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What is an image? 

1Burger W and Burge MJ, Digital Image Processing, Springer  



What is an image? 

2D rectilinear array of pixels 

Rows and columns of image points or picture elements (pixels) 

www.roswellpark.org 



What is a pixel? 

Smallest constitutive element of a digital image 

www.zmb.unizh.ch Basic Introduction to Image Processing 

Pixel dimension  
i.e. how many pixels does the image have horizontally 
and vertically (x, y) 
Actual size of the image file 
 



Resolution and Pixel dimension 

Resolution 
Specifies the spatial dimensions of the image 
Often expressed as number of image elements per measurement 
(dpi or ppi) 
 
Resolution = Pixel dimensions/physical dimensions 
For example.  
Image dimension = 10 x 7.5 inches 
Pixel dimension = 720 x 540 
Resolution = ___ dpi ? 
 

Higher the DPI or PPI, the more detail (higher resolution) 
 
 

Imaging Essentials - Research Imaging Solutions, it.med.harvard.edu 



Pixel dimensions 

www.zmb.unizh.ch Basic Introduction to Image Processing 

Pixels per inch (PPI) or Dots per inch (DPI) 

- Output (printer)or display capabilities (monitor) 

- # of pixels (or dots) in a printed inch (x or y) 

- DPI: Multiple dots are needed to create a pixel (dithering) 

- Images will require more DPI than PPI to show same degree of 

detail 



Pixel dimensions 

Mega pixel (MP)  = million pixels 

How many of you have smart phones? 
Digital cameras – 2 MP  16 MP 
What does that mean? 

For a certain resolution (PPI), there is a maximum print size you can 
get for a given number of MPs. 
 
e.g. iPhone 6 has a 8MP camera 
@300 PPI: 8 MP camera  11.5 x 7.7 (3:2 print size) 
 
 

http://www.cambridgeincolour.com/tutorials/digital-camera-pixel.htm 



Resolution 

Images – courtesy of Dr. Arindam Sen 

     512 X 512                                   256 X 256 

 Vascular cast of a normal kidney showing a single glomerulus 

Resolution not magnification determines image quality 



Resolution 

128 X 128                                    64 X 64 

 Vascular cast of a normal kidney showing a single glomerulus 

Resolution not magnification determines image quality 

Images – courtesy of Dr. Arindam Sen 



Resolution and Pixel dimension 

Images – courtesy of Dr. Arindam Sen 

         8 X 8                                          4 X 4 

Resolution not magnification determines image quality 

 Vascular cast of a normal kidney showing a single glomerulus 



Do you recognize these images? 



Weissleder & Pittet, Nature  2008 

History of Imaging (Radiology) 



Weissleder & Pittet, Nature  2008 

History of Imaging (Radiology) 



Radiologic Methods 



• Diagnosis/staging of disease at the time of presentation 
(“Diagnostic Radiology) 

•Screening tool for clinically occult cancers 

Radiology in Medicine (Oncology)  



• Identification of tumors to be 
irradiated 

• Accurate delivery of radiation to the 
target (tumor) 

 

 

 

Radiation Oncology 

Goals 
Delineation of patient anatomy (desired 
radiation target) and organs at risk that 
should be spared from radiation dose. 
 
Identified volumes are then used to compute 
an optimal radiation treatment strategy. 

Durante & Loeffler, Nat Rev Clin Oncol 

Radiology in Medicine (Oncology)  



Drug Discovery and Development 

Rudin and Weissleder, Nature Rev 2003 

Radiology in Medicine (Oncology)  



  

 Simple ruler measurements 

 Common language of efficacy  

 

http://www.recist.com/recist-in-practice/19.html 

RECIST: Response Evaluation Criteria In Solid Tumors 

Great!! So what is the problem? 

Radiologic Assessment 



The Changing Landscape of Medicine 

Medicine has gone molecular… 

Hanahan and Weinberg, Cell 2011 



Molecular Cancer Therapeutics 

Hanahan and Weinberg, Cell 2011 

Problems: Patient selection, biological end point assessment 



Problems:  
Patient selection 

Biological end 
point assessment 

Petrella et al., Radiology 2008 Siena et al., JNCI 

Molecularly Targeted Therapies 



Diagnostic Prognostic Radiology 

Is RECIST good enough? 

Does not account for morphologic complexity; tumor heterogeneity 

Traditional cytotoxics vs. modern cytostatics 

Tumor shrinkage alone may not be a sensitive measure of biological 
activity 

Volumetric change is better – a late, non-specific end point  

Clinical need: Early Response Indicators (Imaging Biomarkers) 



The changing landscape of Radiology 

Visualization, characterization and measurement of 
biological processes at the molecular and cellular levels in 

humans and other living systems. 
 (includes 2D and 3D imaging and quantification over time) 

 

Molecular Imaging  Definitions Task Force 

Molecular Imaging 



Functional Molecular Imaging 

Padhani, Radiology 2010 



Magnetic Resonance Imaging (MRI) 



Basics of MRI 

E-MRI.org 



Basics of MRI 

Sprawlsch, MRI basics  



Image contrast in MRI 

Sprawlsch, MRI basics  

Contrast sensitivity 
 
- Ability to produce an image 
that can distinguish different 
objects or tissues 



Applications of MRI 

Ca - Floor of the Mouth (Axial) M – soft tissue mass; Arrow - genioglossus 

           T1W                          T2W  

Rumboldt et al.,Oral Oncol 2006 

Simple anatomic imaging 

Extent of tumor (delineation of margins) 

 

Anatomic Imaging 



Non-invasive imaging of Oral carcinogenesis 

Bothwell et al., Cancer Prev Res. 2015 



Bothwell et al., Cancer Prev Res. 2015 

Non-invasive imaging of Oral carcinogenesis 



Dynamic contrast-enhanced MRI 

O’Connor et al, NR Clin Prac Oncol 

Typically involves repeated (dynamic) T1/T2-weighted imaging of tissues before and after 
administration of the contrast agent (contrast-enhanced). 
 
Relates enhancement pattern of tissues to underlying physiological parameters (perfusion, 
permeability) by analyzing time-dependent tracer concentration. 



DCE-MRI of Breast Cancer 

Maximum increase in signal intensity normalized to baseline signal intensity 

St – signal intensity at time t, S0 – baseline signal intensity 

 
Early Late 

Padhani, BJR 2003 



DCE-MRI of Breast Cancer 

Kinetics of low MW CAs in tissues is determined by 3 factors 

1. Blood perfusion 

2. Transendothelial transport (across the vessel wall) 

3. Diffusion of the CA into the interstitial space 

PK modeling of CA kinetics 

T2W Subtraction 

Ktrans Ve 

Padhani, JMRI 2002 



DCE-MRI of Nodal Metastases 

K trans Ve 

Ktrans – permeability constant; Ve – volume fraction of EES 
Top – solid composition; Bottom – cystic or necrotic 

Kim et al., JMRI 2007 



MRI-guided Photodynamic Therapy 

Image-guidance interstitial PDT 

Jerges et al.,2008 Sajisevi et al., 2016+ In press 



MRI-guided Photodynamic Therapy 

Sajisevi et al.,  J Oral Max Surg Med Pathol 2015 

Utility of MRI as a non-invasive tool to guide fiber placement and 
map early tissue response to PDT.  



Imaging-based monitoring of PDT efficacy 

Real-time monitoring of PDT efficacy using blood oxygenation 
level dependent MRI 

Seshadri et al.,Clin Cancer Res 2008 



Positron Emission Tomography 



Basics of PET 

A compound labeled with a positron-
emitting radionuclide is introduced 
into the body, usually by intravenous 
injection. 

When one of the radionuclide atoms 
decays, a positron is emitted, travels a very 
short distance in tissue (typically 0–1-100 
mm for radionuclides of interest), and 
annihilates with an electron in the tissue. 

The mass of the two particles is converted into 
energy, which is emitted in the form of two back-
to-back 511 keV gamma rays 



Basics of PET 

Cherry and Gambhir, ILAR 2001 

A positron emission tomography scanner consists of a ring, or multiple rings, of gamma 
ray detectors that register simultaneous gamma ray hits and their location, thus defining 
the line along which the positron-emission took place. By collecting large numbers of 
gamma-ray pair events (typically 106 to 107) and using computed tomography methods, 
cross-sectional images reflecting the concentration of the positron-emitting radionuclide 
can be generated. 



Basics of PET 

Kapoor et al AJR 2005  Rosen et al.,Radiographics  

18FDG is taken up in facilitated transport by metabolically active cells via 
glucose transporters (Glut) in cell membrane. In cell cytoplasm, 18FFDG 
undergoes phosphorylation to form FDG-6-phosphate (FDG-6-P) that, unlike 
glucose, cannot undergo further metabolism and becomes trapped in cell with 
only negligible amount of FDG-6P diffusing from cells.  



Basics of PET 

Cherry and Gambhir, ILAR 2001 



PET in Clinical Oncology 

Kapoor et al AJR 2005  



PET imaging of receptor expression 

Dual-modality optical and positron emission tomography 
imaging of vascular endothelial growth factor receptor 

on tumor vasculature using quantum dots 

Chen et al., Eur J Nuc Med 2008 



PET imaging of AR occupancy 

18 F-16b-Fluoro-5a-Dihydrotestosterone 



PET imaging of Androgen Signaling 

Evans, Cancer Discovery 2012 

Androgens repress PSMA expression in multiple prostate cancer models, 
whereas anti-androgens upregulate expression  

Prostate-specific membrane antigen (PSMA) 



Optical Imaging 



Optical Imaging 

Strengths: 
Uses non-ionizing radiation (visible, UV, IR) – safer for patients 
Can provide detailed images of organs and tissues (contrast) 
Quantitative 
Faster acquisition times (short procedures, repeatable) 



Optical Imaging 

Weaknesses: 
Tissue scattering/absorption (endogenous molecules – melanin, Hb) 
Signal intensity is dependent on depth (light attenuation) 

Agostinis et al., CA Cancer J Clin 2011 Zackrisson and Gambhir, Cancer Res 2014 

Blue light  vs. NIR 



Gheysens and Mottaghy, 2009 

Optical Imaging  

Fluorescence imaging Bioluminescence imaging 

Based on light emission 
Use a charged coupled device (CCD) camera to collect photons  

 
But there are differences in sensitivity and specificity 

 
Image acquisition is generally performed in 2D  

(Advances in hardware have made 3D tomography possible) 
 

Both methods have advantages and limitations 
 
 



Optical Imaging Reporter Systems 

Kevin Francis, PhD – Perkin Elmer 



Gheysens and Mottaghy, 2009 

Bioluminescence Imaging 

Does not require an external light 
source for excitation 
 
Based on a biochemical interaction 
that produces light via a 
chemiluminescence reaction 
 
Light is produced when the 
systemically delivered substrate 
undergoes enzymatic reaction 
 
Advantages: Easy to use, high 
sensitivity, short acquisition times, 
high-throughput 



Bioluminescence reaction 

Neill et al., 2010 



Bioluminescence Imaging 

IVIS Spectrum Imaging System 

18 emission filters 

10 excitation filters 

Perkin Elmer Corporation 



BLI in Preclinical Oncology 

Byrne et al., 2013 



Labeling cells for BLI 



BLI of Hematologic Malignancy 

Inoue et al., 2007 



Gheysens and Mottaghy, 2009 

Bioluminescence Imaging 

Caveats 
Serum stability of luciferases 
(several mutations have been screened 
to identify luciferases with high light 
output and stability)  
 
Route of administration influences 
substrate availability and therefore the 
signal detected 
 
Timing of administration is critical for 
longitudinal experiments 
 
Sites – heart can obscure signal from 
the liver 



Bioluminescence Imaging 

Inoue et al., 2009 

      I. V.                 S.C.                 I.P. 

Route of administration, location of tumor influences BLI signal 



Bioluminescence Imaging 

Inoue et al., 2009 

In SC tumors, the peak time was slightly shorter and the peak signal was greater 
using SC injection than using IP injection.  

 I. V.                                         S.C.                                          I.P. 

Signals from IP tumors relative to those from SC tumors were much greater using 
IP injection than using IV or SC injection. 



   Fluorescence Imaging 

Re-emission (fluorescence) is of longer wavelength photons (lower frequency or 
energy) by a molecule that has absorbed photons of shorter wavelengths (higher 

frequency or energy) – This displacement is the Stokes Shift 

www.fluorescence-foundation.org 

‘Fluorescence’ – introduced by Sir George Gabriel Stokes (Physicist 
and Professor of Mathematics) 

 
 

http://www.fluorescence-foundation.org/
http://www.fluorescence-foundation.org/
http://www.fluorescence-foundation.org/


Gheysens and Mottaghy, 2009 

Fluorescence Imaging 

Involves excitation of an injected 
fluorophore (dye) 
 
The fluorophore returns to the ground 
state through different pathways  
 
Fluorescent light is emitted upon 
spontaneous emission of a photon 
 
Light emission is detected by a CCD 
camera using the appropriate emission 
filters 



Gheysens and Mottaghy, 2009 

Fluorescence Imaging 

Limitations 
Background autofluorescence 
Need to distinguish signal from 
endogenous molecules (Hb; 400-600) 
vs. exogenous agents. 
Often overlapping absorption spectra 

Solutions 
Near-infrared fluorophores 
(minimal autofluorescence) 
Multispectral imaging – enables 
simultaneous imaging of multiple 
fluorophores (multiplexing) 

Kevin Francis, PhD – Perkin Elmer 



Fluorescence Microscopy 

Ellis et al., Mol Cancer Therapeutics 2012 

Fluorescence imaging of tumor vessels 

Quantification of pixels density (in tissue sections stained with two fluorescent dyes) 



VDA + Dox Free Dox 

Fluorescence imaging of drug delivery 

Exploits the autofluorescence properties of the drug Doxorubicin (Dox) 

Folaron et al., 2013 Oral Oncology 

Quantification  of total fluorescence intensity in specimens exposed to 
different therapies 

Fluorescence Microscopy 



Vascular maturation and Drug delivery 

Folaron et al., 2013 Oral Oncology 

Fluorescence microscopy of tumor vessels (A) and drug (C) using two different 
dyes varying absorption and emission spectra 

Fluorescence Microscopy 



Multispectral Fluorescence Imaging 

Spectral unmixing 

Kevin Francis, PhD – Perkin Elmer 



GFP/RFP 

Zhang et al., FLI-BLI-poster 

In vivo Fluorescence Imaging 



Molecular Imaging Reporter Systems 

Kevin Francis, PhD – Perkin Elmer 



Kosaka et al., 2009 

Multispectral Fluorescence Imaging 

Multiplex imaging of Quantum Dots 



Combined FI + BLI 

Combined Imaging of Angiogenesis and Metabolism 

Seshadri lab, unpublished data 



Optical Imaging of Tumor Response to Rx 

Kossodo et al., Perkin Elmer Corporation 



Optical Imaging-guided surgery 

Rosenthal et al., 2006 



Rosenthal et al., Clin Cancer Res. 2015  

Safety and Tumor-specificity of Cetuximab-IRDye800 for Surgical 
Navigation in Head and Neck Cancer 

Optical Imaging-guided surgery 



Rosenthal et al., Clin Cancer Res. 2015  

“Fluorescence imaging with an intraoperative, wide-field device successfully 
differentiated tumor from normal tissue during resection with an average tumor-to-

background ratio of 5.2 in the highest dose range”.  

Intraoperative 
Ex-vivo 

Optical Imaging-guided surgery 



Ultrasound 



• Ultrasound (US) – refers to oscillating sound pressure waves 
greater than the limit detectable by the human ear [20-20,000 
cycles/sec (Hz)] 

• Bats can detect beyond 100 kHz (echolocation) 

• SONAR (Sound navigation and ranging) 

 

Ultrasound 101 

British Antarctic Survey www.askabiologist.asu.edu 



• US imaging utilizes interaction of sound waves with living tissue 

• Non-invasive tool that can provide structural and functional 
information 

• Variety of medical applications 

 

Ultrasound Imaging 

Coatney, ILAR 2001 



Ultrasound Imaging Systems 

VisualSonics Corporation (FUJIFILM) 

Basic Components 
1. CPU 
2. Transducer (transmits and receives signal) 
3. Image storage unit 

Siemens.com 



The vibrational energy of the mechanical oscillations (transducer) is directed 
into the scanned object and swept back and forth 

The reflected signal from tissue interfaces (echoes) are detected by the 
transducer and transformed into electrical signals that are processed by a 

receiver to create an image.  
The return of an echo depends mainly on the type of scanned object/tissue 

and penetration depth.  

Ultrasound Imaging Systems 

VisualSonics Corporation (FUJIFILM) 

The transducer produces the US beam as a 
slice  

Beam profile (~1 mm thick) 
 

User controls displayed depth 
 

Direction of the beam is controlled by the 
operator (aimed at the target) 



Biophysical Basis for US Imaging 

Transmission of sound waves through a tissue is related to its 
acoustic impedance of each tissue (product of transmission 
velocity and tissue density). 
 
However, transmission velocity in most soft tissues and blood 
is relatively uniform (1540 m/s; Merritt, 1998). 
 
Therefore, the major determinant of acoustic impedance is 
tissue density. 
 
Differences in tissue densities causes differences in the sound 

waves reflected and received by the transducer 
 
 
 
 
 

Coatney, ILAR 2001 



Coatney, ILAR 2001 

The greater the acoustic mismatch or difference in tissue 
densities, the more sound waves are reflected and returned to 

the transducer.  
 

Largest acoustic impedance mismatch -> Bone-Gas (majority of 
sound waves to be reflected – decreases penetration/causes 

artifacts) 
 

Biophysical Basis for US Imaging 

Bone (4080 m/s) --- Tissue (1540 m/s) – Gas (330m/s) 

Tissue homogeneity also interaction of sound waves 
 

Carina Li, http://www.usgraweb.hk 



• Diagnostic US (2-15 MHz) 

 

Spatial Resolution in US 

VisualSonics Corporation (FUJIFILM) 



Seshadri lab 

Biophysical Basis for US Imaging 

Strong reflections 
(hyperintense) – brighter 

(bone/diaphragm) 
 

No reflection – dark/black 
dots (fluid/blood) 

Ultrasound imaging is best suited for soft tissue imaging  

Coatney, ILAR 2001 



Applications of US Imaging 

Anatomic Imaging 
- Tumor volume 
- Image-guided interventions 

Functional Imaging 
- Tumor vascularity 
- Perfusion/oxygenation 

Molecular Imaging 
- Targeted contrast agents 
- Biomarkers of response 

VisualSonics Corporation (FUJIFILM) 



3D US of Prostate Cancer 

Wirtzfeld et al, Cancer Res 2005 



Kaneko and Willmann, 2011 

Microbubbles (Ultrasound contrast agents) 

Contrast-enhanced US (CE-US) 

VisualSonics Corporation (FUJIFILM) 

Lipid-shelled microspheres ~2.5 μm in 
diameter containing perfluoropentane 
gas.  
 
Provide far greater contrast than RBC (imaging 
vasculature)  



CE-US 

Needles et al., 2010 

Non-linear contrast enhancement in the renal cortex and medulla 



Connor et al., CCR 2009 

Zagorchev, EJR 2009 
Pysz et al., 2010 

VEGFR2 targeted microbubbles 

US imaging of Angiogenesis 



Needles et al., 2010 

Parametric Imaging (CE-US) 

Peak Enhancement (PE) 
Difference between the maximum 
amplitude in the curve and the baseline (or 
level and is proportional to the concentration 
of the UCA dose (and thus indicative of relative 
blood volume as well). 
 
Wash-in rate (WiR) 
Maximum slope of the fitted bolus function 
and is proportional, for a given UCA dose, to 
local blood flow rate.  
 
Rise time (RT) 
Represents the time it takes to go from 
baseline to PE. 



Parametric Imaging (CE-US) 

Parametric image gives the 
spatial distribution of a 

particular parameter 
 

Sub-region analysis enables 
visualization of spatial 

heterogeneity in vascularity 

VisualSonics Corporation (FUJIFILM) 



US Molecular Imaging of Breast Cancer 

Bachawal et al., 2011 

Earlier Detection of Breast Cancer with US Molecular Imaging 



Photoacoustic Imaging 

Yao and Wang, 2014 Yao and Wang, 2011 

Photoacoustic imaging is a hybrid imaging modality 
combining optical and ultrasound imaging 

Signal is generated from absorption properties of chemical species 
within tissue to generate optical contrast at specific wavelengths  

VisualSonics Corporation (FUJIFILM) 



Photoacoustic Imaging 

Annie Paquin, VisualSonics Corporation (FUJIFILM) 

Pulsed Laser 

Illumination 

Optical Absorption 

Thermo-elastic 

Expansion 

Pressure Waves 

Acoustic Detection 

    Optical Path Sound Path 



Principles of PAI 

Mallidi et al., 2011 



PAI – Endogenous contrast 

Mallidi et al., 2011 



Rich and Seshadri, 2015 Radiology  

PAI – Endogenous contrast 

Photoacoustic Imaging of Tumor Perfusion/Oxygenation  

PA-based oxygen 
saturation maps (sO2) 

of head and neck 
tumors before and after 

treatment with 
vascular-targeted 

therapy 



Rich and Seshadri, 2015 Biomed Opt Express 

PAI – Endogenous contrast 



Rich and Seshadri, 2016 Scientific Reports. In press 

PAI – Endogenous contrast 



Rich and Seshadri, Scientific Reports. 2016  In press 

PAI – Endogenous contrast 

Utility of PAI in detecting tumor and normal tissue 
hemodynamic response to radiation in head and neck cancers. 



Exogenous contrast agents for PAI 

Zackrisson and Gambhir, Cancer Res 2014 



Zhang et al., Nat Nano 2014 

• Napthalocyanines (nanonaps)  
• Biocompatible nanoparticle formulation  
• Attractive spectral properties 
• Safe for in vivo application 
• Excellent contrast for PAI 

 

Peak absorption – 876 nm 

PAI – Nanoparticle based contrast agents 



PAI – Nanoparticle based contrast agents 

n=2 

In vivo imaging of primary head and neck cancer 

Persistent enhancement of PA signal was observed up to 4 hours 
post administration of Nanonaps 

Seshadri lab, unpublished data 



Clinical PAI 

Zackrisson and Gambhir, Cancer Res 2014 



Dogra et al., 2013 

Clinical PAI 



Do you recognize these images? 



Concluding remarks 

Glunde et al, Trends in Mol Medicine 



The Future of Molecular Imaging 


