRI based on water motion as tracked via diffusion or perfusion. 
Here we will specifi cally address the ADC and tumor blood fl ow/perfusion (and 
indirectly angiogenesis and blood volume). Krupnick et al. ( 2012 ) describe MRI 
protocols for the study of mouse lung tumors and these kinds of studies may be 
very valuable in the assessment of new chemical entities that target lung cancer in 
vivo. Indeed, their models are also quite relevant to the study of other lung pathol-
ogies including radiation injury which may include normal and lung cancer tissue 
responses. Physiologic and/or pharmacologic MRI can greatly help defi ne the 
dose and schedule of treatments used for lung cancers, pleural effusions resulting 
from treatments and induction of cytokine overexpression, syndromes such as 
asthma or other immunologic compromises of the lung, and many more similar 
pathologies. The air spaces of the lung can create very large magnetic susceptibil-
ity artifacts and it has traditionally been very diffi cult to image small structures 
(like nascent tumors) accurately. Using MR techniques that reduce the image 
 sensitivity to susceptibility diphase such as spin-echo variants can yield image 
clarity which is competitive with CT detection. This enables lung parenchymal 
imaging and makes MRI somewhat competitive with X-ray CT in these applications 
(Stolzmann et al.  2013 ). 

 DWI techniques can be used to observe image changes in tissue with such as 
carcinoma or tumor heterogeneity by changes in the diffusion sensitivity. These 
techniques can produce a secondary and confi rmatory contrast for other techniques 
that depend on discrimination via T1 or T2 changes. This use of ADC has been 
shown to be a good marker for radiosensitivity as this generally tracks the hypoxic 
environments in tumors (Williams et al.  2013 ). The use of ADC without the use of 
contrast agent provides a stable longitudinal biomarker for therapeutic evaluation 
without complications due to imaging timing or animal preparation. Likewise ADC 
DWI can be used to determine rapidly occurring changes due the tumor vascularity 
and changes due to angiotensive factors producing disordered vascular permeability. 
Figure  11.10  below shows the ADC tracking changes in glioma growth model in 
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  Fig. 11.10    MR images of rat cerebral tumors and treatment response. ( a ) MRI data consist of  anatomic 
contrast-enhancing coronal T1-weighted images for representative animals from each of the treatment 
groups from pretreatment (day 0) to days 5, 7, and 15. Day 15 is not shown for the control animal due 
to the rapid tumor growth for untreated animals. ( b ) MRI-determined intracerebral tumor volumes 
over time for each treatment group. Treatments occurred for 10 days total, 5 days/week. MRI was 
performed every other day during treatment and thereafter to determine tumor volume until end 
of study period for (1) control ( n  = 7), (2) 15 mg/kg AZD7762 ( n  = 10), (3) RT ( n  = 10), or (4) 
AZD7762 + RT ( n  = 12). Error bars represent SEM. All tumor volumes were signifi cantly different 
( P  < 0.05) from control tumor volumes beginning at day 3 post-treatment initiation. The combined 
therapy group was also signifi cantly different ( P  < 0.05) from the other three groups beginning at day 
3 post-treatment initiation. Reproduced from: Williams et al. ( 2013 ) with permission       
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rodents with and without the administration of a radiosensitivity agent (i.e., selectively 
sensitizing tumors to DNA-damaging agents, kinase inhibitors).

   Other related changes to the tumor environment such as perfusion can be 
detected via MRI. These perfusion-weighted imaging techniques can be used to 
determine the standard Kety equation parameters for bulk blood fl ow into tissue 
with quantifi cation that is similar to PET 18-O-H 2 O measurements. Quantifi ed 
 perfusion measurements via arterial spin labeling (ASL) techniques require addi-
tional time for the perfused spins to exchange with the tumor vascular bed and ECF 
(Wolf et al.  2005 ). 

 Other pulse sequences may fi nd other applications in oncology as they can help 
to detect signal-loss image artifacts in the vicinity of other potentially attenuating 
structures such as iron-rich sites of necrosis or hemorrhage which are relatively 
common in tumors. The technique known as susceptibility-weighted imaging (SWI) 
is quite sensitive for detecting the changes that occur from necrosis and hemorrhage 
(Mittal et al.  2009 ). SWI, a post processing technique, detects the small local mag-
netic fi elds that distort the MRI signal phase on very short distance scales while 
retaining the high SNR of a standard gradient echo MRI.   

11.4     Quality Control, Noise, Performance Monitoring, 
Contrast-to-Noise Ratio (CNR) 

11.4.1     Noise and Artifacts in MRI 

 Noise and artifacts are part of the landscape of any analytical system. MRI has many 
that are intrinsic and many that are outside of the instrument and can be, in part, 
controlled by the operator and through environmental forethought in the design of 
the laboratory. There are additive elements of noise in MRI. These include  thermal 
noise from the body which is the summation of thermal vibration of ions, electrons, 
etc., and this is the dominant noise in most MRI systems. There is also simple digital 
quantized noise from the analog to digital (A/D) devices and controllers, preampli-
fi ers, and other sources of electronic noise. The RF coils have their own inherent 
thermal noise. A/D devices, preamps, and electronic noise and thermal noise in the 
RF coils are more limiting factors for very small objects such as for MRI microscopy. 
The use of higher fi elds is usually intended to achieve higher SNR, but this is depen-
dent on the pulse sequence and the relaxation properties of the system being imaged; 
higher fi elds can sometimes reduce the SNR especially if the pulse sequence relies 
on prolonged periods of transverse magnetization such as in EPI. Major sources of 
nonthermal noise or variation in fMRI include cardiac and pulmonary variations, 
head movement, low-frequency noise, spontaneous neural and vascular fl uctuations 
(BOLD noise), and behavior variations (subject and  system). Sources of variation 
generally become more signifi cant with increasing fi eld strength. If one wants lower 
spatial resolution, then the thermal noise elements become less signifi cant. Temporal 
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noise is also something that should be considered and is mostly related to time of 
day, system operating times (durations), variations in system support (heating, envi-
ronmental controls cycling, HVAC, electrical power loads), and other variables. 

 In fMRI, Geissler et al. ( 2007 ) suggest that the contrast-to-noise ratio (CNR) 
may be a useful quality check. The contrast-to-noise ratio (CNR) is directly linked 
to statistical measures such as the  t -values, but it does not depend on the number of 
points or number of runs (scans) as do the  t -values themselves. In fMRI, the CNR is 
made up of the functional signal change and the temporal signal change as the 
 average signal change (task related) over the non-task-related variability over time 
(time-series noise). The CNR is thus a useful intuitive parameter to estimate fMRI 
performance and may be useful in comparing fMRI images across imaging sessions 
and potentially across institutions.  

11.4.2     ACR Practice Guidelines and Medical Physics 
Performance Monitoring 

 The American College of Radiology (ACR) has published Guidelines on MRI equip-
ment and on performance standards for the performance and interpretation of MRI 
imaging ( ACR 2003 ;  ACR 2004 ). The Medical Physics Performance document 
( 2004 ) sets goals for performance to produce consistency of the MR instrumentation 
and associated peripherals. They suggest the following performance characteristics 
be monitored:

•    Physical and mechanical inspection  
•   Phase stability  
•   Magnetic fi eld homogeneity  
•   Magnetic fi eld gradient calibration  
•   Radiofrequency (RF) calibration for all coil  
•   Image signal-to-noise ratio (SNR) for all coils  
•   Intensity uniformity for all volume coils  
•   Slice thickness and location accuracy  
•   Spatial resolution and low contrast object detectability  
•   Artifact evaluation  
•   Film processor quality control (if applicable)  
•   Hard copy fi delity  
•   Soft copy fi delity  
•   MRI safety checks—environmental postings and controls    

 In addition, they recommend the following quality control programs for fMRI 
(and by association MRI in general):

•    Physical and mechanical inspections  
•   Magnetic fi eld gradient calibration  
•   RF calibration for the head coil (in fMRI, and brain imaging)  
•   Image SNR and uniformity for the head coil  
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•   Film processor QC  
•   Hard and soft copy fi delity    

 Initial performance checks should be performed on installation and more com-
prehensive that the annual and the period performance checks. Acceptance testing 
should include the evaluation of all coils with reproducible but realistic phantom 
subjects since coil performance depends on the size, position, and conductivity 
of the sample. It must be clear that the peripherals are often not associated with 
the quality program and as such often are weak links in image quality and inter-
pretation and may lead to errors in image evaluations. For systems of MRS (spec-
troscopy) an MRS series of quality checks in addition to these are recommended. 
The reader is directed to Chap.   12     on MRS techniques for further information. 

 The ACR Guidance for Performing and Interpreting MRI ( 2003 ) defi nes the 
staffi ng and training requirements (incl. medical physicists), technologists, and 
 others. In addition, the document serves to guide the requirements on system docu-
mentation, equipment specifi cations, safety guidelines, quality control programs, 
and also such topics as infection control and imaging subject education and allow-
ances for concerns (Kanal et al.  2013 ). 

 Friedman and Glover ( 2006 ) have provided an excellent review on approaches 
they have observed and recommend for multicenter fMRI quality assurance proto-
cols. fMRI acquisitions are highly dependent on temporal stability. BOLD signals 
are changes on only a few percent in magnitude, and as such thermal or environ-
mental change can affect the system and wipe out collected data by simply added 
noise. Stability across days, weeks, and months is necessary for fMRI systems. 
Friedman and Glover provide specifi c examples of what they term FIRST-BIRN 
fMRI and they provide sequence parameters using EPI or “spiral gradient echo 
recalled” (see Table  11.1  in Sect.  1.1 ). The authors of the paper discuss the phantom 
used in the Glover stability QA protocol as a 17 cm diameter spherical plastic vessel 
(Dielectric Inc., Madison, WI) fi lled with a doped agar gel designed to approximate 
the brain in terms of T1 and RF conductivity. The reader is encouraged to review 
their paper and develop familiarity with their approaches.   

11.5     Conclusions 

 MRI technology continues to develop in ways that make it more available and more 
relevant to the drug and biologics development laboratory. As it moves from “nice 
to have” to being an essential readout, it will have a signifi cant impact on the way 
we approach regulatory approvals and it will be an incredibly versatile part of the 
investigative “tool chest” of development, not unlike what PCR did to molecular 
biology. 

 Oncology, psychopharmacology, physiologic and pharmacologic MR (phMRI) 
intervention, stroke, and many other applications and investigative approaches of 
MR are available to the drug and biologics drug development teams. It is the 
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application of this extraordinarily versatile imaging modality that can deliver both 
anatomy and function that has added major new avenues of noninvasive imaging 
toward understanding of the complexities of biology. It is expected that MRI will be 
one of the most accessible imaging technologies used in drug and biologic 
development. 

 The uses and image value of MRI are only as good as the quality checks and 
performance standards that are executed. There are primary quality control checks 
that are important to remain diligent. It is possible that use of the contrast-to-noise 
ratio (CNR), especially for fMRI (Sorenson  2006 ), may help serve as a uniform 
quality check that can work across studies and even across institutions. 

 Contrast agents are available, but they must be administered in high concentrations 
that can be toxic in some individuals who are compromised by pathologies affecting 
hepatic or renal function. Gd, Dy, and Mn are the important paramagnetic elements 
employed in commercial contrast agents for MR imaging. These agents are not the 
image “content” post-administration as is common of CT and X-ray imaging, but 
rather their  effects  on tissue water relaxivity is what actually creates the image. It is 
important, especially for Gd ions, to remain caged within the chelate structure to 
avoid an associated nephrogenic systemic fi brosis which is generally observed in 
the elderly and especially in renal disease with reduced clearance capacity.     
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    Abstract     The fi eld of imaging is rapidly becoming more of an analytical chemistry 
tool. Included in this is the capability of mass spectrometry (MS) to give anatomical 
and metabolic information. Mass spectrometry has also entered the imaging world 
as an analytical chemistry tool. This chapter will attempt to cover a variety of tech-
niques using mass spectral approaches for metabolic imaging such as MALDI, 
SIMS, DESI, LAESI, AP-fs-LDI, LA-FAPA, PESI, and LMJ-SSP. Each of these 
will be covered with their respective physics as well as the mechanics of how to 
employ these in the drug and biologics development setting as alone or as alongside 
of other inclusive  imaging modalities. The reader should also investigate Chap.   6     
(Autoradiography; Solon and Moyer) in this volume for some of the classical 
approaches to metabolic imaging.  

12.1         Introduction 

 Determining the distribution of drugs and drug metabolites in tissues is a necessity 
for drug discovery and development. Many kinds of studies rely on this information, 
including absorption, distribution, metabolism, and excretion (ADME), pharmaco-
kinetic (PK), and toxicology studies. Traditionally, this information has been 
obtained using radiographic imaging methods such as whole-body autoradiography 
(WBA) and positron-emission tomography (PET). In these radiographic methods, 
the drug compound is given a radioactive label which is detected within the imaging 
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experiment. Recently, mass spectral imaging (MSI) has emerged as an attractive 
alternative. 

 MSI offers several advantages over WBA and PET. MSI does not require the 
use of compounds labeled with radioactive isotopes, which can be expensive, time- 
consuming to prepare, and have a short window of use. Since WBA and PET detect 
the decay of the radioactive isotope instead of molecules, they are unable to distin-
guish between the parent compound and its metabolites. MSI, on the other hand, can 
be used to determine the localization of the parent drug and its metabolites as well as 
other biologically relevant compounds present in the tissue sample, all in one imaging 
experiment. In addition, many MSI instruments are capable of high- accuracy mass 
measurements and/or MS/MS experiments, offering confi dent identifi cation of drugs 
and their metabolites simultaneously with the imaging experiment without requiring 
subsequent LC-MS experiments. 

12.1.1     What Is Mass Spectral Imaging? 

 MSI is a surface analysis technique in which the distribution of chemicals on a sur-
face are determined to create a chemical image for one or more dimensions. Initially, 
the area to be imaged is divided into several smaller areas, or pixels. This process is 
illustrated in Fig.  12.1  where a sample image (a) is divided into a 10  × 10 grid of 100 
pixels (b). Each individual pixel is then  analyzed, and one mass spectrum becomes 
associated with it (c). After the entire area has been interrogated, an average mass 
spectrum of all the pixels can be created that represents all of the ions that were pres-
ent on the total surface area of all pixels. Using imaging software, peaks in the mass 
spectrum can be selected to generate chemical distribution maps or chemical images 
based on their distribution on the surface. For instance, the simple image in Fig.  12.1a  
is comprised of three molecules, each of which is localized in a separate area of the 
image. By selecting to display an individual ion peak, a representative chemical 
image for the corresponding compound is created (d). These individual images can 
be overlaid to generate a single image of the chemicals on the surface (e).

12.1.2        Important Terms for Mass Spectral Imaging 

12.1.2.1     Lateral (Spatial) Resolution 

 Lateral, or spatial, resolution is the minimum distance in which two distinct objects 
can be resolved on the surface, similar to optical resolution. A typical strategy to 
measure resolution is to compare features of known dimensions present on a 
 sample, determined using microscopic methods, with the chemical image obtained 
by MSI. A sample is sometimes prepared solely for this purpose, with typical 
choices being a printed grid (Kertesz and Van Berkel  2008 ; Shelley et al.  2008 ; 
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Ovchinnikova et al.  2010 ; Laskin et al.  2012 ) or a set of lines with increasing 
width along one dimension (Ifa et al.  2007 ; Liu et al.  2010 ). In most cases, spatial 
resolution is limited by the probe dimensions, although a theoretical limit exists 
for the pixel size where the amount of material present in a pixel is below the 
detectable limit, in which case the pixel size is limited by the sensitivity of the 
mass spectrometer. 

 One factor to consider when increasing the pixel count by increasing the resolu-
tion is that acquisition time (AT) increases quadratically with pixel count as shown 
in Eq. ( 12.1 ), where ST is the scan time and  X  and  Y  are the vertical and horizontal 
dimensions:

   
AT ST

pixel size
=

X Y∗
( )2

  
 ( 12.1 ) 

   

  Therefore, MSI analysis is typically a balance between image quality and 
 acquisition time. For example, Fig.  12.2  shows several images of a dog at different 
resolutions. The image farthest on the left is 8 × 12 pixels. If the scan time is 1 s, the 
image would take 96 s (or 1.6 min) to acquire. However, the image resolution is 
poor and may not be adequate to answer the question the image was supposed to 
answer. On the other hand, the image farthest on the right is composed of 64 × 96 
pixels and would take 102 min to acquire with the same scan time of 1 s. The level 
of detail is now very good, but the acquisition time has increased dramatically. In 
practice, one should choose a resolution that is adequate to answer the question at 
hand while minimizing acquisition time. One approach is to use a constant number 
of pixels per inch, or pixel density. The acquisition time scales with area for images 
with identical pixel densities, so good resolution can be obtained for a small area of 
interest while keeping the acquisition time short.

  Fig. 12.2    Image quality is inversely related to acquisition time. It is best to choose the resolution 
that has the shortest acquisition time while still able to adequately answer the question at hand. The 
Blue Dog Series is a group of original paintings by George Rodrigue (Reproduced with permission 
of the copyright owner Rodrigue Studios, LLC)       
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12.1.2.2        Depth Resolution 

 Depth resolution describes the thickness of the layer of material that is removed 
from the sample with each analysis. For some MSI techniques, such as secondary 
ion mass spectrometry (SIMS) or laser ablation electrospray ionization (LAESI), 
it is possible to continue resampling the sample spot after an initial desorption event 
to obtain information about successive layers of the sample. In this way, layer by 
layer can be removed and analyzed to create a three-dimensional chemical image. 
For other techniques, such as matrix-assisted laser desorption/ionization (MALDI) 
and desorption electrospray ionization (DESI), it is possible to obtain a three- 
dimensional image by dividing the sample into thin slices and imaging each slice 
(Eberlin et al.  2010a ). Several factors affect the depth resolution, such as sample prep-
aration, the energy and destructiveness of the chosen ionization source, the required 
signal intensity, the scan time, and the time for analysis.  

12.1.2.3     Mass Resolution 

 Mass resolution refers to the ability of a mass analyzer to separate two adjacent 
mass spectral peaks. Different types of mass analyzers have different resolving 
powers  r  (Table  12.1 ), where  m  designates a mass value and Δ m  is the peak width 
necessary for separation at  m :

   r m m= / Δ    

  Figure  12.3  shows two spectra for the short peptide bradykinin at two different 
resolving powers. At a resolving power of 1,000, there is no differentiation of the 
isotopic peaks, but at a resolving power of 5,000, the individual isotope peaks are 
distinguished. Mass resolution is an important performance parameter that deter-
mines the ability to obtain information about chemical species whose mass spectral 
peaks have very similar  m / z  values. For example, Fig.  12.4  shows the distribution of 
phospholipids in the sagittal sections of a rat brain (Manicke et al.  2010 ). Ions used 
to form the images in the left panel (A,C,E,G) have  m / z  values very similar to the 
 corresponding ions used to form the images on the right panel (B,D,F,H). Without 
 adequate mass resolution, the two species would have appeared as a single peak, and 
the resulting image would be a combination of the two separate chemical images.

   Table 12.1    The resolving powers of several mass analyzers   

 Mass analyzer  Resolving power (FWHM) 

 FT-ICR  1,000,000 
 FT-Orbitrap  100,000–300,000 
 TOF  10,000–40,000 
 Quadrupole/iontrap in ultrazoom mode  10,000 
 Quadrupole/iontrap  1,000 
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12.1.3          General Equipment Needed to Perform Mass Spectral 
Imaging 

12.1.3.1     Sample Preparation 

 For MSI, the typical ADME workfl ow begins with the dosing of an animal with the 
compound of interest. The animal is then sacrifi ced at a designated time interval, 
and slides are prepared. If performing whole-body analysis, which gives informa-
tion about the distribution of the compound within the entire animal, the whole body 
is sectioned. This may require the use of an embedding medium to rigidify the 
 animal, the most popular choice being carboxymethylcellulose (Ullburg et al.  1977 ). 
Alternatively, individual organs or other tissue samples may be removed and sec-
tioned. Transfer of the sections to slides requires the use of adhesive tape or paper 
(Prideaux et al.  2010 ). Adhesive tape is not amenable to MSI techniques which 
require a conductive substrate, such as MALDI, unless a conductive matrix is 
applied to the sample, but paper suffers the disadvantages of incomplete transfer 
and sample distortion. A washing step is sometimes applied to the sample prior to 
analysis in order to remove interfering salts or other suppressants (Shariatgorji et al. 
 2012 ). Care must be taken to minimize the solubility of the target compound in the 
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wash solution to minimize removal and delocalization. Once prepared, samples 
should be analyzed immediately to minimize sample degradation in the open labo-
ratory environment (Goodwin et al.  2012 ). 

 The sample may or may not require additional sample preparation depending on 
the nature of the sample and the MSI technique that will be used. Ambient mass spec-
trometry ionization methods such as DESI require little to no sample preparation, 
while methods such as MALDI require considerable sample preparation. In general, 
the imaged surface should be fl at, and the sample must meet the analytical require-
ments of the specifi c technique that is used. For instance, some techniques require 
that the sample be placed in a vacuum chamber for analysis, while some require that 
the analyte of interest be soluble in a particular solvent system.  

  Fig. 12.4    The distribution of phospholipids in the sagittal sections of a rat brain. The panels on the 
left (A,C,E,G) and the adjacent panels on the right (B,D,F,H) have highly similar m/z values, 
requiring a high resolution mass analyzer for differentiation          
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12.1.3.2     Sample Positioning Stage 

 In an imaging experiment, the desorption/ionization source and mass spectrometer 
are typically held stationary while the sample is moved relative to them. To accu-
rately raster a sample, a moving stage is required. The moving stage is an important 
part of the experimental setup to consider as the quality of the image depends on the 
robustness and repeatability of the sampling. Typical moving stages use computer- 
controlled stepping motors in the x and y dimensions. For samples analyzed under 
ambient conditions, a height adjustment is also required for optimizing the sample 
position relative to the ionization source and mass spectrometer inlet. The minimum 
step size determines the minimum lateral resolution, while the minimum and maxi-
mum velocities impact the time required for analysis. In the case of spray desorption 
methods such as DESI (discussed below), a smooth scanning motion is required, as 
these techniques typically acquire data as line scans. For techniques which use a 
laser or a probe device for desorption, data is acquired one pixel at a time, and a fast 
movement to the following pixel is desired. The reproducibility of sample  placement 
is also important for indexing of pixels.  

12.1.3.3     Desorption/Ionization Source and Mass Analyzer 

 The desorption/ionization source is important because it desorbs the sample, gener-
ates the gas-phase ions that are ultimately detected, and sets limits on the lateral and 
depth resolutions. There are many kinds of desorption and ionization agents avail-
able, such as lasers, ion beams, plasmas, liquid microjunctions, solid probes, and 
solvent sprays. Many sources are a combination of two or more of these agents 
(Huang et al.  2011 ). 

 There are many kinds of mass analyzers available as well, such as the triple 
quadrupole, Q-trap, orbitrap, or time of fl ight (TOF). Different mass analyzers have 
different mass ranges and mass resolutions. Analyzers with high mass resolution 
can be used to determine the elemental composition of the detected compounds, 
which enables unambiguous identifi cation simultaneous with the imaging experi-
ment. Similarly, analyzers with MS/MS capabilities can be used to fragment a peak 
of interest for identifi cation purposes. In some cases, fragments can be selected and 
fragmented again, offering structural information about the parent compound. Most 
sources can be paired with any mass analyzer, but some common confi gurations 
exist, such as MALDI-TOF.  

12.1.3.4    Post-processing 

 Computer software is used to process the imaging data after it has been collected. The 
software allows the visualization of the chemical image and includes features for data 
manipulation. Various commercial programs, as well as many programs developed 
in-house, exist for processing MSI data. A popular software option is BioMAP 
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(  http://www.maldi-msi.org/    ), which can be downloaded for free from the Internet. 
Depending on the resolution of the mass analyzer and the pixel count, imaging fi les 
can become quite large. Therefore, the processing speed and storage capabilities of 
the computer used for data acquisition and processing must be considered before 
performing an MSI experiment. The processing of MSI data typically includes 
(1) concatenating individual mass spectra into a single fi le, (2) building a table of 
all the ions detected over the entire image, (3) extracting the ions of interest, and 
(4) displaying the distribution of these particular ions across one or more images.    

12.2     MSI Methods 

 The lateral, depth, and mass resolutions, as well as sample preparation, can vary 
signifi cantly between the different MSI methods, so the choice of which method to 
use depends on the application. Established techniques for the MSI of drug distribu-
tions in tissues include secondary ion mass spectrometry (SIMS) and matrix-assisted 
laser desorption/ionization (MALDI). These techniques offer the advantages of 
high sensitivity and high spatial resolution, but typically require a substantial 
amount of sample preparation. The introduction of desorption electrospray ioniza-
tion (DESI) (Takats et al.  2004 ) and direct analysis in real time (DART) (Cody et al. 
 2005 ) instigated a rapid emergence of the so-called ambient ionization techniques. 
Ambient methods such as DESI and laser ablation electrospray ionization (LAESI) 
are becoming increasingly popular choices for MSI. These techniques require little-
to-no sample preparation, allowing high-throughput analysis to be done in the open 
environment. Ambient ionization techniques are able to analyze samples directly 
because they include both desorption and ionization capabilities. While these two 
events can be accomplished with a single agent in some cases, most ambient meth-
ods use separate agents for desorption and ionization. Many permutations of the 
desorption and  ionization agents have been achieved (Huang et al.  2011 ; Venter 
et al.  2008 ). The desorption processes of most ambient ionization methods are 
localized, so these methods have the ability to be used for MSI (Wu et al.  2013 ). 

 A fi gure containing schematics for several MSI techniques discussed below is 
presented at the end of the chapter. 

12.2.1     Common MSI Techniques Used for Drug Discovery 

12.2.1.1    Secondary Ion Mass Spectrometry (SIMS) 

 In SIMS, an ion beam is used to bombard a sample in vacuum. Ions are liberated 
from the surface and subsequently detected. Many ion beam choices are available, 
including mono- and polyatomic clusters. Polyatomic clusters and molecular ions 
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such as C60 reduce the amount of fragmentation that is common during SIMS. Both 
the spatial and depth resolutions are very good for SIMS, as low as 100 nm 
(Pacholski and Winograd  1999 ) and 15 nm (Cheng and Winograd  2005 ), respec-
tively, making it an ideal choice if high resolution is required. SIMS can be operated 
in one of two modes by adjusting the density of ions bombarding the surface. Static 
SIMS, achieved with a low density of ions, is minimally destructive. Dynamic 
SIMS, which is more destructive, occurs with a high density of ions. Dynamic SIMS 
can be used to remove layers of the sample to construct a 3D chemical image of the 
sample (Seeley and Caprioli  2012 ). SIMS is typically used for low molecular weight 
 molecules, although interference from fragmentation can be quite severe in the low 
mass range of the spectrum, making the interpretation of the data diffi cult. 

 Figure  12.5  shows an example of using Bi 3  +  cluster TOF-SIMS to map the distri-
bution of dexamethasone sodium phosphate drug fragments in various sections of 
the lens, vitreous humor, and retina of perfused ovine ocular tissue (Mains et al. 
 2011 ). By comparing the distributions with those obtained from non-perfused 
 tissue, the authors were able to show that the movement of dexamethasone through 
the eye is not the result of diffusion alone. The images are 500 × 500 μm, demon-
strating the extremely high resolution of this technique.

12.2.1.2       Matrix-Assisted Laser Desorption/Ionization (MALDI) 

 MALDI is another vacuum method with high spatial resolution. Resolutions as low 
as 30 μm (Burnum et al.  2008 ) have been attained, although resolutions around 
200 μm are more typical. MALDI is usually paired with TOF mass analyzers and as 
such offers a large mass range, 600 Da to 1 MDa. The ionization agent is a laser 
pulse. As the name implies, MALDI requires the application of a matrix compound 

  Fig. 12.5    The distribution of dexamethasone sodium phosphate drug fragments in various  sections 
of the lens, vitreous humor, and retina of perfused ovine ocular tissue determined using Bi3+ 
 cluster TOF-SIMS. (From Mains et al.  2011 ; with permission)       
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prior to analysis to absorb the laser energy and aid with ionization, which usually 
occurs through protonation or deprotonation reactions. There are many matrix com-
pounds used in MSI MALDI, and the choice of matrix depends on the application 
(Kaletaş et al.  2009 ). For instance, 2,5-dihydroxybenzoic acid (DHB) is usually 
used for sugars or peptides, while sinapinic acid is used for proteins or lipids. There 
are several methods for applying the matrix, including droplet deposition, dry coat-
ing, sublimation, and electrospray (Kaletaş et al.  2009 ). Choosing the correct matrix 
compound and applying it are critical to the success of MALDI. When the matrix 
dries, crystals are typically formed and the size and homogeneous distribution of 
these crystals are important for obtaining good spatial resolution when attempting 
MSI by MALDI. One drawback of MALDI is the interference in the low mass range 
from the formation of matrix clusters, making the interpretation of data for lower 
molecular mass compounds diffi cult. However, higher molecular weight com-
pounds can ionize easily in MALDI, making it ideal for the study of biopolymers 
such as proteins, DNA, or RNA. 

 Figure  12.6  shows the distribution of the tuberculosis drug moxifl oxacin in 
infected rabbit lung biopsies (Prideaux et al.  2011 ). The drug was shown to accumu-
late in the granulomatous lesions over time, preferentially in the outer regions 
known to contain active microphages as opposed to the central necrotic caseum, 
where lower levels were detected. Since extracellular bacteria populations are 
thought to reside in this central area, this information may be clinically relevant. 
The scale bar for these images is 5 mm, so the pixel size is much larger than what 
can be attained by SIMS, but the resolution is adequate to show the various distribu-
tions of the target compound.

   Many modifi cations to the traditional MALDI setup have been used for MSI. 
The laser pulse is typically applied from above the plane of the sample, but by using 
a transparent MALDI substrate, it is possible to apply the laser pulse from behind. 
This enables the sample to be placed much closer to the mass spectrometer inlet to 
improve ion transmission (Vertes et al.  1990 ). Mass spectral imaging has been 
 demonstrated in the transmission geometry (Richards et al.  2011 ). Laser desorption 
ionization (LDI) is a method operationally similar to MALDI (McMahon  1985 ), 
with the exception that it is not necessary to apply a matrix to the sample prior to 

  Fig. 12.6    The distribution of moxifl oxacin in tuberculosis-infected rabbit lung biopsies determined 
using MALDI-TOF. The scale bar in the reference image at 5.14 h represents 5 mm. (From Prideaux 
et al.  2011 ; with permission)       
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analysis. LDI has been used to image metabolites in plant tissues (Cha et al.  2009 ), 
lipid distributions in mouse brain tissues (Goodwin et al.  2011 ), and antibiotic 
 compounds on the surface of beewolf larval cocoons (Kroiss et al.  2010 ). Finally, 
intermediate and atmospheric pressure MALDI (AP-MALDI) sources have been 
used for the MSI of lower molecular weight compounds (Guenther et al.  2011 ; 
Garrett et al.  2007 ).  

12.2.1.3    Desorption Electrospray Ionization (DESI) 

 DESI, one of the pioneering ambient techniques, (Takats et al.  2004 ) is  performed 
by directing an electrosprayed solvent at the sample section. Initial droplets 
 create a thin liquid fi lm into which material is dissolved. Subsequent droplets 
impact this fi lm and produce secondary droplets which fl y towards the mass 
 spectrometer inlet (Costa and Graham  2008 ). Ionization from these secondary 
droplets occurs in the same way as traditional electrospray ionization (Takáts 
et al.  2005 ). For compounds not easily analyzed by DESI, reagents can be added 
to the electrospray to react with these molecules and form product molecules that 
are more easily ionized and detected. This method is called reactive DESI (Cotte-
Rodriguez et al.  2005 ). The typical resolution for a DESI MSI experiment is 
around 200 μm, although a resolution as high as 40 μm has been reported (Kertesz 
and Van Berkel  2008 ). 

 Of all the ambient methods, DESI has been developed the most as a MSI tech-
nique, especially for the analysis of lipids in tissue samples (Eberlin et al.  2011 ). 
The three-dimensional analysis of lipids has been demonstrated for the lipids in rat 
brain tissue (Eberlin et al.  2010a ) as well as the mapping of lipids (Paglia et al. 
 2010 ) after two-dimensional high-performance thin-layer chromatography 
(2D-HPTLC) separation and peptides (Pasilis et al.  2008 ) after one-dimensional 
HPTLC. DESI MSI analysis has also included the mapping of drug distributions in 
tissues (Kertesz et al.  2008 ), natural products imaging (Lane et al.  2009 ; Li et al. 
 2011 ; Muller et al.  2011 ; Thunig et al.  2011 ; Ifa et al.  2011 ), and cancerous tissue 
discrimination (Dill et al.  2009 ; Eberlin et al.  2010b ). In addition, reactive DESI has 
been used to image cholesterol in adrenal gland tissue (Wu et al.  2010 ), a compound 
not amenable to standard DESI analysis. 

 A comparison between the whole-body imaging of a mouse sagittal section by 
DESI-MS/MS and WBA (Kertesz et al.  2008 ) is shown in Fig.  12.7 . The specimen 
was intravenously dosed with 7.5 mg/kg of propranolol and euthanized 60 min after 
dosing. Each pixel in the DESI-MS/MS image corresponds to an area of approxi-
mately 140 μm by 200 μm in size. Comparison of panels B and D shows that 
DESI-MS/MS was able to detect propranolol in the brain, lung, and stomach 
regions. The autoradioluminograph obtained by WBA showed accumulation in the 
liver, kidney, and salivary gland as well, which was not picked up by DESI-MS/MS, 
but this signal may have resulted from the detection of propranolol metabolites, 
which WBA cannot distinguish from the parent drug.
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12.2.2         Other Techniques 

 Besides the MSI techniques commonly used for drug discovery, many other desorp-
tion/ionization techniques have been developed that have high potential for MSI. 
Many of these techniques are part of the boom of ambient techniques that began 

  Fig. 12.7       ( a ) and ( c ) are optical images of whole-body tissue sections of a mouse dosed with 7.5 mg/
kg propranolol and euthanized 20 min after dosing. ( b ) Distribution of propranolol determined using 
DESI-MS/MS. ( d ) Distribution of propranolol determined using WBA. (From Kertesz et al.  2008 ; 
with permission)       
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with DESI and DART and share the advantages common to all ambient techniques, 
such as operation at atmospheric pressure and limited sample preparation. While 
ambient ionization is a relatively young fi eld compared to SIMS and MALDI, it is 
currently receiving a lot of attention and is developing rapidly. Besides DESI, some 
methods have already become commercially available, such as LAESI and LMJ- 
SSP. The following section contains a brief introduction for various MSI techniques 
which have shown the potential to be used for drug discovery and development. 
They are divided according to the desorption mechanism of their ionization source, 
the parameter which typically has the largest impact on lateral resolution. 

12.2.2.1    Laser Desorption Techniques 

 In each of the following ambient techniques, a laser is directed towards the sample 
and material is ablated with the fi ring of the laser, similar to MALDI or LDI. After 
ablation, ionization is achieved by one of several methods, depending on the 
technique. 

   Laser Ablation Electrospray Ionization (LAESI) 

 During LAESI analysis (Nemes and Vertes  2007 ), material is ablated from the 
 sample using a mid-infrared laser at 2,940 nm. The ablated material then coalesces 
with the droplets of an electrospray that is directed towards the mass spectrometer 
inlet. Ionization occurs by the typical electrospray ionization mechanisms (Nemes 
and Vertes  2007 ). The amount of material that is ablated can be controlled by adjust-
ing the number of laser pulses applied to each sample position. This makes it pos-
sible to perform 3D imaging experiments using this method (Nemes et al.  2009 ). 

 The bio-applications demonstrated by LAESI have included the ability to map 
both the 2D (Nemes et al.  2008 ) and 3D (Nemes et al.  2009 ) distributions of plant 
metabolites present in  Aphelandra squarrosa  leaves (Fig.  12.8 ), the mapping of 
small metabolites and lipids in rat brain tissue sections (Nemes et al.  2010 ), and the 
in vitro analysis of metabolites in the electric organ of the fi sh  Torpedo californica  
(Sripadi et al.  2009 ). In addition, the in situ analysis of single cells (Shrestha and 
Vertes  2009 ; Shrestha et al.  2011 ) has also been demonstrated by LAESI.

      Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) 

 LA-ICPMS (Durrant  1999 ) begins by using a laser to ablate material on the 
sample. This material is then transferred via a fl ow of gas to a plasma source for 
ionization, where the high temperature of the plasma breaks the material into indi-
vidual atoms, some of which are ionized. A lateral resolution of 4 μm has been 
reported (Durrant  1999 ). Because it uses a plasma ionization source, this technique is 
very good for elemental analysis. For example, Fig.  12.9  shows the distribution of 
Cu, Fe, Zn, and Mn in a rat brain at 2 h, 7 days, and 28 days after the administration 

K.A. Douglass et al.



341

  Fig. 12.8    Optical image of an  Aphelandra squarrosa  leaf before ( a ) and after ( b ) LAESI analysis. 
The 3D distribution of kaempferol/luteolin ( c ) followed the variegation pattern of the optical 
images. (From Nemes et al.  2009 ; with permission)       

  Fig. 12.9    Cu, Fe, Zn, and Mn distributions in rat brain sections at various time points following 
administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridin (MPTP). (From Matusch et al. 
 2010 )       

 

 

12 Technologies and Principles of Mass Spectral Imaging



342

of 1-methyl- 4-phenyl-1,2,3,6-tetrahydropyridin (MPTP), a drug used to model 
Parkinson’s disease (Matusch et al.  2010 ). It was possible to observe an increase of 
Fe over time in the interpeduncular nucleus as well as a signifi cant decrease of Cu 
in the periventricular zone and fascia dentate at 2 h and 7 days followed by over-
compensation at 28 days.

      Infrared Laser Ablation Metastable-Induced Chemical Ionization (IR-LAMICI) 

 Similar to LAESI, a mid-infrared laser at 2,940 nm is used to ablate material during 
IR-LAMICI (Galhena et al.  2010 ). However, unlike LAESI, after ablation the mate-
rial is introduced to a metastable plume directed towards the mass spectrometer 
inlet, where ionization occurs by gas-phase chemical ionization. IR-LAMICI has 
been used for natural product imaging on biological surfaces (Galhena et al.  2010 ) 
as well as the small molecule imaging of drug tablets (Galhena et al.  2010 ).  

   Atmospheric Pressure Femtosecond Laser Desorption Ionization (AP fs-LDI) 

 AP fs-LDI uses near-infrared laser pulses with high peak power densities to desorb 
and ionize the sample (Coello et al.  2010 ). Because the sample absorbs the laser 
energy directly, sample fragmentation can occur (Lozovoy et al.  2008 ). Similar to 
LAESI, AP fs-LDI can be combined with an electrospray, a technique referred to as 
laser electrospray mass spectrometry in the literature (LEMS) (Judge et al.  2010 ). 
The mass range for AP fs-LDI is limited at around  m / z  400, but it has the best 
reported spatial resolution of the laser-based ambient techniques at around 20 μm 
(Coello et al.  2010 ). The ability to analyze biological tissues was demonstrated for 
AP fs-LDI by imaging a monolayer of onion epidermis, which allowed the visual-
ization of individual cells (Fig.  12.10 ) (Coello et al.  2010 ).

  Fig. 12.10       Individual onion epidermis cells visualized using AP fs-LDI. Panel ( a ) shows the MSI 
chemical image and corresponding optical image (inset). Panel ( b ) shows the intensity distribution 
for scan represented by the red dashed line in panel ( a ). (From Coello et al.  2010 )       
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      Laser Ablation Coupled to Flowing Atmospheric-Pressure Afterglow (LA-FAPA) 

 The last of the laser desorption methods is LA-FAPA (Shelley et al.  2008 ). 
LA-FAPA uses an ultraviolet laser to ablate material. This material is subsequently 
carried by a nitrogen stream to the afterglow of a helium atmospheric pressure 
glow discharge ionization source where analyte molecules are mixed with the 
plasma and ionized. LA-FAPA can be used to analyze molecules up to 1 kDa with 
a spatial resolution as low as 20 μm, depending on the size of the laser spot. 
LA-FAPA has been used for drug tablet analysis as well as the imaging of tissue 
loaded with lidocaine (Shelley et al.  2008 ).   

12.2.2.2    Plasma and Vapor Desorption Methods 

   Low-Temperature Plasma Source (LTP) 

 The low-temperature plasma source (LTP) (Harper et al.  2008 ) uses plasma for both 
desorption and ionization. In the LTP source, an alternating voltage is applied 
between two electrodes separated by a dielectric layer, generating a low- temperature 
plasma which is then applied to the surface to desorb and ionize the sample at a 
spatial resolution as low as 250 μm (Liu et al.  2010 ).  

   Desorption Atmospheric Pressure Photoionization (DAPPI) 

 DAPPI (Haapala et al.  2007 ) uses a heated jet containing solvent vapor to desorb mate-
rial from the sample, which is then ionized by photoionization using a photoionization 
lamp. The heated jet increases the temperature of the sample where it is applied, a 
parameter important for effi cient desorption (Luosujärvi et al.  2008 ). For this reason, 
substrates with low thermal conductivity are best. Pharmaceutical and illicit drugs 
have been detected using DAPPI (Haapala et al.  2007 ; Luosujärvi et al.  2009 ), and 
MSI analysis of phytocompounds from plant leaves, as well as the selective ionization 
of a sterol lipid from a brain tissue sample, has also been demonstrated with a spatial 
resolution of 1 mm (Pól et al.  2009 ).   

12.2.2.3    Probe Electrospray Ionization (PESI) 

 During PESI (Hiraoka et al.  2007 ), a solid needle is used to penetrate the surface of 
the sample, some of which adheres to the needle on extraction. The needle is then 
moved to a position in front of an spray emitter, where droplets from the spray 
wet the needle tip containing the desorbed material. A high voltage applied to the 
needle then initiates an electrospray at the needle tip, which ionizes the sample 
and transfers it to the mass spectrometer. Once the ionization event is fi nished, 
the needle is moved to the next sample position, and the process is repeated. 
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The lateral resolution is limited by the size of the probe, which is typically around 
100 μm or less. Depth profi ling is also possible using PESI, although carryover 
resulting from increasing hole size during subsequent punctures makes quantitative 
measurement diffi cult (Chen et al.  2009 ). PESI has been used to analyze phospho-
lipids and galactosylceramides from mouse brain sections (Fig.  12.11 ) with a lateral 
resolution of 60 μm (Chen et al.  2009 ).

12.2.2.4       Liquid Microjunction Methods 

 Several closely related ambient methods have been developed where a liquid 
 junction is formed between the sample and a probe, including the liquid microjunc-
tion surface-sampling probe (LMJ-SSP), the nanospray desorption electrospray 
ionization (nano-DESI) source, and the liquid extraction surface analysis (LESA) 
source. Solvent is delivered directly to the sample, and material from the sample is 

  Fig. 12.11       Chemical images of phospholipids ( a – e ), galactosylceramides ( f – h ), and an ion at  m / z  
1,094.9 present in a mouse brain section determined using PESI ( i ). (From Chen et al.  2009 ; with 
permission)       
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dissolved into the junction. The solvent containing the sample is then transferred to 
a position where it is ionized by electrospray ionization. 

   Liquid Microjunction Surface-Sampling Probe (LMJ-SSP) 

 The LMJ-SSP (Van Berkel et al.  2008 ) uses a set of coaxial capillaries where solvent 
from the outer capillary forms the junction with the sample while the inner capillary 
transfers solvent sampled from the junction to a pneumatically assisted electrospray. 
A noncontact method of LMJ-SSP called proximal probe thermal desorption/ 
secondary ionization has been developed where the continuous fl ow probe is posi-
tioned immediately above the surface, catching material from a transmission mode 
laser ablation event (Ovchinnikova et al.  2011 ). Traditional LMJ-SSP has demon-
strated tissue imaging capabilities (Van Berkel et al.  2008 ), though the lateral reso-
lution is larger than many other ambient techniques at 670 μm. Proximal probe 
thermal desorption/secondary ionization has a lateral resolution around 50 μM 
(Ovchinnikova et al.  2010 ), similar to other methods using laser desorption.  

   Nanospray Desorption Electrospray Ionization (Nano-DESI) 

 The nano-DESI source (Roach et al.  2010 ) forms a liquid microjunction between 
the sample and two closely positioned capillaries, one that delivers solvent and 
another with a self-aspirating nanospray at the other end, which is positioned in 
front of the mass spectrometer inlet. The analysis of human carcinoma and rat brain 
tissues (Laskin et al.  2012 ) has demonstrated nano-DESI’s ability to achieve a lateral 
resolution as low as 12 μm (Fig.  12.12 ).

      Liquid Extraction Surface Analysis (LESA) 

 During LESA (Eikel et al.  2011 ), the probe is fi rst positioned close to the surface. 
When in position, the probe extrudes a droplet to form a liquid microjunction with 
the sample. The droplet is then retracted back into the probe and transferred to a 
position from where it is subsequently electrosprayed. A lateral resolution of 1 mm 
was demonstrated for the imaging of the pharmaceutical product terfenadine and its 
metabolite fexofenadine in whole-body mouse sections (Eikel et al.  2011 ).    

12.2.3     Summary Table 

 A summary of the MSI methods is presented in Table  12.2 . The table summarizes 
reported lateral and depth resolutions. It also illustrates applications of the various 
MSI methods. Figure  12.13  is also provided as a simplifi ed depiction of several of 
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the IMS methods presented in this chapter. Many methods have been used for 
 biomedical applications, and others listed are likely to be used for such applications 
soon. While no other method has yet to approach the lateral resolution capable by 
SIMS, most have reported lateral resolutions of 200 μm or less, adequate for many 
imaging applications at tissue level.

12.3          Concluding Remarks 

 MSI has become a valuable tool which can provide complementary data to  radiographic 
and optical studies of drug distributions. As the fi eld of mass spectrometry continues 
to expand, the already extensive collection of available ionization sources and mass 

  Fig. 12.12    ( a ) Optical image of a papillary renal cell carcinoma human tissue sample. ( b ) Ion 
image of the cholesteryl ester at  m / z  687.5 obtained using nano-DESI. ( c ) Overlay of the optical 
image and chemical image. The scale bar represents 1 mm. (From Laskin et al.  2012 , with 
permission)       
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  Fig. 12.13    Schematics of various ionization/desorption methods used for MSI       

analyzers, the number of possible techniques with which to perform MSI, will  continue 
to grow as well. As we have shown, many recently introduced ambient  ionization 
sources have already found utility in MSI for drug discovery. With continued develop-
ment, they will increasingly present an attractive alternative to established techniques 
such as MALDI and SIMS. The ambient methods offer several advantages over SIMS 
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as well as MALDI. For many applications, the ambient methods offer satisfactory 
resolution while requiring much less sample preparation, improving the time of 
analysis. 

 Wu et al. have identifi ed several target areas in which progress would aid the 
adoption of the ambient MSI techniques into the fi eld of drug discovery and devel-
opment (Wu et al.  2013 ). These areas include:

    1.    A better understanding of ion suppression and matrix effects which are common 
in ambient mass spectrometry   

   2.    Increased robustness in ambient MSI source design and experimental setup to 
increase reproducibility   

   3.    Increased use of high-resolution mass analyzers and tandem mass spectrometry 
for molecular identifi cation   

   4.    The development of imaging software and other tools for handling increasingly 
large sets of imaging data   

   5.    Improved spatial resolution of the ambient methods   
   6.    The development of quantitative methods, such as the inclusion of internal 

standards    
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    Abstract     Today’s revolution in imaging technologies in the biomedical sciences 
has raised much needed hope for improved diagnostics, therapeutics, and the even-
tual cure of many debilitating illnesses. Imaging itself has become the seed technol-
ogy that has fostered the development of many novel diagnostic approaches as well 
as helping point the way to witnessing the mechanism of action of drugs and biolog-
ics. The advancement of new drugs and biologics will be undertaken in the future 
with surrogate biomarkers, and many of these will be in the form of imaging. 
Imaging of pharmacodynamic responses to therapies such as changes in RECIST, 
cerebral glucose utilization, MRI BOLD changes refl ecting neurologic activity, and 
many other novel approaches are opportunities for the imaging community to work 
with the regulatory community to contribute to the advancement of novel agents. 
As stated by Dr Steven Larson (2007) “We are experiencing a paradigm shift from 
anatomic towards biomarker (molecular imaging) as the primary means for assess-
ing treatment response in oncology” and as such the regulatory environment for this 
to happen must be considered and developed to maximize the potential which imag-
ing brings to medical diagnosis and to clinical decision making.  

    Chapter 13   
 Regulatory Considerations Involved 
in Imaging 
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13.1         The Regulatory Issues in Translational Biology 

 One of the most confounding issues for the pharmaceutical industry is not at the 
regulatory approval end of the development spectrum but rather somewhere “in the 
middle” where costs begin to accelerate, decisions on what is the drug or biologic’s 
market share (potential revenue), what constraints on the indication will be appropriate 
or required (due to safety fi ndings), and decisions to let go of programs that may 
have marginal effi cacy or too low a therapeutic index (Paul et al.  2010 ; Muller and 
Milton  2012 ). 

13.1.1     The Concept of Translational Biology: 
Predicting Human from Animals 

 While science rests predominantly on drug development using animal models of 
disease, including murine genetic knock-in and knock-out  models (genetically 
engineered mouse models; or GEMMs), there has been a long history of  skepticism 
on the relevance of animal models (European Commission, 2010).  Although mice 
share 99% genetic equivalency to man there is still the relationships of gene expres-
sions and the pathologic outcomes may be temporally different from man as well as 
pharmacologically (receptor affi nities, etc). It is important to investigate the predic-
tion of a drug behavior across several species to obtain a linear profi le of the drug 
clearance across those species such that a true estimate of the drug behavior in man 
may be predicted (Fig.  13.1 ). Ensuring a range of body weights across selected spe-
cies is an important factor to consider when applying allometric scaling. If the 
selected body weights of the species tested have less than a one- to tenfold (1 log) 

  Fig. 13.1    Human clearance of drug “X” relative to other species. Linearity for human and three 
other species is shown for a log–log relationship of body weight (BW and clearance of free drug 
Cl-free). A key factor for the best estimation of clearance is the use of the log of the body weight 
as this provides linearity that covers at least two log range across species. See Chap.   5     in this vol-
ume for more detail on the use of clearance in species dose scaling (from Onthank  2005 ; fi gure 
from dissertation; unrestricted)       
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range, then the value of the extrapolated slope for the estimate is not well defi ned 
and the data may skew the determined human value. It is also very important to 
recognize that in addition to renal fl ow differences and nephron count in the renal 
cortex (both are additional allometric parameters for consideration) that can affect 
rates of drug clearance, some drug elimination rates are a function of  total     drug 
rather than  free  (unbound) drug concentration in the eliminating region. Changes in 
drug binding either in blood or in the eliminating region (receptor-mediated clear-
ance) will infl uence the species clearance from the blood. In the “big picture” of PK 
across species, it is apparent that tissue binding is far less important in pharmacoki-
netics than is drug binding to the plasma proteins (Gibaldi and Koup  1981 ). It thus 
important to assess protein binding and make corrections to the clearance estimates. 
In terms of clearance across species, Mordenti ( 1986 ) provides a graph showing the 
linearity of antipyrine clearance versus body weight in 11 species. This relationship 
across species allows one to do comparative pharmacology and PK studies using 
this observed relationship as a reference  clearance “gold standard.” Ritschel and 
Banerjee ( 1986 ) show a similar relationship, as with Mordenti using 11 species, for 
the volume of distribution ( V  β ) of antipyrine.    Again, a useful “gold standard” for 
interpreting across species.

   From a regulatory perspective, it is prudent to determine the in vitro plasma 
 binding of a drug in several species (including human) in addition to the standard 
pharmacokinetic parameter estimates as these two considerations form a signifi cant 
basis for correlation to the human dose. Muller and Milton ( 2012 ) describe how to 
consider plasma protein binding and tissue exposures. We recommend inspection of 
their paper on the importance of establishing a reliable across species therapeutic 
index (TI) in drug and especially biologics development. They point out that there is 
always some likelihood that the in vitro target specifi city may not correlate with the 
therapeutic index. They provide where this is the case where they describe the drug 
pergolide for Parkinsonism. Pergolide is a dopamine receptor agonist which was 
found (after approval) to have an additional off-target agonal receptor affi nity for the 
5-HT 2b  receptor which was contributing to valvular heart disease complications in 
some patients. Pergolide has a 36-fold higher affi nity for the dopamine receptor than 
for the 5-HT 2b  receptor, but in vivo conditions of clearance and overall drug exposure 
(likely cardiac surface percent fl ow >> pituitary blood fl ow) led to an actual therapeu-
tic index of less than 1. For a more current review of dose translation employing body 
surface area (BSA), we direct the reader to Reagan-Shaw et al. ( 2007 )   . 

 Mordenti (1986) provided a log-log plot of multiple species with respect to the 
logarithm of each species urinary clearance of intrinsic unbound antipyrine (in L/MLP 
× 105), where MLP is maximum lifetime potential in years, vs the logarithm of body 
weight and demonstrates that this is a highly linear function (r = 0.989) (Fig.  13.2 ). 

  Onthank ( 2005 ) found in his dissertation that if clearance was taken as the primary 
PK value, the weight-based allometric scaling, with addition of the protein- binding 
adjustment, was predictive within 12.5 % based on a retrospective analysis. Work by 
Tang and Mayersohn ( 2005a ,  b ) reported predicting human clearance values within 
78 % with a method using only rat and human data. They also reported that accuracy 
using simple allometric scaling was within 323 % and using the rule of exponents 
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alone it was within 185 %. Thus, the method of Onthank showing a 12.5 % prediction 
accuracy based upon clearance and weight-based scaling is an excellent method for 
providing human clinical dose estimates.  

13.1.2     Immunogenicity and Biologics 

 Immunogenicity, and indeed nearly all drug and biologic toxicologic occurrences, 
has prompted regulatory attention which has mobilized into specifi c recommenda-
tions and guidance documents (Bass et al.  2011 ; FDA Guidance for Industry, 
UCM33856, 2013). Figure  13.3  depicts the history of safety guidance documents 
over the past 30 years. Imaging is a small part of this as it has generally been in the 
tracer dose category and thus generally with wide therapeutic indexes. However, of 
late there has been development of highly biologically active radiotracers and the 
CT, US, optical, and MR imaging platform industries have been making more bio-
logically active contrast agents which could have deleterious biological activities 
and thus reasonable suggestion of concern for safety. The development of small 
radiotracer peptides with exceptionally high (sub- nanomolar) receptor affi nities has 
resulted in products with potentially narrow therapeutic index values. The institution of 
the Phase “0” trials (see FDA reference:  Exploratory IND studies , G6384dft.pdf, April 

  Fig. 13.2    Antipyrine clearance versus BW (kg) versus body weight (BW) over 11 species (log–log 
plot). Note the similar log–log relationship as was seen for Clearance (from Mordenti  1986 ; with 
permission). A similar plot of antipyrine volume of distribution ( V  β ) versus BW is available from 
Ritschel and Banerjee ( 1986 )       

 

B.R. Moyer et al.



359

  Fig. 13.3    Scope and implementation date of regulatory guidance documents referring entirely or 
in part to safety pharmacology over the last 30 years. Over the last decade there has been an 
increase in number and scope of regulatory guidance referring to safety pharmacology end points 
refl ecting increasing regulatory concerns.  FDA  Food and Drug Administration,  ICH  International 
Conference on Harmonization,  JMHW  Japanese Ministry of Health and Welfare,  FDA  United 
States Food and Drug Administration,  EMEA  European Agency for the Evaluation of Medicinal 
Products,  CPMP  Committee on Proprietary and Medicinal Products,  CHMP  Committee on 
Medicinal Products for Human Use (from Bass et al.  2011 , with permission)       

 2005 ) allows investigators with purportedly “safe” radiotracers (indeed potentially 
benign contrast agents as well—documented with GLP toxicology supporting docu-
ments) to enter into a dose escalation safety trial. More will be discussed on this post-
IND avenue later in the chapter. This kind of early human trial has profound implications 
in the advancement of new imaging agents and also the potential for use of existing 
radiotracers and contrast agents with known high therapeutic index values to be 
employed as companion diagnostics in new clinical indications.

13.1.2.1       The TeGenero Incident: Implications in Imaging 

    Shankar et al. ( 2006 ), as well as Nada and Somberg ( 2007 ), has addressed some very 
important points of scientifi c as well as regulatory aspects on the immunogenicity of 
fi rst-in-man (FIM) biologics which have additional implications in their use as 
 diagnostic imaging agents or use as surrogate biomarker end points to explore or 
defend the effi cacy and safety of a biologic. The effi cacy and the safety of biologics 
in human studies has inherent risk with the potential appearance of immune 
responses. A tragic case of this was the TeGenero TNG1214 incident. Immunogenicity 
studies are now critical elements of study in the preclinical setting of biologic devel-
opment following this clinical trial experience. The Nada article is detailed in how 
clinical trials must change in light of the TeGenero failed FIM dose adjustments. 

 In 2006 (March 13th) a clinical trial began as a small (<10 patient) Phase 1 trial 
that was designed based upon preclinical experience. TGN1412 was an agonal 
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monoclonal antibody (humanized IgG4/kappa) for the human CD28 cell surface 
marker. As an IgG4 antibody it binds with low affi nity to Fc receptors and does not 
mediate ADCC (antibody-dependent cell-mediated cytotoxicity) or CDC 
(complement- dependent cytotoxicity) activity. The study was a proposed dose escala-
tion, single IV dose in escalating cohorts covering a 0.1–5 mg/kg dose range. Patients 
( n  = 6 plus 2 controls) were separated in time for dosing by 10 min. All six patients 
receiving the lowest dose experienced severe life-threatening toxicities and all within 
90 min, and by 21 h all the subjects experienced multiorgan failure (Rellahan  2009 ). 

 What are the implications of this biologic, tested in multiple species with general 
safety assessment suffi cient for trial initiation? Clearly this is similar to testing a 
biologic imaging agent in a Ph “0” trial where the dose is termed “non-effi cacious” 
or even “non-signifi cant” since it binds as a tracer. What are the limits of a safe 
“tracer dose”? How can we properly test biologics to assure a safe undertaking 
for a new biologic in the clinic? This is never going to be answered suffi ciently for 
every new product, but there are procedures to give more attention. 

 The results of the TeGenero incident showed that a 28-day repeated dose study in 
cynomolgus monkeys gave a NOAEL (no observed adverse event level) of 50 mg/
kg—the highest dose to be tested in the clinical setting. Looking closely at the data, 
however, there were signs of risk. There were elevations in IL-2, IL-6, and IL-5 
(an anti-infl ammatory) which were dose dependent. There were no signs of TNF-α or 
INF-γ. The company responsible for the trial saw the rise in IL-2 and IL-6 but was 
more driven to move the product forward by the observed  lack  of increases in TNF-α 
or INF-γ which were considered more important “threat” biomarkers. The long- term 
consequences of the safety picture were emphasized rather than anything that might 
occur acutely. Literature sources were known that described the T cell activation in 
nonhuman primates (NHPs) as muted to that of human but this too was not queried. 
Lack of toxicity in NHPs does not mean T cell agonists will not be toxic in humans. 

 An allometric pharmacodynamic response paradigm might well have been  useful 
to consider. There would have been a better prediction of the eventual outcome if 
the company had not used the NOAEL but rather employed MABEL. MABEL is an 
acronym for “ M inimal  A nticipated  B iological  E ffect  L evel.”    The intent of the use of 
MABEL is to more appropriately justify a dose for a biologic effect based upon 
actual pharmacology –i.e. adjust the dose for anticipated exposure in man by includ-
ing an anticipated duration of effect which allows for adjustments based upon inter-
species differences in product affi nity as well as potency. Simms ( 2009 ) provides an 
excellent outline of the TGN1214 analysis for the fi rst dose in man and defi ned the 
anticipated safety window based on NOAEL and MABEL appropriate safety factor 
based on potential risk at 0.001 mg/kg rather than the 0.1 mg/kg (2-log lower) which 
was the NOAEL- only determination. 

 Typically, a clinical dose is arrived at as a series of steps (per the FDA Guidances):

•    Step 1: Determine “no observed adverse effect level” (NOAEL).  
•   Step 2: Convert NOAEL to a “human equivalent dose” (HED)—generally nor-

malized to body surface area (BSA).  
•   Step 3: Select HED from the most appropriate species—additional factors: metab-

olism, receptors, binding epitopes— default : most sensitive species (lowest HED).  
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•   Step 4: Apply a safety factor (>tenfold) to give a “maximum recommended starting 
dose” (MRSD). 

•  Additional NEW STEP using MABEL:  
•   Step 5: Adjust MRSD based on the pharmacologically active dose.    

 Clinical fi rst dose, probably more for biologics than drugs, actually needs to 
change the above paradigm to use the approach provided by MABEL where 
MABEL asks the question: “why start with the highest dose you think is safe?—
Better to start with the lowest dose you think is  active .” In brief, the decision on the 
fi rst dose in humans needs to ask about  BOTH  toxic observations and pharmaco-
logic observations. Figure  13.4  depicts what MABEL actually looks like in the setting 
of determining the fi rst dose in humans.

13.1.2.2        Companion Diagnostics (CDx) and Imaging 

 Imaging platforms are fast becoming aids as clinical and non-clinical diagnostic 
tools for evaluating drug and biologic responses in-vivo (Bocan  2010 ). In the very 
near future they will be required as companion tools for identifying and quantifying 
surrogate endpoints in oncology and a wide variety of diseases (Ellenberg and 
Hamilton  1989 ; Carver  2010 ). Imaging uses in the drug and biologics development 
arena are being exploited to inform on the risk and benefi t of further investment 
in a candidate drug or in a surrogate biomarker for companion development. 
An example of a surrogate marker of cancer is circulating tumor cells (CTCs). 
These cells may offer promise as a surrogate source of representative cells from the 

  Fig. 13.4    MABEL as an improved paradigm to assist in the decision of a biologic’s human 
 starting dose versus the classic approach from NOAEL versus NOEL (no observed event level) 
methods (from Simms  2009 ; with permission)       
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disease that can be obtained in real time and may provide opportunities to evaluate 
predictive biomarkers, i.e., genetic markers, that can guide treatment decisions. In 
this review, we consider some of the technical hurdles around surrogate markers 
such as CTC capture and their analysis platforms for biomarker evaluations but not 
simply as laboratory assays but as clinically relevant tracking tools that can be employed 
in imaging and allow the real-time clinical measurements that decide treatment ratio-
nale as well as measure treatment success or failure. This chapter will hopefully suggest 
to the reader novel paths for codevelopment of  anticancer therapeutics with image-
based diagnostics that could enable clinical  validation and qualifi cation of biomarker-
based assays as companion diagnostics. Companion diagnostics—tests that provide 
information about a patient’s genetic and genomic characteristics that are used to make 
therapeutic treatment decisions—hold great promise for “personalizing” medicine and 
streamlining drug development (Carver  2010 ). 

 When are biomarkers explored in the drug development phase as a “companion 
diagnostics”? In a survey conducted by “Cutting Edge Innovation” ( 2012 ), four stages 
of CDx use were identifi ed: (1) biomarker and discovery, (2) proof of concept  (effi cacy), 
(3) engineering and manufacture under design control, and, in (4) late stage trial,  support 
and clinical validation (see web site:   http://www.cuttingedgeinfo.com/2012/pharma-
stages-new-drug-companion-diagnostic-development/c-5/    ). The majority of companies 
begin CDx utilization in early discovery, and this likely is in the form of validating 

  Fig. 13.5    When do companies begin using companion diagnostics? It is apparent that in early 
discovery 60 % are employing some form of a companion diagnostic for their basic research 
(likely POS controls), while approximately 40–50 % are using CDx in the animal testing, drug 
franchising (new companies; or bought by established “Big Pharma”), and thence in Phase 1 (from 
Cutting Edge Information ® ,  PH169 Companion Diagnostics and Biomarker Development ; 
2012; with permission)       
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positive controls. Figure  13.5  depicts the corporate approaches to when they introduce 
the concept of a companion diagnostic to the primary drug indication.

13.2          Biomarkers and Animal Models: 
Regulatory Considerations 

13.2.1      The Animal Model and Biomarker Qualifi cation 
Programs at the FDA 

 It is important to recognize the advancements in regulatory policy at the FDA. Three 
major “initiatives” over the past several years have made the FDA a true partner in 
drug discovery, development, and review. The fi rst of these we want to discuss is the 
“ Critical Path ”  Initiative  dated March of 2004 (and updated 2006; web link:   http://
www.fda.gov/ScienceResearch/SpecialTopics/CriticalPathInitiative/ucm076689.htm    ). 
The publication “  Innovation/Stagnation: Challenge and Opportunity on the 
Critical Path to New Medical Products    ” identifi ed several reasons for a widening 
gap in the time between scientifi c discovery and the appearance of a drug or bio-
logic that changes medical practices. The FDA found that innovations and devel-
opment of novel medical products were fraught with diffi culty and unpredictability 
(and thus commensurate failure), and the report concluded that the pharmaceuti-
cal industry needed to (1) modernize its approaches in the areas of scientifi c and 
technical tools and (2) include more advanced information technologies. By 
implementing actions on these two areas alone, the FDA felt that there would be 
a signifi cant stimulus to innovation and improve the throughput of drug/biologic 
evaluations that predict the safety, effectiveness, and manufacturability of medical 
products. 

 In March 2006, the FDA’s Commissioner announced the release of   FDA’s Critical 
Path Opportunities List     which resulted from wide public participation. The list 
described 76 specifi c areas where the sciences of product development had the 
greatest need for improvement. The specifi c areas included genomics, informatics 
(computer science and statistical techniques), and  imaging . 

 Subsequent to the Critical Path Initiative, the FDA has recently launched three 
important initiatives which have direct connection with imaging. These include 
qualifi cation programs 1  called the “ Biomarker Qualifi cation Consortium of Best 
Practices ,” the “ Animal Model Qualifi cation Program, ” and the “ Drug Development 
Tools  ( DDT )  Qualifi cation Program .” In these initiatives, the FDA actually fosters 
development in these three directions. The “ Biomarker Qualifi cation Consortium of 
Best Practices ” 2  offers an opportunity to formally develop and rigorously test a 

1   CDER has developed DDT Qualifi cation Programs directed toward the following types of DDTs: 
 biomarkers ,  clinical outcome assessments (COAs ), and  animal models . 
2   Biomarker qualifi cation program:  http://www.fda.gov/Drugs/DevelopmentApprovalProcess/
DrugDevelopmentToolsQualifi cationProgram/ucm284076.htm ; The Biomarker Qualifi cation 
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candidate biomarker for use as part of a candidate drug or biologic’s regulatory 
process. The goals of the CDER Biomarker Qualifi cation Program are to:

•    Provide a framework for scientifi c development and regulatory acceptance of 
biomarkers for use in drug development.  

•   Facilitate integration of qualifi ed biomarkers in the regulatory review process.  
•   Encourage the identifi cation of new and emerging biomarkers for evaluation and 

utilization in regulatory decision-making.  
•   Support outreach to relevant external stakeholders to foster biomarker 

development.    

 Biomarkers under considered for qualifi cation must be measurable and concep-
tually independent of the specifi c test performing the measurement. The distinction 
of what is a “biomarker”—i.e., a chemical analysis? a “method”? “Biomarkers” are 
defi ned differently from “assays” and are more broadly defi ned as parts of systems 
which can represent something about the pathology of interest such as being a 
 “predictive” or “prognostic” indicator, i.e., a future trend or outcome versus an 
advance indication or portent of a future event, respectively. Figure  13.6  depicts 

Process is described fully in this link:  http://www.fda.gov/Drugs/DevelopmentApprovalProcess/
DrugDevelopmentToolsQualifi cationProgram/ucm284621.htm . 
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  Fig. 13.6    A different view of the regulatory process by viewing a separation of “biomarkers” from 
“analytical assays.” The distinction is not always clear (from Dhani and Siu  2008 ; with permission)       
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this separation of “biomarkers” from “assays” with distinction of biomarkers as 
terms under larger defi nitions and assays as specifi c platforms that can help defi ne a 
 biomarker through the development process. A good reference on how the regula-
tory authorities have evolved on biomarker qualifi cation is Goodsaid and Papaluca 
( 2010 ). Another reference discussing “companion diagnostics” is that of Kern and 
Thomae ( 2013 ) and for examples of “surrogate endpoints” in clinical trials see 
Prentice ( 1898 ). A “roadmap for biomarker qualifi cation” can be found in Warnock 
and Peck ( 2010 ).

   The Drug Development Tools (DDT) offered by the FDA allows CDER to work 
with submitters (the public, pharma, etc.) to guide them as they develop or refi ne a 
novel DDT for a specifi c use or  indication. Not unlike a grant or contract, CDER 
then will rigorously evaluate the submission (review) for use in the regulatory pro-
cess. Qualifying a “tool” (aka DDT) within this FDA program will then allow drug/
biologic candidate sponsors to use the “tool” in the qualifi ed context of use during 
their drug development without requesting that CDER reconsider and reconfi rm 
the suitability of the “tool” for the qualifi ed context of use as it will already be 
available “off the regulatory shelf.” The mission and objectives of the DDT 
Initiative include the following points:

•    To qualify and make DDTs publicly available for a specifi c context of use to 
expedite drug development and review of regulatory applications.  

•   To provide a framework for scientifi c collaboration to facilitate DDT development.  
•   To facilitate integration of qualifi ed DDTs in regulatory review.  
•   To encourage development of DDTs for contexts of use with unmet needs.  
•   To encourage the formation of collaborative groups to undertake DDT develop-

ment programs to increase the effi ciency and lessen the individual resource 
 burden incumbent with DDT development.  

•   To encourage innovation in drug development.  
•   The Animal Model Qualifi cation (AMQ) program is evolving. The program is 

voluntary and models qualifi ed through this program will be made public. The 
process described below is subject to change as the Qualifi cation Review Teams 
(QRTs) work with a number of submitters.    

 The “Animal Model Qualifi cation” (AMQ) program is sponsored through both 
CDER and CBER. It is intended to provide added impetus and support for develop-
ing improved animal models for drug and biologics. In general, these are sponsored 
for development under the Animal Rule (21 CFR 314.600 for drugs; 21 CFR 601.90 
for biological products 3 ), but this need not be an exclusive approach. The AMQ 
program is to foster animal models of disease which have well-characterized natural 
histories, reasonably well-understood pathophysiological mechanisms of the disease 
as related to a pathogen, drug or biologic, and use of the animal model in mitigating 
or controlling disease. In general, the FDA wishes to see such model interpretations 

3   Concept paper from the FDA: Animal Models—Essential Elements to Address Effi cacy Under the 
Animal Rule  http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/ 
Guidances/ucm072214.pdf . 
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show “translation,” or rational species cross over, in more than one animal species 
for the expected response that is predictive for human benefi t. A single animal 
 species can serve as the model if it is suffi ciently well characterized for an accurate 
predictive response in humans. In the Animal Rule, the primary study end point is 
generally “enhancement of survival” (or prevention of major morbidity). The animal 
model may also simply serve to defi ne the kinetics and pharmacodynamics of the 
product in humans and to facilitate in the selection of an effective dose in humans 
as per the Animal Rule. 

 Product-independent animal models, i.e., animal models which utilize imaging 
agents, can be evaluated and qualifi ed as part of the qualifi cation program outlined for 
Drug Development Tools (DDTs) (see 2010 draft  Guidance for Industry :  Qualifi cation 
Process for Drug Development Tools ). In this case “imaging” may have a direct tie to 
drug success in development. A potentially very good example of this is the utility of 
F-18 FDG in defi ning cancer metabolic behavior following drug or biologic therapy 
(see Chap.   7     for oncology-directed imaging). Figure  13.7  depicts a fl ow diagram of 
the process for advancement of a DDT through the FDA qualifi cation pathway.

   We will not be covering the “Clinical Outcomes Assessment Tools” (COAT) in 
much depth in this chapter simply as clinical use of imaging is far too comprehensive 
a treatise to cover with everything else we need to cover in support of the previous 
chapters. The reader is encouraged to visit the FDA COAT web site for further infor-
mation. 4  The primary goal of this book, and indeed this chapter, is to inform the 
Reader of the  non - clinical  regulatory environment.  

13.2.2     Quality Systems Guidance for Imaging Platforms 

13.2.2.1     PET, SPECT, MR, CT, and Optical Platforms 
and the Need for FDA Compliance 

 In the laboratory setting, imaging platforms are relegated to being simply part of the 
analytical instruments repertoire—except they are often left out of the formalism 
tied to quality controls for the corporate analytical services such as ELISA’s and 
other set-aside and managed support services. 

 Imaging can potentially play a major role in the interpretation of the outcomes 
depicted in Fig.  13.8  where imaging can (1) provide the initial diagnosis and subse-
quent additional diagnostic information (on multiple platforms) on the genetics and 
physiologic character of the cancer prior to treatment (Shields  2008 ); provide the 
time rate of change in the RECIST or other measurable property of a cancer whereby 
a measure of treatment success can be provided (Wahl et al.  2009 ), and (3) provide 
a documentation of therapeutic success and resolution of the cancer (Weber  2009 ).

4   Clinical Outcomes Assessment Qualifi cation Program (COAQ):  http://www.fda.gov/Drugs/
DevelopmentApprovalProcess/DrugDevelopmentToolsQualifi cationProgram/ucm284077.htm . 
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   To achieve these clinical end points and like any analytical system-based  laboratory 
service, there is a requirement of providing validated imaging systems, image 
 collection procedures (time(s) post-administration, acquisition times for  statistical 
purposes, acquisition protocols, other quality assurances), image processing and 
 validated processing algorithms, image interpretation (reader training and interpreta-
tion skills), and the appropriate medium to present the fi ndings must also be  validated 
(color maps, windowing of the images, fi lm versus digital screens, etc.). A discourse 
of these important regulatory concerns is provided below in Sects.  13.2.2.2  and 

  Fig. 13.7    The Drug Development Tool (DDT) program and a representative regulatory pathway 
whereby upon full qualifi cation the “Tool” becomes publically available to foster development of 
future drugs and biologics (from Davis J, FDA presentation at NIH; BARNCATS meeting, Offi ce of 
Counter-Terrorism and Emergency Coordination, CDER, FDA January 25, 2013; with permission)       

  Fig. 13.8    A cartoon depiction of three theoretical cases of cancer development, adjudication with 
therapy, and the response to the therapy (poor with progression, unresponsive, and successful response 
with resolution). The change in tumor RECIST values post-therapy can be indicative of success       
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 13.2.2.3 . Hoffman ( 2009 ) provides a very good walk through of the use of F-18 fl uo-
rothymidine (FLT) as an imaging agent for measuring tumor proliferative responses 
to therapy. He also provides an excellent review of the various IND processes and the 
role and responsibilities of the physician in using imaging for evaluating new chemi-
cal entities (NCEs) in post-IND trials (Hoffman  2012 ).  

13.2.2.2      Image Platform Validations 

 This topic is too involved to cover adequately in this short section; however, a fi ne 
review of an often overlooked aspect of imaging platform validations is provided on 
medical imaging “processing” by Jannin et al. ( 2006 ).    The reader is also invited to seek 
manufacturer guidelines and device applications that are recognized as validated by
the FDA medical devices section (see   http://www.fda.gov/MedicalDevices/
DeviceRegulation andGuidance/GuidanceDocuments/default.htm    ). The medical 
devices section covers radiation-emitting devices including MR (for electromagnetic 
fi elds), CT, and PET/SPECT with self-contained attenuation correction sources and 
optical imaging agent sensors (laser sources and near infrared cameras (NIR), etc.). 
Image platform validations are inherently the responsibility of the manufacturers. 
However, operationally, the instruments are governed by operating procedures, techni-
cal support in the operations, and these all involve operator training and validation of 
the instruments prior to use in controlled (i.e., FDA acceptable) studies. There are 
specifi c limits in  performance, and operating the imaging platform will be limited to 
the inherent resolution of the system, noise of the system (ability to maintain stable 
electronics), the choices of reconstruction algorithms in 3-D projections, fi eld homo-
geneity for MR systems as well as coil  performance, laser intensity control and refl ec-
tivity for optical probes, etc. A “quality control” checklist is appropriate in any imaging 
platform. Here is an example of a simplifi ed MR system quality operations checklist 
where there will be a PET imaging correlate. Table  13.1  shows that the aggregate scor-
ing is done through a spider graph representation of the total scores from each topical 
QC element.

13.2.2.3         Quality Control of Radiotracers, Contrast Agents, 
and Optical Probes 

 The    Chemical, Manufacturing and Control (CMC) elements of any drug are a criti-
cal section of the IND and the NDA/BLA fi lings. There are multiple guidance docu-
ments on the CMC of drugs and biologics, 5  and any imaging agent must in turn 
satisfy the expectations of stability, purity, stability, excipient control, assay valida-
tions of manufacturing processes, starting materials, and composition of the  product. 
There are specifi c CMC documents which contain sample formats for documentation 
radiotracers such as for F-18 FDG (cardiac brain and cancer indications), Na F-18 

5   FDA CMC Guidance documents can be found at  http://www.fda.gov/drugs/guidancecompliance-
regulatoryinformation/guidances/ucm064979.htm . 
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   Table 13.1       Quality assurance principles for an MR study with a PET 
(F-18 FDG) correlation

  1.0 Staff responsibilities and qualifi cations  
   1. Designated operational personnel  
   2. Designated personnel for patient management  
   3. Training logs/SOP manual  
   4. Operational roles defi ned  
   5. Contact lists and postings  

  2.0 Peripheral instruments and devices, reagents, supplies  
   1. Specifi cations of peripherals  
   2. Receipt and login of reagents/controls/devices  
   3. Radioisotope receipt/RSO controls (PET studies)  
   4. Storage conditions  
   5. Drug handling and drug delivery methods  

  3.0 MRI camera maintenance  
   1. Specifi cations of system defi ned  
   2. Manufacturer maintenance records  
   3. Automated equipment controls  
   4. Table movement and alignment tests  

  4.0 MRI camera quality assurance testing  
   1. Specifi cs from protocol outlined  
   2. Electronic stability assessments prior to study  
   3. Safety check prior to study  
   4. RF fi eld map of room and magnet  
   5. Quality assurance tests—  (weighting factors are adjustable)     
    Item A. 30 %  
    Item B. 30 %  
    Item C. 20 %  
    Item D. 20 %  

  5.0 Contrast agent and image ROI correlations  
   1. MR contrast agent log-in and prescription  
   2. PET radioactive drugs—RSO involvement  
   3. Image acquisitions timed for contrast agent  
   4. ROI selection criteria defi ned  
   5. Patient dosing records (non-electronic)  

  6.0 F-18 FDG-PET correlation option  
   1. Objective of study defi ned for fMRI staff  
   2. FDG blood draw protocol defi ned for magnet  
   3. FDG blood sampling procedure training  
   4. Draw volumes and dead volume corrections  
   5. Radiation survey procedures for post-study  

(continued)
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injection (bone uptake), and ammonia N-13 injection (see   http://www.fda.gov/
downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/
ucm078740.pdf    ). The Society of Nuclear Medicine in 2008 also issued a CMC 
document for radiotracers that is quite useful (Harapanhalli  2008 ). Nanoparticle 
contrast agents, particularly for MRI and ultrasound products, that provide improved 
contrast and favorable biodistribution, i.e., superparamagnetic iron oxide nanopar-
ticles for use as MRI contrast agents and cell labeling, may require additional and 
different CMC support documentation. Optical imaging agents are entering the 
clinical arena, and they too will require additional CMC directed at the photostability 
and the photon decay characteristics of these imaging agents.    

13.3     The FDA Review Process: Translational Responsibilities 

13.3.1     The Selection of an Imaging Platform to Defend 
Drug Approval 

 The FDA approval process is rigorous but not insurmountable. Figure  13.9  describes a 
full development scenario where a drug enters basic research and fi nishes with FDA 
approval and launch (and Phase 4 (not shown)) commitments if there are any post-
marketing safety measures the agency wishes to determine after giving their approval to 
market. In contrast to the average time for the approval for drug or  biologic which is 
1–13 years, a typical development timeframe for approval of a radiotracer imaging 
agent may be as little as 7–8 years as it is often supported by a wide therapeutic index 
(high-dose MR, CT, and other contrast agent face standard safety therapeutic index 

  7.0 Image acquisition and archiving  
   1. BOLD protocol defi ned  
   2. Reconstruction methods defi ned/validated  
   3. Patient image ROI methodology: study to study  
   4. Image archiving method security  
   5. Image registration with other modality (CT, PET)  
 The resultant spider graph (no scoring entered) provides a snapshot of 

the overall quality package 

      

Table 13.1 (continued)
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concerns). However, this is changing as noted previously due to the advent of biologics 
as imaging agents and their propensity for immunogenicity. The FDA encourages spon-
sors to engage with them “early and often,” and this can be hugely benefi cial in both cost 
control and study design and outcomes and eventual acceptances for product approval.

13.3.2        Phase “0” Clinical Trials 

 Prior to entering a clinical study, novel drugs and biologics have been through 
extensive preclinical safety and effi cacy evaluations. Imaging agents, particularly 
PET and SPECT agents (due to low mass content in the drug), are best studied in a 
Phase “0” trial where the predictive risk is low due to the less than pharmacologi-
cally active concentrations required to produce their clinical determinant (usually 
uptake over time or relative to a control tissue, i.e., SUV; see Chap.   7    ). Tomaszewski 
( 2007 ) provides a very good walk through the process of moving from the preclini-
cal stage into the Phase “0” trial (Fig.  13.10 ). Marchetti and Schellens ( 2007 ) also 
provide an excellent perspective on FDA versus European (EMEA) regulatory and 
scientifi c considerations of Phase “0” trials for drugs and biologics. An important 
concern they pose is that there are few validated biomarkers for demonstrating 
 anticancer activity. Pharmacological, biological, or imaging measurements at very 
low exposure levels of novel new anticancer agents (which are often very potent) are 
required, but unfortunately few reliable and validated assays are currently available. 
The high potency of new biologic anticancer molecules requires the use of low 
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  Fig. 13.9     The FDA Review Process . A timeline for Sponsor—FDA interaction schedules from 
early discovery through the NDA/BLA application/approval and launch of product. The paradigm 
fi ts any imaging agent as well, but nuclear and very low-dose contrast agents do have the opportu-
nity for the Phase “0” trial (see Sect.  13.2.1 ) (from FDA, Critical Path Initiative  2004 )       
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First-In-Man (FIM) doses that are often signifi cantly lower that what had been done 
for the traditional anticancer agents, potentially as low as three-log lower doses.  
   Micro-dose studies must use very sensitive analytical assays for pharmacokinetic 
assessments, or may use medical imaging such as PET, SPECT, MR, MRS (mag-
netic resonance spectroscopy) as “analytical tools”.  Currently, most imaging tech-
niques are not fully accepted as analytical companion diagnostic tools. Wahl et al. 
(2009) summarize the emerging considerations for PET imaging as it has become a 
test venue for imaging as a tool for oncologic response criteria. 

   The reader is directed to an online series of slide shows from the NCI DCTD 
(Division of Cancer Therapy and Diagnosis) Programs on Cancer Imaging Programs 
and Translational Research Programs entitled “Phase 0 Trials in Oncologic Drug 
Development” (September 5, 2007, Natcher Conference Center, NIH Bethesda, 
MD) with a web link as   http://dctd.cancer.gov/MajorInitiatives/Sep0507Phase0 
Workshop/workshop.htm    . In this series of lectures there is a wealth of reference 
material with respect to imaging equipment, software and data management, and 
biostatistical considerations. Imaging examples as well as a series of slides by 
Dr. Mankoff on the requirements one should anticipate with respect to imaging 
acquisition and analysis. Figure  13.11  is a selected slide from the NCI series on 
Phase “0” trials by Dr. Mankoff ( 2007 ) where he describes imaging as dynamic 

  Fig. 13.10    Companion diagnostics, CDx (e.g., an imaging agent): the supporting CDx assays 
(i.e., and image) represent an agent that is codirected with the investigation of a new drug or bio-
logic as a surrogate biomarker. As a “companion” for the indication, the imaging agent may sup-
port changes in a therapeutic approach. The Phase “0” is typically an imaging study with a PET/
SPECT or other “tracer” platform but can be done with benign, high-dose imaging agents such as 
for MR, CT, US, or optical (from Murgo  2007 , with permission)       
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 protocols (time series of images as well as static imaging), region-of- interest (ROI) 
analysis (uptake areas vs. control regions), kinetic modeling for parameter estimates, 
and display of the kinetic data for selected and quantifi ed regions of interest (ROIs).

   Medical imaging agents generally are governed by the same regulations as 
other drug and biological products. In that they must undergo all the scrutiny of 
CDM, safety, use, and employment under the proper clinical indication, so too is 
the process one would need to employ an imaging platform on the development of 
a non- imaging drug or biologic. The imaging system employed will essentially be 
a diagnostic to govern therapy, a way to visualize a biomarker of either effi cacy or 
safety, and the platform must operate under the rule not unlike a CLIA laboratory 
certifi cation and validation. Just like a complete blood count, the instrumentation, 
the training of  personnel, the maintenance of the instrument, and the calibration of 
the instrument at the time of use are critical issues for use of the data for submis-
sion toward approval. If a drug or diagnostic imaging agent is to be used in clinical 
concert, then they need to be developed simultaneously for the indication. The 
three- part Guidance for developing medical imaging drugs and biologics (FDA, 
Imaging Guidance Parts 1, 2, and 3, June 2004; see Guidance references) outlines 
the important aspects and details of imaging agent approval. What this book has 
been focusing on is a 180° view of this paradigm where the imaging agent is 
directing the approval of a new novel drug or biologic. Thus, the imaging system 

  Fig. 13.11    A slide from Mankoff ( 2007 ) in the NCI series of talks on the conduct of Phase “0” 
trial. The fi gure describes dynamic/static protocols (time series of images), region-of-interest 
(ROI) analysis of test regions versus control, and kinetic modeling for parameter estimates (time–
activity modeling). Each step in the process has critical regulatory implications (from Mankoff 
 2007 ; with permission)       
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and all associated reagents,  platform preparation, platform controls, and platform 
validation as well as the  biomarker (imaging tracer or contrast agent—or simply 
the physics of an imaging system itself), reagents, chemical preparation, shelf life 
of a biomarker imaging agent, and metabolic behavior of the tracer or contrast 
agent in health and disease hold for the use of the platform for associated regulatory 
documentation. 

13.3.2.1     Clinical Trials: Image Analysis via the Blinded Read 

 Once a drug has moved beyond preclinical to the IND and a human clinical effort, 
the imaging agent performance must be measurable, quantifi able, and nonsubjective 
(as much as possible), and readers of the images (radiologists generally) must be 
consistent and require limited adjudication on the interpretation of the image(s). 
The performance measures of an imaging agent or imaging system are not different 
form a therapeutic. An imaging “system,” i.e., the device alone or with tracer or 
contrast, is measured in a clinical trial for its ability to defi ne a pathology, measure 
a mitigation via a change in pharmacodynamics or metabolism, or change metabolic 
behavior of the pathology (aka benefi t). 

   Core Labs: Charters, Blinded Reads, Reader Adjudication, and ROC Curves 

  Before Imaging: Develop a Charter.  Before beginning an imaging trial one must 
fi rst set up the process and statistical analysis plan (SAP) which will provide the 
overall decisional outcomes from the trial images. The images must be collected 
appropriately, stored and displayed as required, and read by trained and unbiased 
readers. To this end the CORE laboratory performing these analyses will need to set 
up an “Imaging Charter.” This is an important document which should comprise a 
comprehensive, detailed description of the clinical trial imaging methodology. 
Sponsors of the study should generally regard the Imaging Charter as an integral 
component of the protocol, much as the SAP. Submit the Charter to the FDA with 
the complete clinical protocol, including the fi nal SAP, and include important sup-
portive documents. The content of the Charter should include an  Executive 
Summary  of the trial design and the role of imaging in the trial. This is followed by 
the  Image Acquisition Standards  which include:

•     Equipment standardization and operation , i.e., vendor-specifi c equipment/plat-
forms (e.g., injectors, scanners, software)  

•    Equipment technical settings  to be used at each site  
•    Role of the technicians  in operation, including identifi cation of faulty or unac-

ceptable images and the need to repeat imaging  
•    Phantoms to be used  for site qualifi cation and image quality monitoring  
•    Patient preparation , positioning, and comfort measures  
•   Imaging  dates and times  and alternatives  
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•   Handling of  off  -  protocol images   
•   Imaging  risks to the patient   
•    Site qualifi cation  process  
•    Acquisition quality  control monitoring process  
•    Data  storage, transfer, and site display  
•    Image interpretation  (Clinical Trial Standards)

 –     Trained readers , radiology, and/or nuclear medicine specialists  
 –    Image transfer ,  receipt documentation ,  and initial quality assessment   
 –    Image display and interpretation   
 –    Selection of images  for interpretation, display sequence, and randomization  
 –    Readers : background qualifi cations (reader training)  
 –    Timing of image reads  and the read process  
 –    Imaging case report forms ; imaging data lock process  
 –    Quality control  of the image display and interpretation process       

 Then there is the “before,” “during,” and “after” CORE Lab imaging analysis 
considerations:

•     Before  imaging—Charter Modifi cations

 –    Charter will describe the process for modifi cation.  
 –   Charter will describe the process for transfer of information to the sponsor, 

including needed support activities for the statistical analysis.     

•    During  imaging—Monitoring and Charter Modifi cations

 –    Record of modifi cation of the imaging procedures     

•    After  imaging—QA and documentation

 –    Transfer of images (known fi delity of process) and archived as a usual com-
ponent of patient care and as clinical trial source documents and with limited 
access  

 –   Retained for potential inspection and auditing  
 –   Clinical sites or a core facility analysis (QA/QC; reads and determination of 

reader interpretation consistency)       

 The Imaging Charter forms the “rigor” of the study. Within the Charter structure 
the FDA will fi nd the holes, the gaps in oversight, that will raise questions, and thus, 
it is imperative that the CORE Laboratory services you enroll in your drug or biolog-
ics development have the history, the experience, and the staff that are schooled in 
these disciplined activities. One should be most careful of the image processing vali-
dation within the Charter’s oversight. Processor validation is an often overlooked 
feature as they are frequently “packaged” and called “validated.” The processing 
system employed needs to be tested rigorously with positive and negative control 
approaches as it is imperative to understand and highlight the intrinsic characteristics 
and behavior of the method. Critical elements include the evaluation of system 
 performance (i.e., reproducibility, error propagation, especially from image to image 
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in a kinetic study) and biomarker performance (repeatability in a system and also 
subject to subject variance using that system), and to fully understand the limitations 
to the information the targeted imaging objective can convey clinically for the indica-
tion of interest (Jannin et al.  2006 ). Validation is a multifaceted process and it gener-
ally is best operationally to include simulated images. Simulated images actually 
allow for highly predictive outcomes, and if processing becomes askew these images 
will generally provide reasonable information to recognize the need to realign the 
software or electronic processors. These kinds of images help defi ne behavior of 
the method and defend or explain observed intersubject variability.  

   The Receiver Operating Characteristic (ROC) Curve: Example Using the SUV 

 The Receiver Operating Characteristic (ROC) curve is a statistical tool of analysis 
that is utilized to measure the observer (image reader) or to test the performance of 
the image readings. Duarte et al. ( 2002 ) have provided a very useful example in the 
image analysis setting where the objective was to discern via reading FDG-PET 
images of bone metastases, that is, to discern malignant versus benign lesion using 
the observed distributions of the tracer in bone and standardized uptake values 
(SUV) (see Chaps.   1    ,   5    , and   6    ) valuations. 

 In their study they examined ninety-nine bone sites in 33 patients who received 
F-18 FDG. The “gold standard” reference for the study was “confi rmation on a bone 
scan (PET)” where a positive (POS) fi nding was a three out of four result. By these 
criteria the population of 99 lesions were 39 malignant and 60 benign. The SUV 
valuations from the readers were 61 different grades of uptake from 1.0 to 7.0. The 
reader valuations were classifi ed as true positive (TP), true negative (TN), false- 
positive (FP), and false-negative (FN), and the TP and FP fractions were calculated 
for each threshold value. These comprise the ROC curve (Fig.  13.12 ) seen below. 
The optimal SUV of 2.5 produced a true positive (TP) rate ( y -axis; sensitivity) of 
~0.75 and a 1 false-positive rate ( x -axis; 1-specifi city) of <0.1 showing there was 
little additional benefi t (e.g., a sensitivity for malignancy >75 % sensitivity when 
the SUV is >2.5) from higher SUV values (2.5–7.0) in the ability of a reader to 
recognize malignancy from benign lesions. An ROC analysis should be an integral 
part of the Imaging Charter and certainly part of the statistical analysis plan for an 
imaging clinical trial as it identifi es the optimal crossover of scoring that delineates 
“presence of disease” from that of “no disease.”

   One must take caution on “statistical signifi cance” when interpreting images (and 
any other scientifi c query). Always ask the question “What is the importance of the 
observed signifi cance?” and then, more critically, assess the actual “signifi cance of 
importance” (Riegelman  1979 ). This may read as a “play on words” but these words 
are indeed a critical point of understanding. The educated (but often subjective) 
review of an image by a trained reader still has bias and interpretive actions that can 
quite easily lead to FP and FN readings. The region of interest (ROI) for the assigned 
or recognized lesion is solely based upon the reader’s judgment of edge or the fall off 
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of intensity of signal. This can add several pixels (picture elements or voxels for 
PET/SPECT or MR for volume elements; slice volumes) that weaken or strengthen 
the counts acquired in that ROI, and against the background ROI the standardized 
uptake value (SUV) for, for instance, an F-18-FDG signal can push or retract an 
SUV into benign or malignant categorization. This is the inherent “noise” of reader 
interpretations and is highly dependent on training and common image analysis 
techniques that need to be harmonized as much possible during the reader trainings. 
Tests of the readers to attain the required skills need to be performed for reader 
qualifi cation to actually participate in the blinded read of a trial images. Such train-
ing, the documentation of the test images, the reader training, and qualifying exami-
nations of the readers need to be retained for FDA review as part of the Imaging 
Charter and trial documentation. It is important to remember that one must ask what 
is the importance of the observed differences (TP from FP and the inverse), espe-
cially if any differences are narrow, because fi nding a difference in small SUV valu-
ations may or may not actually be a true correlation to benign versus malignant and 
actually represent another contribution to the observed uptake, i.e., infection or dif-
ferences in regional blood fl ow. It is important in small imaging trials to remember 
that the presence of statistically signifi cant difference tells little about the inherent 
variance expected in each group, i.e., benign uptake versus malignant uptake.   

  Fig. 13.12    The Receiver Operating Characteristic (ROC) curve depicts the overall performance of 
readers in terms of their ability to shape the ROC curve to a TPR of 1 and FPR of 0. The AUC of 
the curve above the “chance line” (50:50 call) improves with reader training. The curve depicts the 
ability to discern malignancy (>2.5 SUV) from a PET F-18 FDG study. In this case the TPR is 
nearly a plateau when SUV is >2.5 (from Duarte et al.  2002 ; with permission)       
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13.3.2.2    Managing the Image Review and Analysis 

   Effective Management Tools for the Independent Imaging Review Process 

 Bates and Williams ( 2007 ) provided a short but concise article on “effective 
 management” of the independent imaging review process in oncology clinical trials 
that involve imaging. They key to a successful program is to prospectively defi ne 
the methodology that will defi ne the clinical outcome. A defi ned review process 
must fi rst be implemented, knowledge of the reviewers biases and technical capac-
ity to perform the review, the data that is expected and that the proper reader output 
will be provided for the statistical analysis and the kind of assessment that the 
 readers will be required to provide. Documentation alone is not suffi cient. Unrealistic 
expectations, lack of experience, and expertise and numerous other issues can make 
for a waste of investment and may lead to improper conclusions. 

 There are three key documents that establish the Imaging Core Lab’s ability to 
have success. They include a Project Plan, the Imaging Charter, and the Investigator 
Site Manual. The Project Plan is a key fi rst document that defi nes the timelines and 
the budgets. It can also serve as a guide for the communication plans as well as data 
management plans. It will aid in the process of qualifying a clinical site, the inves-
tigator, and the methodology of sponsor and core lab  communications. The fi rst 
objective of the Project Plan is to identify the risks to the program and establish a 
risk mitigation strategy to avoid the pitfalls that can be identifi ed. 

 The Imaging Charter (aka Independent Review Charter, IRC) should be 
 developed in tandem with the Project Plan as it is responsible for the overall review 
process, image collection and scheduling, types of images (structure/format; i.e., 
DICOM), the clinical data to be collected, the analysis of the reads, reader training, 
and reader adjudications (resolution of reader interpretations; partnered reader scor-
ing, image scoring operations). The Charter is often lacking in operational logistics 
at the sacrifi ce of getting regulatory or medical issues resolved for the conduct of the 
trial. Care should be exercised to make sure all participants—clinical, regulatory, 
data management, statistics, and the core lab for image processing and reading—are 
included and have opportunities to manage the creation of the document. Very rigorous 
data collection and management to assure compliance of the “moving parts” often 
gets “relaxed” after a period of time when specifi c items become operationally con-
sistent and repeatable. 

 The Investigator Site Manual is another document that can have severe repercussions 
if not appropriately constructed and managed. This document goes to the core lab and 
to the imaging clinical sites. It has a dual purpose: (1) to establish exact imaging proto-
cols and parameters and (2) to provide logistical instructions to the clinical operations 
team. This document is often far more detailed than the actual clinical protocol. Imaging 
parameters such as slice size in MR and PET/SPECT, contrast agent or radiotracer 
administration timing with image acquisition, improper anatomical coverage, and sub-
optimal baseline image collection or poor attenuation corrections are common imaging 
trial errors and often cause patient exclusion from the analysis. 

 Prospectively designing the independent review process is a critical operation for 
a successful imaging trial. It is imperative that the leadership of the trial demand and 
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assure the three documents are properly created, clearly written, and vetted with each 
participating operational entity. The handling of pitfalls in the management of a trial 
using image analysis is only successful when the operational and communication 
questions are fully vetted, detailed with solutions with each participant, and a risk 
mitigation strategy generated.   

13.3.2.3     Program Management for Drug and Biologic 
(and Imaging) Development 

 Program management is the lead oversight of all operations. Clinical operations, 
 regulatory oversight, statistical planning and analysis, clinical research associates 
(CRAs) attending to drug or biologic supplies as well as imaging agent or contrast 
agents and coordination of deliveries with the clinical site (refrigeration required?, etc.), 
case report form design, technical staff and management communications to the sites, 
pharmacology and toxicology advisors from the non-clinical IND efforts, the data man-
agement team and coordination of the imaging core lab, and selection of talented 
 radiologists (or other appropriate scientists) trained to read the images—all are under 
the leadership of the program manager. The clinical site principal investigator (PI) 
should be instructed on trial expectations, anticipated enrollment, scheduling, and 
expectations of data delivery and data quality. These points are often deferred from 
clear discussion with the expectation that the PI is either an “expert in the fi eld” and 
knows what is expected. This is a common mistake as each trial has its own idiosyncra-
sies and thus  requires  the program manager and the clinical manager communicate 
fully and candidly with the clinical site PI.    

13.4     A View of “FDA Perspectives” from Outside the FDA 

 Janet Woodcock has presented a talk on the regulatory (FDA/CDER) perspectives 
(Woodcock  2010 ) where she cites the importance of standardization of image acqui-
sition, interpretation (procedure for reading an image), and the management of data 
through multicenter trials. These elements are critical for accurate diagnosis and 
assurance to the FDA that the CDx (aka, image) has merit to assess the response 
of a condition to a therapeutic intervention. Coincident to these requirements is, of 
course, the requirement of standardization, e.g., of the imaging agent and the imag-
ing platform, and in the non-clinical setting as defense to the agency we need 
 standardization of the routine method of the animal model preparation, the disease 
model, and imaging parameters that help defi ne the biomarker of interest with 
respect to the disease, and we need to do this all within corporate and academic 
budgets which often look at imaging as “that luxury.” 

 Outside the FDA in imaging forums and imaging societies, such as the Radiologic 
Society of North America (RSNA), scientists and regulatory professionals that 
 support corporate and legal aspects of drug development have formed a task force 
called the “Quantitative Imaging Biomarkers Alliance” (QIBA) Task Force, and it 
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is comprised of over 20 individuals with active participation in the imaging  sciences. 
Their organizational and FDA-supportive framework is given in Fig.  13.13  as they 
were set up within the RSNA as a reporting body to the Board of Directors in 2011. 
As can be seen, the FDA is an important contributor to the QIBA imaging roundta-
ble advisory body feeding into the QIBA feedback from multiple players in the 
imaging industry on biomarker precision and hardware requirements to achieve 
regulatory acceptances and validation of biomarkers in imaging. Such organization 
as the QIBA, as a form of representation as a body to the FDA, has been invaluable 
toward FDA inclusion and acceptance of imaging in such activities as the DDT and 
the  Critical Path Initiative .

13.5        Concluding Remarks 

 This chapter has been an attempt to introduce the reader to the regulatory environment 
that surrounds the activities we call “Imaging.” The reader must feel, however, the 
term “imaging” is almost “missed” in the concepts of regulatory activities, and the 
reader may be correct in that observation. Imaging is a discipline not unlike an 

  Fig. 13.13    The Quantitative Imaging Biomarkers Alliance (BIQA) within RSNA. A diagram 
offering a view of the multiple inputs that this organization has recruited to assist the medical com-
munity in deriving regulatory acceptance of biomarkers employed in imaging (from RSNA BIQA 
Report of Aug. 25, 2011, see RSNA in the references)       
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 “analytical chemistry toolbox.” We “inject on one side and the analysis comes out 
the other” is not too far from the truth. Imaging is a multidisciplined art and we 
think the reader has come to appreciate the wide variety of imaging platforms, 
imaging agents, imaging modalities, imaging quality, image resolution, and “imaging 
ideas” that all translate to “imagination.” “Imagination” is the limiting factor for 
“imaging” in the pharmaceutical industry, and the advancement of any product can 
be enhanced through the regulatory process, regulatory rigor, and regulatory over-
sight. Imaging agents as radiopharmaceuticals (Agdeppa and Spilker  2009 ; Dunphy 
and Lewis  2009 ; SNM  2008 ; Shields  2008 ; Zhao et al.  2009 ), MR contrast agents 
(Strijkers et al.  2007 ), and optical probes (Rice and Contag  2009 ; Boddington  2010 ) 
offer the reader excellent reviews on the practical applications and clinical indica-
tions of these imaging agents and their respective platforms. Boddington ( 2010 ) 
also discusses cell tracking with optical systems using an FDA alternative for lucif-
erase.    Bristow ( 2008 ) also provides an excellent overview on the state of the art of 
biomarkers used in clinical trials. 

 It is inevitable that imaging sciences will play more of a role in the develop-
ment of drugs and biologics (Hoffman  2012 ). Wagner et al. ( 2006 ) have pointed 
out how many “nanomolecular” agents are being developed, and many of these 
are imaging agents. The ease of monitoring—in a single animal—the pharmaco-
dynamics, the toxicokinetics, and the overall “image” (picture) of a drug as it 
transits or depots in the body will make drug development much more like an 
analytic service, more of a step-by-step laboratory operation, and a key way to 
observe how “a” leads to study “b” which leads to study “c,” etc. The availability 
of small animal imaging platforms (with associated cost reduction from increased 
market volume), better and more licensed contract service organizations (CROs) 
that will offer imaging  services, and the subcontracting market to provide main-
tenance of these devices (especially with the advances in novel electronics, 
detector system, and software), “human” imaging systems are being miniaturized 
and being implemented as  cost- effective laboratory additions. The FDA Initiatives 
for Biomarkers, Drug Development Tools (aka imaging platforms), and the 
Animal Models Directives are fi nancially and scientifi cally creating new oppor-
tunities for the imaging sciences. Soon there will be a suffi cient number of “off 
the shelf” validated biomarkers and animal models that will revolutionize clinical 
medicine and especially drug and biologics development. Companies with prod-
ucts to develop will eventually use these libraries of imaging models and vali-
dated imaging tools/tracers/agents, which the FDA is familiar with and possibly 
co-developed with their “Tools” initiatives. The goal is to avoid “re-invention” of 
an already validated animal model with a new imaging approach and biomarker—
all very likely not validated. The initiatives will actually populate the non-
clinical environment with validated and well- characterized models where the 
disease natural histories are fully defi ned and imaging tools can be applied appro-
priately. These tools will be validated across academic institutions and corporate 
entities, including private CROs, as well as “big” and “little” (one product or 
venture capital funded) pharma. Table  13.2 ) is provided as a resource of regula-
tory approaches, web sites and links, imaging platform tools and and we have also 
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provided short summaries of regulatory documents and Guidances. The imaging 
world is fast expanding from the clinical environment into the early drug and 
 biologic laboratory and it will be important in the future for pharmaceutical devel-
opers to contribute their own “imagination” as to how they want to apply imaging 
tools as potential anaytical tools to provide solutions in answering their scientifi c 
questions. 
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