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Abstract 

The ability to image ventilation and perfusion enables pulmonary researchers to 

study functional metrics of gas exchange on a regional basis. There is a huge interest in 

applying imaging methods to study the large number of genetic models of pulmonary 

diseases available in small animals. Existing techniques to image ventilation and 

perfusion are often associated with low spatial resolution and ionizing radiation. 

Magnetic Resonance Imaging (MRI) has been demonstrated successfully for ventilation 

and perfusion studies in humans. Translating these techniques in small animals remains 

challenging. This work addresses the ventilation and perfusion imaging in small animals 

using MRI.  

Qualitative ventilation imaging in rats and mice is possible and has been 

demonstrated using MRI, however perfusion imaging remains a challenge. In humans 

and large animals perfusion can be assessed using dynamic contrast-enhanced (DCE) 

MRI with a single bolus injection of a gadolinium (Gd)-based contrast agent. But the 

method developed for the clinic cannot be translated directly to image the rat due to the 

combined requirements of higher spatial and temporal resolution. This work describes a 

novel image acquisition technique staggered over multiple, repeatable bolus injections 

of contrast agent using an automated microinjector, synchronized with image 

acquisition to achieve dynamic first-pass contrast enhancement in the rat lung. This 
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allows dynamic first-pass imaging that can be used to quantify pulmonary perfusion. 

Further improvements are made in the spatial and temporal resolution by combining the 

multiple injection acquisition method with Interleaved Radial Imaging and 'Sliding 

window-keyhole' reconstruction (IRIS). The results demonstrate a simultaneous increase 

in spatial resolution (<200 µm) and temporal resolution (<200 ms) over previous 

methods, with a limited loss in signal-to-noise-ratio.  

While is it possible to create high resolution images of ventilation in rats using 

hyperpolarized 3He, extracting meaningful quantitative information indicative of 

changes in ventilation is difficult. In this work, we also present a signal calibration 

technique used to normalize the signal of 3He to volume of 3He which can then be used 

to extract quantitative information of changes in ventilation via normalized difference 

maps. Combining the techniques for quantitative ventilation and quantitative perfusion 

we perform studies of change in ventilation/perfusion (V/Q) before and after airway 

obstruction in rats. The technique is sensitive in detecting statistically significant 

differences in the heterogeneity of the distribution of V/Q ratio.
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1. Introduction 

1.1 Motivation 

Gas exchange between the airways and the blood is one of the core functions of 

the lungs. Matched ventilation and perfusion is essential for effective gas exchange 

(West 1995). Ventilation/perfusion mismatch occurs during most respiratory diseases, 

such as chronic obstructive pulmonary disease (COPD), asthma, pulmonary embolism 

(PE), and pulmonary arterial hypertension (PAH). The American Lung Association lists 

COPD as the 4th leading cause of death in the world. A similar report from the National 

Heart, Lung, and Blood Institute states that more than 600,000 people in the U.S. have a 

pulmonary embolism every year, of which more than 60,000 die. Furthermore the above-

mentioned diseases can also lead to variations of arterial hypertension. Hence, the 

ability to evaluate regional ventilation and perfusion is crucial in the assessment of 

pulmonary diseases.  

With a large number of genetic rodent models of pulmonary diseases available to 

researchers today that model diseases such as hypoxic pulmonary hypertension (Geraci 

et al. 1999), pseudomonas pneumonia (Yaghi et al.), and pulmonary fibrosis (Chung et 

al.), there is a need to develop techniques that enable the assessment of regional 

functional morphology in small animals (Schuster et al. 2004). A number of techniques 
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have been developed over the years to study lung function. Pulmonary ventilation / 

perfusion (V/Q) imaging in humans is traditionally performed using a pair of nuclear 

scans that use inhaled and injected radioisotopes to assess lung function (Balogh et al. 

1999). While these techniques have been demonstrated in animals, they are limited by 

poor spatial and temporal resolution and also require the administration of radioactive 

materials. CT imaging has evolved as a method to image high-resolution morphology of 

the lung over time, combined with CT angiograms to assess blood flow, but CT still 

needs to be shown as an effective technique to image pulmonary blood flow in small 

animals.  

The use of MR for lung imaging has been limited until recently, due to low 

proton density and signal loss due to air-tissue interfaces. With the recent development 

of intrinsic as well as extrinsic contrast agent techniques, MRI is emerging as a high-

resolution functional imaging alternative. While MRI is being developed as an 

alternative in the clinics, with techniques that use special gases such as hyperpolarized 

(HP) 3He/129Xe or 15O for ventilation and dynamic contrast enhanced (DCE) MRI or 

arterial spin labeling (ASL) for perfusion, the technological barriers in developing these 

methods for small animal imaging have been immense. The goal of this dissertation is to 

fill the void in the pre-clinical environment for high resolution quantitative ventilation 

imaging and quantitative perfusion imaging. Once the techniques are developed, it is 
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our goal to demonstrate the feasibility of using these techniques in animal models of 

pulmonary disease. 

Qualitative ventilation imaging using HP gas MRI has been demonstrated in 

small animals (Chen, Yordanov and Johnson 2005, Johnson et al. 1997, Middleton et al. 

1995); however quantitative analysis has remained elusive. To perform ventilation 

imaging, we decided to use HP 3He due to the extensive knowledgebase in our lab in 

creating high spatial resolution anatomical images in rodents. We will extend this work 

and develop a technique that can provide quantitative information about ventilation. 

Performing quantitative pulmonary perfusion imaging using MRI has not been possible 

for small animals.  To perform perfusion imaging, we decided to use the DCE-MRI 

technique that uses an injection of a contrast agent to monitor the dynamics of the wash-

in and washout. Quantitative perfusion maps will be generated using techniques 

developed in the clinics.  

We will now briefly describe the challenges in performing pulmonary imaging 

using MRI.  

1.2 Challenges 

The challenges in performing rat pulmonary imaging can be classified into three 

broad categories; 1) Anatomical, 2) Physiological, and 3) Technical. We chose to classify 

the challenges based on the origin of the problem.  
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Anatomical: The rat is ~300 X smaller than the human, and hence using a clinical 

MRI system would lead to tremendous loss in signal and in turn a loss in spatial 

resolution. The loss in signal and the loss in spatial resolution can be compensated by 

using a combination of various techniques such as; a) using a higher magnetic field 

strength, b) using high performance gradient systems, c) using better transmit and 

receive coils, d) using repeated sampling of the signal to perform signal averaging.  

Physiological: The physiological factors that are important for pulmonary 

imaging are; a) respiratory rate, b) cardiac rate, c) total blood volume, d) total respiratory 

tidal volume.  

The respiratory and cardiac rates in a rat are ~5X higher than in a human, which 

means that the imaging technique used needs to be fast to resolve the dynamic 

information. This requirement of increased temporal resolution can be achieved by 

designing imaging protocols that combine; a) faster imaging sequences, b) reduced data 

encoding, and c) improved image reconstruction.  

The total blood volume in a rat is ~400 X smaller and the total tidal volume is 

~250 X smaller than in a human subject. The reduction in the blood and tidal volumes 

requires special design of physiological control equipment such as ventilator (if the 

rodent is being supported for ventilation) and injector (if the rodent is being injected 

with contrast agents).  
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Technical: Conventional MRI is typically sensitive to the total proton density in 

the tissue or the relaxation rates of these protons in the presence of a magnetic field. 

Pulmonary imaging poses a major challenge as only 20% of the lung is tissue; the rest is 

air space. This leads to an 80% reduction in the protons that can be imaged relative to 

the rest of the body. Also, the gas-tissue interfaces leads to more rapid signal decay, 

which further reduces the available signal. All these factors contribute to the reduction 

in SNR. This reduction in SNR can be addressed with one or more of the following 

techniques; a) special pulse sequences and excitation pulses, b) reducing the time 

between excitation and read-out to compensate for the increased relaxation rates, c) use 

of alternative (gas) nuclei as the signal source.  

The Center for In Vivo Microscopy (CIVM) has previously developed 

considerable infrastructure critical to this effort. We have developed small animal 

physiological monitoring and control systems that enable us to ventilate the animal at a 

controlled rate, monitor and maintain the body temperature, monitor the heart rate and 

airway pressure (Hedlund et al. 2000). The development of hyperpolarized gases 

imaging and the use of center-out radial acquisition techniques have reduced the time 

between excitation and read-out, making ventilation imaging possible in small animals 

(Johnson et al. 1997).  
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Keeping all of the above mentioned challenges and the given infrastructure 

strengths in mind, we set out to enable pulmonary function imaging in the rodents.  

1.3 Specific Aims 

The key objectives are to: 1) develop quantitative ventilation and quantitative 

perfusion imaging using MRI for small animals, 2) develop a protocol for combining 

ventilation/perfusion imaging in the same animal, and 3) demonstrate the feasibility of 

using these techniques in a disease model. With these aims in mind, I approached this 

work in the following phases.  

• Phase I – Develop a technique to image lung perfusion in small animals:  

o Develop the required hardware to inject a contrast agent to capture the 

wash-in/washout curve in the cardio-pulmonary circuit 

o Design the acquisition sequences to perform dynamic contrast enhanced 

(DCE) MRI that tracks the flow of the contrast agent through the cardio-

pulmonary circuit for small animal imaging  

• Phase II – Improve the spatial and temporal resolution of DCE-MRI:  

o Design an interleaved radial imaging sequence that uniquely encodes the 

data space  
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o Develop the reconstruction technique to exploit the correlations in the 

temporal dimension to reconstruct the images at a much higher spatial 

and temporal resolution  

• Phase III – Quantitative analysis:  

o Design novel calibration technique to enable quantitative ventilation 

imaging  

o Implement an existing technique for quantitative perfusion imaging 

• Phase V – Protocol for V/Q scanning:  

o Design an acquisition protocol to combine quantitative ventilation and 

quantitative perfusion imaging in the same animal  

• Phase VI – Application to rat disease model:  

o Apply the techniques developed above to a pulmonary disease model  

Keeping these phases in mind, this document is divided into the following 

sections: 

i) Literature review and background  

ii) Preliminary ventilation – perfusion imaging 

iii) Improving spatio-temporal resolution 

iv) Protocol for V/Q imaging 

v) Application to rat disease model  
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1.4 Differences from published work 

Quantitative pulmonary function imaging using MRI is challenging especially in 

small animals. There have been few studies of ventilation/perfusion imaging in the 

rodents. Researchers have attempted to study ventilation and perfusion in the same 

rodent using HP gases and contrast agents (Berthezene et al. 1992, Cremillieux et al. 

1999); or very recently using inert fluorinated gases (Adolphi and Kuethe 2008). The 

technique using HP gases and contrast agents produced qualitative assessment of V/Q in 

rats. The technique using the inert fluorinated gases is promising and produces 3D 

images; however the reported spatial resolution of the technique is 2000 x 2000 x 2000 

μm3.  

To our knowledge, the work presented here is the first attempt to demonstrate 

quantitative ventilation using HP He3 and quantitative perfusion imaging using DCE-

MRI resulting in a spatial resolution of 200 x 200 x 3000 μm3.  

1.5 Summary 

In summary, we attempt to develop a pre-clinical ventilation and perfusion 

protocol that can provide pulmonary function assessment at high spatial and high 

temporal resolution.  
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2. Background 

This chapter explains the functional anatomy of the lungs followed by a brief 

discussion of techniques available in the literature to image pulmonary function in 

humans, and in large and small animals. Included is a brief introduction to MRI and the 

sources of signal, and the relevant methods for lung MRI. 

2.1 Pulmonary Functional Anatomy 

The airways consist of a series of branching tubes that increase in number, and 

become narrower and shorter moving towards the more deeper regions in the lungs 

(West 1995). The trachea divides into right and left bronchi, which further divide into 

segmental bronchi all the way down to terminal bronchioles, which are the smallest airways 

without the alveoli. All these form the conducting airways and are anatomic dead spaces.  

Figure 1 shows the respiratory system with the conducting airways. The terminal 

bronchioles further divide into the respiratory bronchioles, which may have alveoli on 

their walls, and further divides to form the alveolar ducts that are completely lined with 

alveoli. This region where gas exchange occurs is known as the respiratory zone.  
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Figure 1: Respiratory system – includes the conducting airways and the 

respiratory zone enlarged in the inset. Modified from – lungdiseases.about.com   

 

Figure 2: Cardiopulmonary circulation – includes the pulmonary arteries, the 

pulmonary veins and the capillary bed for gas exchange (shown in inset). Modified 

from – www.bg.ic.ac.uk   
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The pulmonary blood circulation begins at the pulmonary artery that receives 

deoxygenated venous blood from the right ventricle of the heart (West 1995). This artery 

successively branches into smaller pulmonary arteries similar to the system of 

conducting airways all the way down to terminal bronchioles. The arteries further 

branch out into the capillary bed, which lines the alveoli as shown in Figure 2 (inset) 

forming a dense network for efficient gas exchange. The deoxygenated blood gets 

oxygenated at the alveoli and is then collected from the capillary bed by small pulmonary 

veins that run between the lobes, and finally drain the blood into the left atrium and then 

the left ventricle from where it is pumped out for systemic circulation through the aorta.  

2.2 Imaging Methods – Traditional and more 

 Pulmonary function imaging is traditionally performed using scintigraphy 

methods (Balogh et al. 1999) in humans (Neumann, Sostman and Gottschalk 1980) and 

animals (Marck, Piers and Wildevuur 1982). Ventilation imaging is performed using 

radioactive gases, such as 133, 127 Xe, 81mKr, or radioactive aerosols, such as 99mTc-DTPA, by 

administering the gases in a closed ventilation circuit and acquiring static images. 

Perfusion imaging is carried out by injecting 99mTc labeled human macro-aggregated 

serum albumin in the pulmonary circuit and acquiring static images. These images are 

then visually examined for the distribution of the radiopharmaceutical agent. These 

methods provide important functional information about ventilation and perfusion 
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mismatches in many conditions like pulmonary embolism and chronic obstructive 

pulmonary disease. Figure 3 shows a ventilation/perfusion scan using 133Xe and 99mTc 

labeled albumin in a pig (Bajc et al. 2002). Although this technique is established as a 

gold standard for ventilation/perfusion imaging, it suffers from low spatial resolution, 

involves the administration of radioactive tracers, and does not provide any quantitative 

assessment of V/Q mismatch.  

 

Figure 3: Functional lung imaging in a pig using 133Xe (ventilation) and 99mTc 

labeled albumin (perfusion) using a planar scintigraphy imaging. Modified from 

(Bajc et al. 2002). 

More recently, SPECT imaging has been replacing the use of planar imaging for 

ventilation-perfusion assessment (Bajc et al. 2002). PET imaging has also been 

successfully applied to image ventilation-perfusion (Harris and Schuster 2007) in 

humans and in animals. While these techniques do provide quantitative assessment by 

modeling the tracer kinetics, these techniques also suffer from low spatial resolution and 

use of radioactive tracers.  
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Other techniques to image regional ventilation and perfusion have been 

introduced over the years with the technical advances in the field of high resolution CT. 

Radiodense 133Xe has been used as a contrast-enhancing agent to visualize the airways 

and to extract regional lung ventilation estimates in large animals (Simon 2000, Tajik et 

al. 2002). CT ventilation imaging methods provide a high-resolution alternative to 

scintigraphy methods, and are now being applied to image small animals (Lam et al. 

2007). Quantitative imaging of pulmonary perfusion can be performed using dynamic 

contrast enhanced CT (Hoffman, Tajik and Kugelmass 1995, Schoepf et al. 2000, Won et 

al. 2003). However, performing the same pulmonary perfusion studies with micro-CT in 

small animals has not been feasible. Although CT provides a high-resolution alternative 

to nuclear imaging, the radiation dose is high and can be a limiting factor in small 

animal imaging (Badea et al. 2008).  

More recently techniques such as micro-DSA (De Lin et al. 2008) and tDSA 

(Badea et al. 2007)  have been introduced to study pulmonary perfusion in rodents. 

These methods could be combined with other ventilation imaging techniques to enable 

ventilation-perfusion in small animals (Mistry et al. 2006). However, the technological 

challenge in performing these multimodal studies is immense and a further study into 

these techniques is needed.  
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Techniques using MRI have been developed to look at ventilation and perfusion. 

Let us now review some of these existing techniques. 

2.3 Literature Review 

2.3.1 Ventilation imaging using MRI 

Imaging the lung with MRI has been challenging due to the lung’s low proton 

density, extremely low T2 and T2* caused by huge susceptibility changes in the lungs, 

and cardio-respiratory motion (Bergin, Pauly and Macovski 1991). The development of 

exogenous signal sources such as hyperpolarized 3He (Black et al. 1996, Middleton et al. 

1995) and 129Xe (Albert et al. 1994, Sakai et al. 1996, Wagshul et al. 1996) make ventilation 

imaging with MRI a competitive alternative to nuclear imaging techniques. The 

techniques initially demonstrated in small animals have been subsequently extended to 

humans (Ebert et al. 1996, MacFall et al. 1996, Mugler et al. 1997). Although 129Xe is an 

economical and easily available gas to perform imaging studies, the gas suffers from low 

polarization levels and low signal to noise. Recently, Driehuys et al. (Driehuys et al. 

2006) have shown high signal to noise 129Xe images in rats.  

The use of 3He is more prevalent due to its higher polarizations levels and higher 

gamma, hence its higher signal to noise, its lack of anesthetic properties, and its 

insolubility in blood (van Beek and Wild 2005). Small animal imaging using HP 3He has 
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been demonstrated with a spatial resolution in the order of 100 μm and has been 

successful in visualizing the airways (Johnson et al. 2001). Measurement of spin density 

after the inhalation of 3He indicates the functional distribution of gases in the airspaces 

and is an indicator of ventilation. Qualitative assessment of ventilation defects can be 

made by observing the presence of HP 3He in the airspaces; however extracting 

quantitative information about ventilation is challenging. Deninger et al (Deninger et al. 

2002) presented a technique for quantitative determination of ventilation, however the 

technique consumes large quantities of precious hyperpolarized 3He while producing a 

low resolution image. Some amount of quantification can be performed by measuring 

the apparent diffusion coefficient with MRI using 3He to image the restricted airspaces 

in the lung (Chen et al. 2000). Dynamic ventilation imaging (Viallon et al. 2000) can 

provide regional gas flow information. Other techniques using 3He include the mapping 

of the regional O2 uptake using the paramagnetic effect of oxygen that causes a 

predictable decrease in signal due to polarization loss (Deninger et al. 1999), however 

this technique suffers from extremely low SNR. Also, there has not been a consistent 

approach for quantitative characterization of changes in ventilation.  

2.3.2 Perfusion imaging using MRI 

Quantitative imaging of perfusion with MRI has been demonstrated using 

gadolinium enhancement or arterial spin labeling techniques (Hatabu et al. 1996, Hatabu 
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et al. 1999, Roberts et al. 1999). Despite the need of an exogenous contrast agent, 

dynamic susceptibility contrast MRI (DSC-MRI) is the most common methodology for 

MR perfusion. This method relies on a single bolus injection of a paramagnetic contrast 

agent (usually Gd-DTPA) that produces transient signal loss on T2* sensitive imaging 

sequences. The changes in T2* are related to the concentration of the contrast agent and 

the relationship can be assumed to be linear (Rosen et al. 1990). Dynamic contrast 

enhanced MRI (DCE-MRI) uses the same contrast agents, but use a T1 sensitive imaging 

sequence that produce signal enhancement with the passage of the contrast agent. By 

mapping the signal changes into contrast agent concentration curves, one can use 

techniques developed for indicator dilution to calculate perfusion estimates (Starmer 

1970). Although these techniques have been demonstrated in humans, canine, and 

porcine models (Hatabu et al. 1999, Ogasawara et al. 2002, Zheng et al. 2002), they have 

not until recently (Mistry et al. 2008) been feasible in small animals. Most studies on 

imaging pulmonary perfusion in small animals (Berthezene et al. 1992, Cremillieux et al. 

1999) provide a static image of the deposition of contrast agent after a slow infusion 

process for qualitative assessment of perfusion.  

 Perfusion can also be imaged by arterial spin labeling (ASL) techniques that 

exploit the sensitivity of the magnetization signal in the imaging slice to that of 

inflowing blood, if the inflowing blood is in a different magnetic state (Roberts et al. 



 

 

17 

1999). ASL does not require the injection of any exogenous contrast agent and hence is 

completely non-invasive. By subtracting a non-labeled image from the labeled image, 

one can generate a perfusion-weighted image. The amount of signal change observed in 

these images is extremely small (2-3%), and hence the technique provides extremely low 

SNR. These techniques have been demonstrated in human subjects (Mai et al. 2002, 

Roberts et al. 1999), however the inherent requirements of higher spatial and temporal 

resolution required for small animals has made it impossible to date to translate ASL to 

pulmonary imaging in the small animal.  

2.3.3 Direct V/Q imaging using MRI 

MRI techniques for imaging ventilation and imaging perfusion can work well in 

providing a combined assessment of ventilation-perfusion as long as the two separate 

techniques can be applied during the same study. Recently, researchers have shown that 

it is possible to use techniques that can provide the assessment of ventilation/perfusion 

directly by probing the two separate functions simultaneously by measuring gas 

exchange using hyperpolarized 129Xe (Driehuys et al. 2006) or by measuring changes in 

the T1 of a inert fluorinated gases which is dependent on the local value of V/Q (Adolphi 

and Kuethe 2008). These techniques while promising suffer from low spatial resolution.  
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2.4 Basics of Relevant MRI 

Since this work primarily deals with the development of contrast enhanced 

methods for perfusion imaging with MRI and also deals with aspects of improving the 

spatial and temporal resolution, it would be important to have a basic understanding of 

the signal and contrast sources in MRI. A brief explanation for the same is provided in 

this section. 

Atoms with an odd number of nucleons possess a nuclear spin angular 

momentum that gives rise to a small magnetic moment. In the absence of an external 

magnetic field, the spins are oriented randomly and the net magnetic moment is zero. In 

the presence of a strong external magnetic field B0, the nuclear spins align along the 

main magnetic field in two states, parallel and anti-parallel. There is a preference for the 

parallel state resulting in a net magnetic moment M0 in the direction of B0 as shown in 

Figure 4. The net magnetization precesses at the Larmor frequency ω0 given by, 

ω0 = γB0 ,   2.1 

where, γ is the gyromagnetic ratio which is a known constant unique to an atom 

(examples of γ 2π :  1H- 42.58 MHz/T, 129Xe- 11.86 MHz/T, 3He- 32.44 MHz/T).  

If we apply a radio-frequency (RF) pulse at the Larmor frequency in a plane 

orthogonal to the main magnetic field, the net magnetization experiences a torque that 

rotates the magnetization by a prescribed flip angle α that depends on the amount of RF 
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energy deposited. Following the excitation, the longitudinal component relaxes at a rate 

T1 and the transverse component of the magnetization decays with a time constant T2, 

which are characteristic of the tissue type. The longitudinal component (Mz) of the 

magnetization behaves according to  

dMz

dt
= − Mz − M0

T1

. 
  2.2 

The solution to this equation is given by, 

Mz = M0 + (Mz (0) − M0)e−t T1 .   2.3 

 

 

Figure 4: Equilibrium magnetization M0 in the direction of the main magnetic 

field B0. The spins align in the parallel (bold arrows on upper cone), and the anti-

parallel (arrows on lower cone). 

The transverse component (Mxy) of the magnetization behaves according to  
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dMxy

dt
= −

Mxy

T2

. 
  2.4 

The solution to this equation after a 90˚ RF excitation is given by, 

Mxy = M0e
− t T2 .   2.5 

The effective MR signal in a series of excitations and relaxations of a spin system is 

represented by  

S = ρM0(1− eTR T1 )e−TE T2 ,   2.6 

where ρ is the spin density, TR is the time of repetition for the excitation pulse , and TE 

is the echo time when the signal is formed. Most MR imaging techniques use the 

manipulation of TE and TR to suppress or enhance the weighting of the signal to spin 

density, T1 relaxation, or T2 decay.  The basics of MRI are covered more thoroughly in 

Haacke et al (Haacke et al. 1999). 

2.4.1 Spatial encoding 

Aspects of this work deal with novel spatial encoding methods and therefore a 

brief description of spatial encoding in MRI is provided in this section.  

By applying magnetic field gradients in the three orthogonal directions, one can 

achieve spatial mapping of the signal (Lauterbur 1973, Mansfield 1977). The goal in MRI 

is to image the spatial distribution of the transverse magnetization of the object of 

interest. We will denote the transverse magnetization as Mxy(x) where x is either a 2D 
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vector for slice-selective imaging or 3D vector for volume imaging. The transverse 

magnetization precesses at the frequency ω(x) proportional to the local magnetic field, in 

presence of the time varying imaging gradients G(t) given by 

G(t) = Gx (t)i +Gy (t) j + Gz (t)k .   2.7 

Due to the presence of the spatial encoding gradients the phase of the spin at x is  

φ(t) = (−γG
0

t

∫ (s)).xds

= (−γ G(s)ds).
0

t

∫ x

= −2πk(t).x

, 

  2.8 

where  

k(t) = γ
2π

G(s)ds.
0

t

∫  
  2.9 

The resulting magnetization at time t is the original magnetization multiplied by the 

phase that is accrued during the precession and is given by  

Mxy (t,x) = M0e
− i2πk (t ).x . 2.10 

The RF receiver is spatially non-selective and hence the signal received is given by 

s(t) = Mxy (x)e− i2πk ( t ).xdx
X

∫ , 2.11 

where x ranges over the subject volume. This expression has a form similar to the 

Fourier transform and hence the acquisition of the MR signal can be seen as the 

acquisition of the spatial frequency (k(t)) content of the image or the acquisition of the 
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“k-space”. The most commonly used technique to sample the k-space is using a 

rectilinear raster scan Cartesian encoding or 2D Fourier encoding shown in Figure 5. 

One of the primary advantages of using a rectilinear scanning technique is the ease of 

reconstruction based on the Fast Fourier Transform (FFT).  

Several other encoding techniques (Meyer et al. 1992, Lauterbur 1973, Bucholz et 

al. 2008, Noll 1997, Glover and Pauly 1992) have been proposed. One of the most 

appealing is radial encoding initially proposed by Glover and Pauly (Glover and Pauly 

1992) shown in Figure 5. The three main advantages that make radial encoding 

appealing are shorter echo time, reduced sensitivity to motion, and improved temporal 

resolution for certain applications. Shorter echo times help compensate for the signal 

loss induced by; the susceptibility related signal loss from the large air-tissue interfaces 

(Bergin et al. 1991), and the signal loss that occurs due to free diffusion of the gases in 

the airways (Chen et al. 2000, Driehuys et al. 2007, Johnson et al. 1997). The artifacts from 

motion are displaced from the moving object and the inherent oversampling near the 

center of k-space results in signal averaging that significantly reduces these artifacts at 

the expense of blurring (Glover and Pauly 1992). Improvement in temporal resolution is 

achieved as angular undersampling in radial encoding results in streaks rather than 

wraparound that can help in scan-time reduction with little loss of spatial resolution 

(Peters et al. 2000). These factors make radial acquisition the scheme of choice for our 
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work. The primary limitation with radial encoding sequences is the increased number of 

acquisitions required to achieve the same resolution as compared to rectilinear scanning.  

 

 

Figure 5: k-space encoding techniques: 2D Fourier encoding or Cartesian, and 

Radial encoding  

2.4.2 Hyperpolarized (HP) gases (Ventilation Imaging) 

1H protons are the source of signal in the majority of MRI studies, however there 

is a scarcity of protons in the airspaces of the lungs. To image ventilation of the airspaces 

one would need an external source of signal that can be inhaled and imaged using MRI. 

Gas imaging using normal gases suffers from low SNR due to the extremely low density 

of gas. The primary source of signal in MRI is the polarization defined as the ratio of the 

difference in the spin population in the lower and upper energy levels to the total spin 

population. Typically in conventional MRI imaging, this ratio is extremely small, close to 
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~6ppm. By increasing the polarization level one can achieve extremely high levels of 

signal to noise.  The development of optically pumped noble gas isotopes (Happer et al. 

1984) produced hyperpolarized (HP) gases that provided the necessary source of signal 

in MRI for ventilation imaging.  

Hyperpolarized gases 3He and 129Xe are produced by spin exchange optical 

pumping technique, details of this can be found in (Bouchiat, Carver and Varnum 1960, 

Happer et al. 1984). The optical pumping process happens in two steps, the first step 

creates a high electron spin polarization at room temperature, and the next step involves 

transfer of electron polarization to nuclear polarization via collisions. Typically a few 

gram of rubidium (Rb) resides on the bottom of a glass cell that also contains the gas to 

be polarized. The chamber is heated to create vapors of Rb, which then absorbs the 

circularly polarized laser that is shining on the cell. This creates a high electron spin 

polarization in the Rb vapor, which is transferred to the nuclear spin of the noble gas. 

The process of hyperpolarization results in nuclear polarization levels approaching 40%, 

which translates into increased SNR that can be used to increase image resolution. 

However, since the polarization is not a process of thermal equilibrium, the polarization 

is non-recoverable and the choice of imaging sequences is driven by efficient use of the 

HP gas and the available magnetization (Johnson et al. 1997).  
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2.4.3 Spin Lattice Relaxation 

This section provides a brief introduction to contrast agents that will be useful in 

performing perfusion imaging. Contrast agents are typically used to enhance the signal 

from particular tissue type. The introduction of contrast agents results in the reduction 

of the magnetization recovery time or the increase in magentization relaxation rates. In 

this section we give a brief introduction to the physics that governs the magnetization 

relaxation.  

The physical basis of the relaxation times arises from dipole-dipole interactions 

and the molecular motions of spins within tissues. Every atom or molecule in which a 

spin resides undergoes the motions of rotation, vibration, and translation. This 

molecular tumbling is responsible for: a) the energy exchange between the spin and the 

neighboring spins and, b) the energy exchange between the spins and the surrounding 

lattice. The collisions caused by the process of molecular tumbling cause a constant 

change in the type of movement that is experienced by the molecule. The change in 

motion happens in fractions of a second and is called the correlation time τc of the 

molecule. The associated frequency can be described by the spectral density function 

J(ω). The spectral density function is indicative of the number of nuclei that experience 

molecular tumbling and their correlation time.  



 

 

26 

Effective T1 relaxation occurs when the spectral density function has energies 

that match the Larmor frequency. The greater number of protons that tumble at the 

Larmor frequency, the more efficient is the T1 relaxation.  

2.4.4 Contrast agent (Perfusion Imaging) 

Contrast agents in MRI typically affect the relaxation times; T1 or T2. Elements 

like gadolinium have unpaired electrons that exhibit electron spin resonance similar to 

the nuclear spin resonance in the case of protons. Paramagnetic relaxation of water 

protons originates from the dipole-dipole interaction between the nuclear spins of the 

hydrogen nuclei of water molecules and the fluctuating local magnetic field caused by 

the spins of the unpaired electrons. The effect is a decrease in T1 that falls off drastically 

with distance.  

Detailed theory about the relaxivity properties of the paramagnetic contrast 

agents is given by the Solomon-Bloembergen equations (Solomon and Bloembergen 

1956). The observed T1obs given by 

1
T1obs

= 1
T1d

+ 1
T1p

, 
2.12 

is due to the combination of the intrinsic T1d of the diamagnetic sample and the T1p 

caused by the presence of the paramagnetic contrast agent. The term 1/T1p can be written 
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as a product of the relaxivity of the paramagnetic agent, r1, and the concentration of the 

contrast agent, [Gd], as shown by  

1
T1obs

= 1
T1d

+ r1[Gd]. 
2.13 

The relaxivity of the contrast agent is a sum of the relaxivity of the inner sphere 

(rIS) and the outer sphere (rOS). The inner sphere describes the relaxation of the hydrogen 

nuclei of the water molecule directly bound to the paramagnetic ions, while the outer 

sphere describes the relaxation due to the interactions between the paramagnetic ions 

and the closely diffusing water molecule. The effect of the inner sphere term can be 

manipulated easily, as compared to the effect of the outer sphere term in the relaxation 

process.  

The relaxation dependent on the inner sphere is given by  

1
T1

IS = cq

55.5
1

T1m + τ m

 

 
 

 

 
 , 

2.14 

where, c is concentration of the contrast agent, q is the number of bound water molecules 

per paramagnetic ion, τm is the lifetime of water molecule in the inner sphere 

environment and 1/T1m is the longitudinal proton relaxation rate. This longitudinal 

relaxation rate at the field strengths for medical imaging approximates the dipole-dipole 

interaction dependent rate (1/T1DD). The dipole-dipole term is modulated by 

reorientation of the nuclear spin vectors with respect to the electron spin vector, changes 
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in orientation of electron spin, and the rate of water exchange. Adjusting the chemical 

environment around the paramagnetic ion can alter the relaxivity of the contrast agent. 

A more complete description of this can be found in (Merbach and Toth 2001).  

Elements like gadolinium have unpaired electrons that exhibit electron spin 

resonance similar to the nuclear spin resonance in the case of protons. The spectral 

density function of the electron spin resonance of Gd3 + has some energy that matches the 

Larmor frequency of water protons increasing the rate of energy transfer to the lattice 

and hence a drastic reduction in tissue T1. Paramagnetic contrast agents shorten the T1 

relaxation time resulting in an increase in the signal intensity in the administered 

regions, thus providing a positive enhancement with imaging sequences that are 

sensitive to the changes in T1. Along with the reduction in T1, paramagnetic contrast 

agents also reduce the T2 relaxation times, although the effect on T1 relaxation times is 

greater.  

Typically, perfusion imaging using contrasts agents is performed by injecting 

these agents into the blood stream and hence it is important to understand the toxicity of 

the contrast agent. Gd3 + is a rare earth element that is toxic in its free form and hence is 

combined with a macromolecule and tightly bound within an organic compound. This 

practice of chelating and has resulted in many different gadolinium chelates. The 

relaxivity and safety of these many chelates is the source of a vast commercial industry 



 

 

29 

for clinical imaging.  We have chosen Gd-DTPA (Gadopentate dimeglumine), which is 

commercially available as Magnevist ® (Berlex Inc., NJ, USA). With the reduced T1 

resulting from the use of Gd3+, we need imaging sequences such as steady state imaging 

that enhance the shorter T1 tissue.  

2.4.5 Steady state imaging 

The use of contrast agents that shorten the (T1) magnetization recovery time of 

selected tissue types requires the design of imaging sequences that accentuate tissue 

types with reduced T1’s.  This section describes the governing equations for one such 

technique that makes efficient use of the reduced T1 while suppressing signal from tissue 

types that exhibit longer T1.  

Figure 6 shows plots of the steady state magnetization (Mz) as a function of TR 

for two different tissues with T1 of 40 ms and 500 ms. Using imaging schemes with 

extremely short TR enables one to minimize signal from the long T1 tissue (red curve) 

and get maximum signal contrast (green curve) between the short (blue curve) and long 

T1 tissue. Hence using a short TR sequence allows one to optimize the contrast between 

blood and the surrounding tissue. Imaging sequences such as FLASH (fast low angle 

shot) (Haase et al. 1986) or GRASS (gradient refocused acquisition in steady state) 

(Sechtem et al. 1987) have been shown to be excellent while performing contrast 
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enhanced studies. The basic principle behind these sequences is to create a steady state 

signal by applying low power RF pulses in fast succession (train of RF pulses).  

 

Figure 6: T1 curve for two different tissue types. At a fixed flip angle the 

contrast between the two types of tissue is maximized by using a smaller flip angle.  

The application of a train of α pulses (small flip angles) results in a signal given 

by,  

S(α) = So
sinα(1− e

−(TR
T1

)
)

1− cosα(e
−(TR

T1
)
)

. 
2.15 

where αErnst = cos−1(e
−TR

T1 )  is the Ernst angle for maximum SNR (peak of blue curve 

shown in Figure 7). It is desirable to use a flip angle higher than the Ernst angle 

especially in contrast enhanced imaging studies to minimize the signal from the 

surrounding tissue (flip angle for maximum contrast in Figure 7).  
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Figure 7: Selection of flip angle for a fixed TR to achieve maximum contrast 

between tissues that exhibit different T1 values. Contrast is maximized at a flip angle 

higher than the Ernst angle. 

 

2.5 Efficient Acquisition and Reconstruction 

This work deals with the improvement of spatio-temporal resolution in dynamic 

contrast enhanced images for small animals. Over the years, the field of dynamic 

imaging with MRI has been developed to acquire high spatial and high temporal 

resolution images. It is important to understand the underlying principles of most of 

these techniques.  

Dynamic MRI requires the imaging of the organ of interest at rate that can 

accurately record the physiological activity. Data can be acquired separately at each 
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time-point, provided that the imaging is not limited by physical (i.e. scanner 

performance) and physiological constraints. However, this is rarely true especially in the 

case of small animal imaging where the physiological rates are much higher than in 

humans. Dynamic images of objects exhibit significant correlations in k-space and time 

(kt-space) (Tsao, Boesiger and Pruessmann 2003). Over the years, a number of strategies 

have been proposed to improve temporal resolution without sacrificing spatial 

resolution. This is accomplished by reducing the amount of data acquired resulting in 

accelerating the acquisition rate, and then performing efficient reconstruction techniques 

to recover the missing data via post-processing. These methods can largely be classified 

into three approaches, based on exploiting correlations in k-space, in time, or in both k-

space and time (kt-space).  

The first class of techniques that exploit the correlations in k-space are partial 

Fourier methods (McGibney et al. 1993), that collect only a fraction of k-space at each 

time frame, thereby speeding up the acquisition. The missing data for each time frame 

are then recovered from the measured k-space for the same time frame. The underlying 

principle of these methods is that each point in k-space contains some information about 

other points in the k-space. Reconstruction for each time frame is performed 

independently of the other time frames. 
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The second class of approaches that exploit correlations in time include methods 

such as “keyhole” (Jones et al. 1993, van Vaals et al. 1993), and other view-sharing 

techniques, such as time resolved imaging of contrast kinetics (TRICKS) (Korosec et al. 

1996), and continuous update with random encoding (CURE) (Parrish and Hu 1995). 

Keyhole imaging updates only the center of k-space for each time frame. A high-

resolution reference image is acquired at the beginning or the end of the data 

acquisition, which is then used to fill the missing data in the dynamic images. Contrast-

enhanced perfusion imaging uses signal enhancement with T1 sensitive imaging in 

blood vessels after the injection of a contrast agent. Most of these effects are generally of 

a diffuse nature and are well suited to the keyhole technique (Oesterle et al. 2000). In this 

work, we will develop a technique with an underlying principle similar to keyhole. 

Other view-sharing techniques update the k-space successively, but the rate of update 

varies from the center to the periphery. The measured data at each k-space location 

forms a sample in the time series of data acquired. Interpolation or some temporal data 

filtering is used to recover the missing data.  

The third class of approaches based on exploiting the correlations in both k-space 

and time are a combination of approaches discussed above. Thus, the missing data is 

estimated based on the available data-points in the kt-space (combined space) (Tsao et al. 

2003). These methods use more of the relevant correlations, and thus tend to show 
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reduced estimation errors or higher reduction in data acquisition that can translate to 

higher frame rates. In our work, we will try to address the problem of increasing 

temporal resolution, while maintaining the spatial resolution using a combination of the 

approaches discussed above.  

2.6 Quantitative Analysis 

In this section, we describe two of the techniques to perform quantitative 

measurements from dynamic contrast enhanced data. Most quantitative assessment can 

be carried out on a pixel-pixel basis by mapping the pixel intensity into appropriate 

concentration of Gd-DTPA. Below, we describe some techniques that have been 

developed for indicator dilution methods.  

2.6.1 Gamma variate 

Gamma variate curves (Davenport 1983, Thompson 1964) can be fitted to the 

time-concentration curves generated by DCE-MRI using a nonlinear least-squares fit by 

adjusting α and β in equation 2.16. The contrast agent concentration, C(t), at time, t, is 

expressed  as 

C(t) = Cp

e

αβ
 

 
 

 

 
 

α

(t − TA )α e−(t−TA ) / β , 
2.16 

where, t is the time, Cp is the peak concentration,  TA is the time of appearance of the 

contrast agent, and α and β are the fitting parameters for the gamma variate function. 
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From the fitted curve, quantitative metrics such as the mean transit time (MTT) and flow 

can be derived using:  

MTT = TA + β(α +1) =
tC(t)dt∫
C(t)dt∫

 
2.17 

and  

flow = contrast volume

MTT
. 

2.18 

2.6.2 PBF / PBV / MTT 

According to the indicator dilution theory (Meier and Zierler 1954) for 

intravascular contrast agents, when the arterial input function (AIF) of the contrast agent 

entering the volume of interest is known, the pulmonary blood flow (PBF) is implicitly 

given by the equation, 

CVOI (t) = PBF CAIF
0

t

∫ (τ )R(t − τ )dτ , 
2.19 

where CVOI(t) and CAIF(t) are the time dependent concentrations of contrast agent in the 

volume of interest (VOI) and the arterial input function. R(t) is the residue function, 

which is the relative amount of contrast agent in the VOI in an idealized perfusion 

experiment, where a unit of bolus was injected instantaneously (R(0) = 1) and 

subsequently washed out by perfusion (R(∞) = 0). The height of the deconvolved CVOI(t) 

at t=0 gives the PBF. The literature presents several techniques to deconvolve R(t) from 

Equation 2.19, of which the most widely used method is based on singular value 
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decomposition due to its robustness against statistical noise. The details of this approach 

were presented by Ostergaard et al. (Ostergaard et al. 1996a, Ostergaard et al. 1996b). 

The selection of the arterial input function can be made from the main trunk of the 

pulmonary artery. The pulmonary blood volume (PBV) can be estimated using, 

PBV =
CVOI (t)dt

0

∞
∫

CAIF (t)dt
0

∞
∫

. 

2.20 

MTT can be estimated using the central volume principle and is given by, 

MTT = PBV

PBF
. 

2.21 

 

2.7 Summary 

Here we have presented the background literature pertinent to the techniques 

that will be developed in this work. We begin with the design of a power injector, an 

acquisition sequence, an implementation of quantitative techniques discussed above, 

and finally develop a protocol for combined imaging of ventilation and perfusion in an 

animal model.  
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3. Ventilation/Perfusion Imaging – Initial Study 

The goal of this work is to develop a ventilation/perfusion imaging technique for 

small animals. Ventilation imaging in small animals has been developed using MRI as 

previously described by Johnson et al (Johnson et al. 2001). Our focus here was to 

develop dynamic contrast enhanced imaging for rodents. This combined with the small 

animal ventilation imaging would provide the initial understanding of ventilation and 

perfusion imaging. To make pulmonary perfusion imaging feasible, we describe a novel 

use of multiple contrast agent bolus injections delivered by an automated micro-injector 

synchronized with image acquisition to achieve dynamic first-pass contrast 

enhancement in the rodent lung, allowing quantitative assessment of perfusion.  

3.1 Spatio-temporal requirements 

The acquisition of dynamic contrast enhanced MRI data is typically carried out 

by acquiring a few baseline images and then injecting a small bolus of contrast agent and 

continuing the image acquisition. This has been shown to be extremely effective when 

imaging large animals and humans (Hatabu et al. 1996, Ogasawara et al. 2002, Zheng et 

al. 2002). To adapt this technique to image rats, we first need to understand the 

physiological conditions under which we operate. The cardiac rate and the respiratory 

rate of the rat is ~5 times that of humans. This means that the amount of time it takes for 
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a bolus to complete the cardio-pulmonary cycle is ~5 times faster in the rats as compared 

to humans. This, along with the small field of view (FOV), imposes a severe spatio-

temporal limitation on the imaging pulse sequence that can be used.  

Based on the estimates of the circulation times in humans (Hatabu et al.); the 

total imaging time to capture the wash-in and wash-out in rats is around 5-6 seconds. To 

sufficiently sample the dynamic wash-in and wash-out curve, we would need a 

temporal resolution of around 200-400 ms. A typical clinical sequence used in the 

literature (Hatabu et al.) can acquire a single time-point at a spatial resolution of 3.3 × 3.3 

× 10 mm3 in 1000 ms at a signal to noise ratio (SNR) of ~20. Scaling the technique to the 

preclinical domain with a spatial resolution of 0.8 × 0.8 × 3 mm3 in 400 ms  and 

comparable SNR would require a ~8000 X gain in sensitivity. We gain almost of factor of 

~2000 in sensitivity by reducing the volume of the RF coil. We can recover the remaining 

factor of 4 by acquiring the k-space data in smaller segments by repeatedly sampling the 

wash-in/wash-out curve. To achieve this we propose a novel use of multiple intravenous 

injections of contrast material which would provide adequate sampling time to achieve 

both high spatial and high temporal resolution.  

The use of multiple injections is dependent on the accuracy of triggering during 

the cardiorespiratory cycle and the reproducibility of the injection. These requirements 

led to the development of an automatic power injector that is triggered using 
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physiological signals. The power injector can deliver a controlled amount of contrast 

agent when triggered in a repeatable manner synchronous to the scanning sequence. In 

the following sections we will provide the details of the injector and the details of the 

acquisition technique.   

3.2 Injector Design 

 

Figure 8: Schematic of power injector used to deliver scan-synchronous 

repeatable controlled volumes of contrast agent. 

The injector was an adaptation of a similar injector for micro-digital subtraction 

angiography (De Lin et al. 2008). The injector, shown in Figure 8, consists of a reservoir, 

a solenoid controlled by the trigger, and tubing from the solenoid to the catheter that is 

inserted into the animal. An N2 tank is connected to the reservoir with a fixed pressure 
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that is always “on.” A pulse generated by the physiological monitoring system triggers 

the injector by opening the solenoid and initiating the scan simultaneously. The 

operating characteristics of the injector depend on the viscosity of the fluid contained in 

the reservoir, the length of the tubing, the inner diameter of the tubing, the pressure in 

the N2 tank, and time for which the solenoid is “on.” Since we know the volume of 

injection and the viscosity of the contrast agent (2.9 CP at 37°C), the other parameters of 

the injector were determined keeping these constraints in mind. PE-205 tubing was 

selected with an internal diameter of 1.57 mm. Since the injector is operated close to the 

magnet (Figure 9), it is important that the tubing from the solenoid to the site of injection 

is long. In this work, the length of the tubing was fixed to 100 cm, which was determined 

as the distance required for the solenoid to operate safely close to the magnet. The 

injector was calibrated for the two different pressures of N2 and the amount of time that 

the solenoid was “on” (Table 1). Twelve repeated measurements of volume were made 

for each setting of pressure and “on” time, estimating the volume repeatability of the 

injection. 

Table 1: Injector volumes measured at pressure of 6/10 psi for 50/100 ms 

  6 psi of N2 10 psi of N2 

50 ms 21.5 ± 3.5 µl 31.0 ± 3.1 µl 

100 ms 32.7 ± 3.4 µl 48.3 ± 1.8 µl 
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Figure 9: The injector shown next to the magnet during a study. The injector is 

designed to deliver repeatable multiple injections at extremely low volumes. 

 

3.3 Method 

3.3.1 Animal Preparation and Surgery 

All animal procedures were approved by the Duke Institutional Animal Care 

and Use Committee. Contrast agent injections were delivered using catheters (3 French) 

in the right jugular vein of female Fisher 344 rats (Charles River Laboratories, 

Wilmington, MA). The animals were perorally intubated and mechanically ventilated at 

60 breaths/minute with a tidal volume of 2.0-2.2 ml. Anesthesia was maintained with 

0.05 ml injections of Nembutal (50 mg/kg, IP, Abbott Laboratories, North Chicago, IL) 

every 45 min. Body temperature was measured with a rectal thermister and was 
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maintained at 37°C with a PID feedback-controlled heat source. Solid-state transducers 

on the breathing valve measured airway pressure and flow. Pediatric electrodes were 

taped on the footpads for ECG. All physiologic signals were continuously collected 

(Coulbourn Instruments, Allentown, PA) and displayed on a computer using LabVIEW 

software (National Instruments, Austin, TX) for the duration of the experiment. These 

signals were also used to control the triggering for all the imaging sequences described 

below. At the conclusion of the studies, the animals were euthanized with an overdose 

of anesthesia. 

3.3.2 System Description  

Helium (~1.0 L) was polarized using the spin-exchange optical pumping 

technique (IGI.9600.He; Magnetic Imaging Technologies, Inc., Durham, NC) (Happer et 

al. 1984). Imaging was performed using a 2.0 T 30-cm horizontal bore magnet (Oxford 

Instruments, Oxford, UK) with shielded gradients (180 mT/m, GE NMR Instruments, 

Fremont, CA) interfaced to a GE EXCITE  console running v. 12M4 (GE Healthcare, 

Milwaukee, WI). The console has been modified to operate at 64.8 MHz to image HP 

3He, and at 85.5 MHz to image 1H. A dual frequency birdcage coil - 7 cm in diameter and 

7 cm in length was used for data acquisition. The animal was in a prone position on a 

support cradle during imaging. Coronal and axial proton images were acquired to 

localize the animal within the field-of-view (FOV).  
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3.3.3 Ventilation imaging 

High-resolution static ventilation images were acquired using radially encoded 

k-space trajectory at end-expiration. 1600 radial views were collected per image to 

reconstruct a 5122 static ventilation image. The scan used 20 radial views acquired per 

trigger synchronous with the ventilatory cycle. Imaging parameters were TE/TR = 

0.7ms/5 ms, slice thickness = 3 mm, field of view (FOV) = 50 mm, and a variable flip 

angle increasing from a small value to 90° (Johnson et al. 1997, Johnson et al. 2001). The 

varying flip angles can be estimated by constraining the signal intensity from each 

excitation pulse to be a constant. Figure 10 shows a “biological pulse sequence” for end-

expiration apnea imaging.  

 

Figure 10: Biological pulse sequence for end-expiration apnea acquisition for 
3He MRI. TRIG indicates the external trigger input to the MRI scanner generated by 

the ventilator and physiological monitoring system. ADC represents the MRI image 

acquisition. 
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3.3.4 Perfusion imaging using DCE-MRI 

3.3.4.1 Acquisition 

DCE-MRI was performed at end-expiration with the first ECG R wave detected 

after suspension of ventilation, which triggered the power injector injecting ~20 μl of 

Gd-DTPA and also triggered the data acquisition simultaneously. Data acquisition was 

carried out using dynamic radial acquisition (Dynamic RA). An example of the 

acquisition strategy is shown in Figure 11, where data were acquired over multiple 

injections. 2D radial acquisition sequence parameters were: TE/TR = 0.7/4.0 ms, flip angle 

= 40° field of view (FOV) = 50 mm and slice thickness = 3 mm which is identical to that of 

the 3He images, to maintain the registration between the ventilation and perfusion 

images. The radial encoding sequences need πN views to achieve a comparable spatial 

resolution as the Cartesian acquisition with N views, based on which one would need 

200 views of k-space lines to achieve a reconstruction resolution of 642. With the total 

sampling time fixed at 6.4 sec for each injection, and TR of 4 ms, one can acquire 1600 

radial views per injection. In our experiment we acquired data using two injections. For 

each injection the 1600 views were apportioned into 16 distinct, contiguous sets of 100 

views each, with each set 400 ms long. A second injection was made allowing acquisition 

of an additional 100 views for each of the time points, with these additional views 

interleaved with those from the first injection (a total of 200 views per time point) as 
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shown in Figure 11. The location and the view ordering for the lines of k-space for each 

individual time point were the same.  

Temporal resolution (in this case) or spatial resolution can be increased by 

increasing the number of injections. This is demonstrated using a similar sequence with 

1600 views from a single injection that are apportioned into 64 contiguous sets by using 

8 injections.  

 

Figure 11: Dynamic RA acquisition and reconstruction scheme for DCE-MRI. 

Data were acquired over multiple injections (Inj1-InjN). During each injection the 

same lines of k-space are acquired across multiple time points (Tp1-TpN). The 

missing views for each time point are acquired during the remaining injections.  

Reconstruction can be carried out by combining data (shown in last row) from the N 

injections and using a standard regridding algorithm.  
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3.3.4.2 Reconstruction  

Each time point was reconstructed independently from the others by regridding 

the data onto a 642 grid. The radial datasets were combined from the multiple injections 

(Inj1-InjN) for each time-point (Tp1-TpN) as shown in Figure 11. Image reconstruction 

was carried out by resampling onto a Cartesian array using a standard gridding 

algorithm (O'Sullivan 1985). Density compensation (Pipe and Menon 1999) was 

performed because the k-space is nonuniformly sampled from the center out.  

3.3.5 Experiments 

3.3.5.1 Protocol 

The experiments were performed in two stages; 1) Ventilation Imaging and 2) 

Perfusion Imaging. Rats (N=6) were imaged using the ventilation imaging technique 

described in section 3.3.3 to create 5122 images of HP 3He. The scanner was switched to 

proton mode for perfusion imaging. The DCE –MRI images were acquired for the rats in 

two runs—precontrast acquisition followed immediately by postcontrast acquisition. 

The main idea presented in this study is to show that one can increase either the spatial 

or temporal resolution by using multiple injections. To demonstrate this, we performed 

a separate experiment in which eight consecutive 20 μl injections of Gd-DTPA were 

used to acquire a DCE dataset at a temporal resolution of 100 ms.  
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3.3.5.2 Quantitative Analysis 

Quantitative analysis was performed on the perfusion imaging data acquired 

using DCE-MRI. Dynamic contrast enhanced images were created by subtracting the 

precontrast images from the postcontrast images. This is important where the signal 

behavior varies from view-to-view especially in the initial stages of contrast evolution 

when the magnetization is achieving a steady state. The first-pass curves were generated 

by placing regions of interest (ROIs) in the path of the cardiopulmonary circulation 

starting from the pulmonary artery, and proceeding in the direction of blood flow to the 

left and right lung parenchyma, the pulmonary vein, and the descending aorta. The data 

were fit to a gamma variate function, as detailed in section 2.6.1, using non-linear curve 

fitting to extract quantitative blood flow/perfusion parameters, such as the time of 

appearance (TA) and the mean transit time (MTT). 

3.4 Result 

Figure 12 shows the ventilation image using hyperpolarized (HP) 3He in a rat. 

The FOV and slice thickness was kept identical to that of the perfusion imaging protocol 

for ease of registration between the two images. In-plane spatial resolution of 97 μm was 

achieved using 80 breaths each containing 2 ml HP gas. The ventilation images were 

typically acquired using a variable flip angle technique to maintain uniform signal 

behavior throughout the breath-hold. A fixed flip angle scheme can also be used to 
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perform a similar acquisition, although the efficiency of gas usage might be affected to a 

certain extent, leading to a slight reduction in SNR (Johnson et al. 1997). 

 

 

Figure 12: 5122 static image of ventilation using HP 3He acquired at end-

expiration apnea with FOV = 50 mm and slice thickness = 3 mm.  Other imaging 

parameters TE/TR = 0.7/5 ms, Flip angle = variable flip angle, BW = 62.5 kHz. 

After the completion of the ventilation imaging in the rat, the scanner settings 

were adjusted to acquire dynamic contrast enhanced images. The DCE images were 

acquired in two runs—pre-contrast acquisition and post-contrast acquisition. Figure 13 

shows 9 dynamic contrast enhanced images using 2 contrast injections, preceeded by the 

static ventilation image (Figure 12), from a series of 16 images at a temporal resolution of 

400 ms, and spatial resolution of 780 μm. The ventilation image was down-sampled to 
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match the lower resolution DCE images. Regions in the lungs show matched ventilation 

and perfusion.   

 

Figure 13: Dynamic contrast enhanced MRI at different time-points shown 

with a static 3He ventilation  image (left-top) in the rodent. 

Figure 13 indicates that dynamic RA can yield low-resolution images that can be 

useful in performing quantitative analysis of lung perfusion. A typical DCE study 

consists of acquiring 16-32 phases of contrast evolution at an in-plane spatial resolution 

of ~780 μm. Since the sampling of the contrast curve happens over a period of 6.4 s, the 

typical temporal resolution varies from 400-200 ms, depending on the number of phases 

acquired.  

One can increase the number of injections used in a study to either improve 

spatial or temporal resolution. In a separate experiment, 8 consecutive 20 μl injections of 

Gd-DTPA were used to acquire a DCE dataset at a temporal resolution of 100 ms. 
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Dynamic first-pass curves for the dataset are shown in Figure 14a. The first-pass curves 

were generated by placing 5 regions of interest (ROIs) in the path of the cardio-

pulmonary circulation. The curves show the different time-density characteristics of 

blood flow in different parts of the lung. The advantage in improving the temporal 

resolution of the images is apparent in the graph shown in Figure 14a. The higher the 

temporal resolution of the scanning technique, the better are the chances of picking up 

subtle variations in the timings of contrast agent arrival time, as these differences in 

rodents are as low as 600 ms (TA) between pulmonary artery and pulmonary vein as 

shown by Figure 14a.   

 

Table 2: Parameters extracted from rodent (N=6) lungs 

Time of Appearance (s) Mean Transit Time (s) 

PA 1.20±0.29 2.01±0.38 

LL 1.27±0.26 2.11±0.60 

RL 1.22±0.26 2.02±0.53 

PV 1.66±0.24 2.63±0.57 

DA 2.34±0.23 3.49±0.81 

PA - pulmonary artery, LL - left lung, RL - right lung, PV - pulmonary vein, 

DA - descending aorta 
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Figure 14: (a) Dynamic first-pass curves created from a dynamic RA dataset 

using eight injections to improve temporal resolution. First-pass curves are created by 

selecting ROIs over various parts of the cardiopulmonary circuit. The curves show 

subtle variations in different regions such as the pulmonary artery, the parenchyma, 

the pulmonary veins, and the descending aorta. (b) Dynamic first-pass curves shown 

(a), fitted with gamma-variate curves provide quantitative information about 

pulmonary perfusion. 
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The data were fit to a gamma variate function (Figure 14b) to extract quantitative 

blood flow/perfusion parameters, such as the time of appearance (TA) and the mean 

transit time (MTT). The values of time of appearance and mean transit time are shown in 

Table 2 for the cohort of healthy rats (N=6). The results show an increasing trend for the 

time of appearance and the transit time, starting from the pulmonary artery all the way 

to the descending aorta as expected in the cardio-pulmonary circuit. The circulation 

times extracted using the method proposed in this work lie within the range of values 

reported for isolated rat lungs (Presson Jr et al. 1997).  

 

 

Figure 15: Parametric image indicating time of appearance (TA).  

Quantitative parametric perfusion maps are also generated for each rat by 

performing the gamma variate fit on every pixel. Figure 15 shows a pixel-pixel map of 

the time required for blood signal to peak in the lungs. The time to peak follows our 
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understanding of blood flow in the lungs from the pulmonary artery to the lung 

parenchyma, the pulmonary veins and finally in to the descending aorta. This 

parametric image can be extremely useful in understanding the functional anatomy of 

the various regions of the lungs. A similar parametric image of the MTT can be 

calculated from the first pass of contrast agent.    

3.5 Discussion 

Obtaining quantitative perfusion in the rodent lungs is dependent on the ability 

to acquire dynamic images of a bolus of contrast agent flowing through the cardio-

pulmonary circuit. As presented in this work, this in turn would depend on the ability to 

perform multiple injections in a repeatable manner. This was made possible by the 

micro-injector that can deliver volumes down to ~20 μl in 50 ms at every trigger, as 

shown in Table 1. Spatial or temporal resolution can be improved by increasing the 

number of injections as shown in Figure 14. Acquiring hyperpolarized 3He images in 

conjunction with DCE-MRI can provide complementary ventilation information that is 

useful in understanding pulmonary function (shown in Figure 13). 

Quantitative perfusion estimates can be extracted using the techniques proposed 

in this work. However, a major concern is the reliability of these measurements as the 

data is acquired using multiple injections. This however turns out to be of minor 

consequence when imaging the rat because the time delay between two consecutive 
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injections is ~15 s and it is safe to assume that the bolus from the previous injection is 

completely dispersed before the  arrival of the next bolus as the rat heart beats ~75 times 

during this period.  

The acquisition sequence is not cardiac-gated. Pulsatile signal variation can be 

seen from the curve for descending aorta. The advantage of not gating the sequence for 

every cardiac beat is the possibility of achieving much higher temporal resolution. 

However, this limits the selection of the imaging plane just behind the heart. For the 

lung perfusion where one wants to study the blood flow through the cardio-pulmonary 

circuit, this is not a limiting factor, as most of the blood vessels that are involved in the 

circuit lie in this plane.   

Although one can safely combine multiple injections, there is an increase in the 

total load of Gd-DTPA with an increasing number of injections. With the increasing dose 

of contrast agent, the signal intensity may become nonlinearly related to the contrast 

concentration (Morkenborg et al. 2003), which can lead to unreliable perfusion estimates. 

Hence, the spatial and temporal resolutions need to be improved in ways other than 

increasing the number of contrast agent injections. 
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4. Improving the Spatio-temporal resolution of DCE-MRI 

The previous chapter introduced a technique to image lung perfusion by using 

multiple injections. However, there is a limit to the total dosage of contrast agent that 

can be given to the animal before the relationship between the signal intensity and 

contrast concentration becomes non-linear. This non-linear behavior can compromise 

the quantitative analysis of perfusion. This leads to our effort in improving the spatio-

temporal resolution, while minimizing the number of injections. This chapter describes 

the use of efficient kt-space sampling combined with appropriate reconstruction 

algorithms to improve the spatio-temporal resolution of DCE-MRI. 

4.1 Introduction 

The technique described in the previous chapter performs multiple injections, 

while acquiring time-sequential datasets by acquiring the same lines in k-space at 

different time-points to create a fully sampled k-space at each time-point. A direct way 

to reduce the number of injections is to undersample the k-space for each time-point. 

Undersampled radial reconstruction has been suggested for rapid imaging (Peters et al. 

2000, Vigen et al. 2000) in MR angiography to perform high-temporal resolution 

acquisition. However, undersamping leads to lower signal-to-noise ratio (SNR) and 
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lower spatial resolution images with the introduction of significant artifacts due to 

undersampling.  

Over the years, the field of dynamic imaging with MRI has been developed to 

acquire high spatial and high temporal resolution images. This can be achieved by 

exploiting the significant correlations in k-space and time exhibited by dynamic images. 

Approaches that exploit these correlations in time include view-sharing methods such as 

“keyhole” (Jones et al. 1993, van Vaals et al. 1993). The keyhole technique is well suited 

to capture the diffuse nature of varying contrast in DCE-MRI (Oesterle et al. 2000). In 

this work we develop a technique with an underlying principle similar to keyhole.  

The essence of the technique described in this section is based on the seminal 

idea of “keyhole” that proposed densely sampling the lower frequencies in the k-space 

while sampling the contrast changes during contrast agent uptake. The sampling of the 

higher frequencies can be carried out before or after the dynamic contrast changes. This 

dataset is typically called the high spatial resolution “reference k-space”. The original 

technique proposed by Jones et al and van Vaals et al, was based on using Cartesian 

sampling. In our work however, the sampling scheme is radial and hence the 

considerations are slightly different as the radial trajectory samples the low and the high 

frequencies in each radial line. Typically, a “keyhole” type effect is achieved by using 

angularly undersampled radial acquisition and combining the data with a reference k-
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space to fill-in the non-sampled data. Variants of these techniques that use interleaved 

radial projections (Lethmate et al. 2003, Rasche et al. 1995, Song and Dougherty 2000, 

Song and Dougherty 2004, Song, Dougherty and Schnall 2001, Shankaranarayanan et al. 

2001) have been proposed to make the acquisition efficient.   

4.2 IRIS – Interleaved Radial Imaging with Sliding- window 
Keyhole Reconstruction 

 

We propose a novel acquisition strategy that combines the interleaved radial 

trajectories with the multiple contrast injections. The implementation of the technique is 

such that there is no need to acquire a separate “reference k-space”. Reference k-space is 

created by combining all the data that is acquired during the dynamic acquisition. The 

reconstruction is then carried out using a “Sliding window-keyhole” technique. The 

sliding window part of the reconstruction improves the temporal resolution and the 

keyhole part of the reconstruction improves the spatial resolution by reducing the 

undersampling artifacts. As the technique uses Interleaved Radial Imaging combined 

with a “Sliding window-keyhole” reconstruction, we call it IRIS for brevity. We will now 

discuss the acquisition and reconstruction technique in detail.  

4.2.1 Interleaved Radial Acquisition 

Figure 16 shows the acquisition view ordering over multiple time points (Tp1-

TpN) and multiple injections (Inj1-InjN). The acquisition for a single injection (Inj1) was  
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Figure 16: IRIS Acquisition IRIS acquisition scheme for DCE-MRI. Data were 

acquired over multiple injections (Inj1-InjN). Each set of radial lines is rotated by a 

small increment with respect to the trajectories of the previous time point. Last row 

shows the k-space sampling pattern created when information from multiple 

injections is combined. Time-compressed k-space sampling distribution created by 

combining all k-space lines acquired throughout the acquisition over multiple 

injections and multiple time points is shown at the extreme right bottom. 

carried out in an interleaved pattern. The interleaved pattern was created by adding a 

small angle (∆φ) to the start angle of the earlier time point given by:  

  

∆φ = 360o

views , 

4.1 

where views is the total number of k-space lines acquired during the complete 

acquisition. The acquisition for the next injection started with an angular offset (∆θ):  
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∆θ = ∆φ.(# Tp) , 4.2 

where, #Tp is the total number of time points into which the total acquisition was 

divided. This ensured that when the k-space lines acquired over the multiple injections 

were combined, as shown in last row of Figure 16, k-space for each time point was 

uniformly sampled. This reduces the severity of the undersampling artifact 

(Shankaranarayanan et al. 2001). Even when the k-space lines from the last row of  

Figure 16 were combined, the result is a uniformly distributed sampling pattern, as 

shown on the extreme right bottom corner of Figure 16. This sampling provides a higher 

SNR compared to each individual undersampled time point and would be equivalent to 

an average in the temporal dimension. This forms the high-resolution reference k-space 

that is used in the process of “keyhole,” eliminating the need to acquire a reference scan 

before or after the contrast injection to substitute the missing views during the 

undersampled acquisition.  

Each view acquired was unique. Different colors represent the way the data was 

binned for time-resolved sampling. Note that even though the acquisition was staggered 

over multiple injections, the recombined k-space distribution is still continuous in time 

and can be used with techniques such as sliding window (Riederer et al. 1988).  
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4.2.2 Sliding-window Keyhole Reconstruction 

The data can be reconstructed as an undersampled radial dataset as shown in 

each individual colorized figure shown in the last row of Figure 16. This reconstruction 

yields images with low SNR and high temporal resolution that suffer from the streaking 

artifacts caused by the undersampling  (Peters et al. 2000). However, since the time-

resolved datasets are collected in an interleaved manner, one can perform reconstruction 

techniques suggested previously  (Lethmate et al. 2003, Song and Dougherty 2004). We 

have extended the method described in (Lethmate et al. 2003) by adding the component 

of “sliding window” to further improve the temporal resolution. The method combines 

the k-space cores or keyholes with the time-compressed k-space that forms the reference.  

For a dynamic contrast-enhanced study, the choice of the radius of the core is a 

crucial parameter, to determine the true dynamic nature of the information because the 

true dynamic information is captured only in the core while the peripheral k-space is 

time averaged. The smaller the radius of the core, the greater is the temporal averaging. 

The number of uniformly distributed radial lines determines the radius of the core 

required to satisfy Nyquist’s criterion. Since the sampling of the k-space starts at the 

center in our case, Nyquist’s criterion is satisfied when Nr = πN, where N is the grid size 

on which we wish to reconstruct the image and Nr is the number of radial views. Since 
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the dynamic information is updated by using a smaller number of views, the diameter 

(D) of the core is determined by:  

π
r

core

N
kR =)( , 

4.3 

 

Figure 17: IRIS reconstruction updates the core of the time-compressed k-

space. Tp1-TpN are the number of time points that are dynamically created. In this 

example the time resolution is improved by a factor of 2. The first row shows the core 

with a single color (keyhole), while the second row shows the core with colors from 

the two closest time points (sliding window). 

 

As shown in Figure 17, the technique presented here updates the central core of 

the k-space at time point Tp1-TpN from the undersampled k-spaces shown in the last 
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row of Figure 16. Combining the latter half of the earlier time point and the earlier half 

of the next time point creates the intermediate time points Tp1.5, Tp2.5, and so on. The 

number of rays used to create the core is constant at each time point; however, for these 

intermediate time points the distribution of those rays is not perfectly uniform. This 

uniformity is slightly disturbed by the small offset ∆φ however; it does not lead to any 

significant increase in artifacts. In the example shown in Figure 17, intermediate time 

points were created by using half the rays from the previous time point and half from 

the next time point; however, one can easily extend this to create intermediate time 

points by updating and reconstructing at every single ray acquired at the end of each TR 

(repetition time).  

4.3 Methods-Study in Normal Rats 

4.3.1 Simulation 

We compared the ability of IRIS to track the wash-in/wash-out curve to that of 

the undersampled radial reconstruction. A contrast bolus simulation was performed 

using a 2D Shepp-Logan phantom by modulating the intensity of the left ellipse over 

time with the following equation previously described (Lethmate et al. 2003): 

s j = 0.5 + 3.4e
−

4 j

N sin(
jπ

2N
) , 

4.4 
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where, j is the time index of the k-space line acquired and N is the total number of k-

space lines in the series. To most closely represent the signal evolution, variations were 

assumed to occur from one radial sample to another, but not during the sampling of 

each view. Data was reconstructed using the interleaved undersampled radial 

trajectories and the IRIS reconstruction technique as explained in section 4.2. The data 

was simulated for a 128 × 128 image with a total 500 views (k-space lines), resulting in 

500 images. A single line of k-space was acquired from each of the 500 images with their 

distribution as explained in Figure 16, with 50 views for each image resulting in 10 

images spread over the time of acquisition.  

4.3.2 In Vivo studies 

In vivo studies were performed in a group of rats (N = 6) to demonstrate the 

utility of combining multiple injections with IRIS. The performance was compared to 

undersampled radial reconstruction. The IRIS sampling pattern described in section 4.2 

was carried out using four injections each of 20 μL Gd-DTPA. Injections were separated 

from each other by 15 sec. 1600 radial samples were acquired during each injection 

leading to 6400 radial views for the complete dataset. The 6400 views were binned into 

16 equal time points resulting in an acquisition temporal resolution of 400 ms and spatial 

undersampling by a factor of 2. The imaging was carried out at 62.5 kHz bandwidth, 

with a flip angle = 36°, TE/TR = 0.7/4 ms, FOV = 50 mm, and a slice thickness of 3 mm. 
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Undersampled radial reconstruction and IRIS reconstruction were carried out on the 

same dataset. The undersampled radial reconstruction was performed for 16 time 

points, while the IRIS reconstruction was performed for 16 + 15 (intermediate) time 

points at a temporal resolution of 200 ms. Image reconstruction was carried out by 

regridding (O'Sullivan 1985) the data onto a 2562 array. Sampling density compensation 

(Pipe and Menon 1999) was performed to compensate for the non-uniformity of the k-

space data caused by the IRIS reconstruction. 

Images from same animals were also acquired using the dynamic RA technique 

described in the previous chapter and compared with IRIS. To keep the same amount of 

undersampling, data were acquired using two 20 μL injections of Gd-DTPA with TE/TR 

= 0.7/4 ms, BW = 62.5 kHz, flip angle 36°, FOV = 50 mm, slice thickness = 3 mm, 

reconstructed at 642 grid resulting in a spatial resolution of ~780 μm. 3200 radial views 

were acquired during the two injections and divided into 32 time points resulting in a 

temporal resolution of 200 ms and an undersampling factor of 2 to be comparable to the 

IRIS technique.  

Quantitative perfusion measurements from the two methods- undersampled 

radial reconstruction and IRIS - were compared. The comparison was performed by 

estimating time of appearance and mean transit time from the dynamic first-pass curves 

which were generated by placing ROIs in the path of the cardiopulmonary circulation.  
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4.4 Results 

4.4.1 Simulation Study 

 

Figure 18: (a) Dynamic Shepp-Logan simulation data at three uniformly spaced 

time points out of the 500 views showing the modulation of the left ellipse by the 

wash-in/wash-out curve. (b) Dynamic Shepp-Logan reconstructed at the three time 

points using undersampled radial reconstruction. Note the undersampling artifacts 

that are spread all over the image affecting all the regions. (c) Dynamic Shepp-Logan 

reconstructed at the three time points using IRIS. Note the reduction in artifacts as 

compared to the undersampled radial reconstruction using the same data shown in 

(b). 
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Figure 18a shows 3 selected time-points from the simulated data at the beginning 

of contrast injection, at the peak of contrast injection and in the wash-out phase of 

contrast injection. Simulations were carried out primarily to understand the 

improvement in the SNR by limiting the streaking artifact caused in the process of 

undersampling. As is clearly visible in Figure 18b, the artifacts caused by undersampling 

lead to the reduction in SNR (by 8X). By reconstructing the images using IRIS, shown in 

Figure 18c, one can suppress the artifacts and thereby improve the SNR. Although we 

have not added any noise in the simulation, SNR is used as a metric because it is 

difficult to isolate artifact from noise in radial imaging and hence improvement in the 

SNR is used as an indicator for suppression of artifacts. The behavior of the time-

intensity curves is similar in both cases of reconstruction, while improving the SNR by a 

factor of 8 in the case of IRIS. We observed a minor drop in the overall signal at the peak 

of the curve and a minor signal rise at lower levels due to signal-averaging effects at 

higher frequencies.  

4.4.2 In Vivo Study 

Comparison of the IRIS technique with the undersampled radial reconstruction 

technique is easily possible as the same raw data can be used for both reconstructions. In 

one such study, we compared the two reconstructed sets, shown in Figure 19, from one 

animal at peak concentration and at end of wash-out in the lung parenchyma. This 
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figure shows an improvement of 2 in SNR in the lung parenchyma, while maintaining 

the temporal behavior and still improving the temporal resolution by a factor of 2. 

 

Figure 19: Comparison of similar time points of the undersampled PR (a, b) 

(series of 16) and IRIS (c, d) (series of 31). Points (a) and (c) are at the peak of contrast 

bolus and points (b) and (d) are at the end of wash-out part of the curve. 

Figure 20 shows four time points from a series of 32 images acquired using the 

dynamic RA technique (Figure 20a) and the IRIS technique (Figure 20b). The temporal 

resolution is nominally the same for both the dynamic RA and the IRIS data (200 ms), 
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but the spatial resolution for the IRIS data is 16X greater and the SNR in the lung 

parenchyma (12.5 vs. 8.0) for dynamic RA and IRIS, respectively, is only 1.56X less. To 

acquire data at a spatial resolution of ~195 μm (2562) and temporal resolution of 200 ms 

using dynamic RA we would need to use 16 injections of Gd-DTPA as compared to the 4 

injections required by IRIS. 

 

Table 3: Parameters extracted from rat (N=6) lungs using Dynamic RA  

Time of Appearance (s) Mean Transit Time (s) 

PA 1.20±0.26 1.87±0.23 

LL 1.27±0.27 2.02±0.26 

RL 1.32±0.34 2.19±0.44 

PV 1.82±0.14 2.50±0.38 

DA 2.39±0.33 3.10±0.57 

PA - pulmonary artery, LL - left lung, RL - right lung, PV - pulmonary vein, 

DA - descending aorta 

 

Table 4: Parameters extracted from rat (N=6) lungs using IRIS  

Time of Appearance (s) Mean Transit Time (s) 

PA 1.11±0.16 2.09±0.30 

LL 1.17±0.12 1.74±0.15 

RL 1.17±0.26 1.73±0.30 

PV 1.74±0.22 2.39±0.21 

DA 2.30±0.33 3.19±0.24 

PA - pulmonary artery, LL - left lung, RL - right lung, PV - pulmonary vein, 

DA - descending aorta 
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Figure 21a shows the time-signal intensity curves for the dynamic RA method 

and Figure 21b shows the same for the IRIS method in one animal. The temporal 

characteristics of the time-intensity curves for healthy rats imaged using IRIS is similar 

to that imaged using the lower resolution dynamic RA method. The values of time of 

appearance and mean transit time shown in Table 4 using IRIS  match well with a 

correlation value of 0.99 and 0.91, respectively, to the values shown in Table 3 for the 

same cohort of healthy rats using dynamic RA. The variability observed between the 

dynamic RA and IRIS methods for quantitative results on the same set of rats is 

attributed to the difficulty in selecting small regions in the low-resolution dynamic RA 

images.  These circulation times lie within the range of values reported for isolated rat 

lungs (Presson Jr et al. 1997).  
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Figure 20: (a) Postcontrast injection scan in a rat lung scanned using dynamic RA shown at four time points. The dynamic 

RA images were acquired using two 20 μL injections of Gd-DTPA and reconstructed at a spatial resolution of ~780 μm and a 

temporal resolution of 200 ms. (b) Postcontrast injection scan in a rat lung, scanned using IRIS shown at the same four time 

points. IRIS images were reconstructed at a spatial resolution of ~195 μm and a temporal resolution of 200 ms using four 20 μL 

injections of Gd-DTPA. The improvement in the spatial and the temporal resolution is achieved primarily by IRIS 

reconstruction.  



 

 

71 

 

Figure 21: (a) Dynamic first-pass curves scanned using dynamic RA, created by 

selecting ROIs over various parts of the cardiopulmonary circuit. (b) Dynamic first-

pass curves, scanned for the same animal using IRIS, created by selecting ROIs over 

various parts of the cardiopulmonary circuit. The curves are comparable as far as their 

times to peak are concerned. The variability is attributed to the difficulty in selecting 

regions for the dynamic RA dataset due to its very coarse resolution. 
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4.5 Discussion 

Quantitative pulmonary perfusion imaging in small animals is feasible with 

multiple repeatable contrast injections. Higher spatial and higher temporal resolution 

can be achieved by using an efficient k-space acquisition and reconstruction technique 

such as IRIS presented in this work. The results in this chapter using IRIS indicate that 

by exploiting the redundancy in dynamic data one can improve the spatial and temporal 

resolution without increasing the amount of contrast agent. The concept of data 

redundancy has been explored before for radial imaging (Lethmate et al. 2003, Song and 

Dougherty 2004); however, the combination of multiple injections and a different view-

ordering for the acquisition makes the imaging of pulmonary perfusion in rats feasible. 

The temporal dynamics of a single pass transit following cardiac inflow through the 

pulmonary system has been effectively demonstrated in normal rats using IRIS.  

The studies performed so far indicate that most contrast information is contained 

in the lower frequencies. However, this assumption might not be true in certain 

conditions where a better technique that models the dynamic system could provide a 

better solution. Other techniques that model the contrast uptake are being currently 

investigated. Efficient reconstruction techniques and dedicated parallel acquisition setup 

for reduced data encoding can be used to further reduce the total number of injections 

and better describe the perfusion process. 
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Care must be taken to limit the amount of contrast agent that is being given to 

the animal per scan. Ideally, a series of small injections that limit the total dose to 0.2 

mmol/kg would be desirable. We assume an average weight for normal rats of 200 g, 

and the concentration of Gd-DTPA in Magnevist is 0.5 mmol/ml. With a dose of 0.05 

mmol/kg, the volume of contrast agent required would be 20 μL. If we use four such 

injections, the total dose of Gd-DTPA given to the animal would be 0.2 mmol/kg.  

One of the main problems associated with using MRI for the estimation of 

perfusion is that, unlike other techniques, where signal enhancement is directly 

proportional to the amount of contrast agent injected, in MRI the effect of the contrast 

agent is to change the relaxation times T1 and T2. There is a linear dependence of the 

change in relaxation times to the concentration of contrast agents in a certain range. The 

linearity of the Gd-DTPA under our operating conditions for various concentrations was 

tested. A phantom was designed with multiple tubes with varying concentration (0–4 

mM) of contrast agent concentration mixed with saline and to plot relaxivity (1/T1) 

versus the contrast agent concentration. A linear relationship between 1/T1 and contrast 

agent concentration was observed for concentrations from 0–4 mM. The dose used in 

our studies was 0.2 mM. 
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5. Quantitative Imaging of Ventilation  

The previous chapters have focused on the development of pulse sequences that 

can capture the wash-in/washout of a contrast agent in rats using DCE-MRI techniques. 

There exist quantitative techniques  (Ostergaard et al. 1996a, Ostergaard et al. 1996b) for 

the estimation of perfusion parameters such as PBF/PBV/MTT from these dynamic 

contrast enhanced images. We have also acquired HP 3He ventilation images in the rat, 

however extracting quantitative information from these images remains challenging. 

Extracting quantitative parameters of ventilation from HP 3He images is a challenging 

task due several factors. Some of the most significant factors are changes in ventilatory 

volumes, changes in polarization levels from one experiment to another, loss of 

polarization due to the T1 decay of signal, and signal loss due to imaging gradients. Here 

we present a technique that addresses these challenges to estimate a voxel-by-voxel 

ventilation volume map using signal calibration.  

5.1 Introduction 

Quantitative imaging of ventilation using HP 3He is in its infancy. For clinical 

3He MRI, image analysis tends to rely on observers who count ventilation defects 

manually and assign mean defect scores to each patient (Samee et al. 2003). Such 

methods are by their very nature subjective and don’t lend themselves to a voxel-by-
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voxel analysis. One approach towards making image analysis more objective and 

automated is to apply a simple threshold that can count the number of pixels that are 

classified as being ventilated versus pixels that are classified as being background 

(Woodhouse et al. 2005). Such techniques can be very easy to use while measuring 

changes in ventilation before and after intervention, especially in regions that exhibit 

focal changes in ventilation. However, the technique is insensitive to diffuse and subtle 

changes in ventilation.  

Recently, a technique was introduced to extract the regional ventilation using HP 

3He that uses images with increasing number of breaths and a model to account for 

signal depolarization to estimate regional ventilation (Deninger et al. 2002). The 

technique can give accurate estimates of changes in ventilation; however it consumes a 

large quantity of HP 3He while producing images with extremely low SNR, resulting in 

low spatial resolution ventilation maps to the order of 5 mm3 in rodents.   

In our studies, we typically acquire an image before and after intervention; for 

example, ventilation images before and after airway obstruction. Such a study offers a 

great opportunity to simplify the quantitative image analysis problem because the 

subjects act as their own control. Since images are taken before and after intervention, it 

should be feasible to identify the induced ventilation changes by simply subtracting the 

post-intervention images from the pre-intervention images.  However, such subtraction 
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is complicated by factors such as; a) differences in gas volume inhaled or inspiration 

maneuver b) the possibility of significant movement during the time between the two 

images and c) signal differences that arise from different levels of polarization pre- and 

post-intervention. Changes in gas volumes are minimized by using a constant volume 

ventilator and movement between the pre- and post-intervention images are largely 

eliminated due to the use of anesthetics during imaging in 3He MRI of the small animals. 

The main factor that affects the subtraction is the differences in signal level due to 

polarization levels. This work proposes the use of a signal calibration technique to 

normalize the pre- and post-intervention images to compensate for differences in 

polarization levels. Applying this calibration permits pre- and post- intervention images 

to be subtracted and to thereby reveal and quantify subtle changes in ventilation - both 

focal and diffuse. The technique is also sensitive to subtle airway caliber changes that 

may occur due to the intervention.  

5.2 Demonstration in rat airway obstruction model  

The central idea is to establish a relationship between signal intensity and 

volume of 3He in a selected region in the trachea. This relies on the knowledge from 

basic physiology and previous studies that 100% of the 3He in the trachea is replenished 

with each breath (Deninger et al. 2002). Hence this part of the lung is known to have the 

maximum concentration of 3He. Additionally, we can make a reasonable assumption 
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that the trachea is cylindrical, which permits us to estimate the volume associated with 

the observed signal intensity. These two pieces of information can be combined to 

calibrate the signal intensity per unit volume thereby normalizing the images.  

 

 

Figure 22: a) Non-slice selective 3He image of the lung, showing the cylindrical 

region selected in the main stem bronchus indicating the caliber (D) and the height 

(H).  b) Mapping curve created by using the volume (V) of the cylindrical tube and the 

integrated signal intensity (S.I.) within the cylinder. 

 

The estimation of the calibration factor is performed on a non-slice selective 

coronal image of the lung as illustrated in Figure 22a. The image is used to select 2 

rectangular regions in the trachea, whose height (H) and diameter (D) are used to 

calculate its cylindrical volume. This fully concentrated 3He volume, combined with its 
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integrated signal intensity is used to create a scaling curve as shown in Figure 22b by 

estimating the slope of the line that fits the 2 measurements and the origin. It is then 

used to normalize the intensity in each voxel in the image such that each voxel 

represents the volume of 3He in µl.  

The use of 3He signal from the trachea for normalization of the images requires 

not only the visualization of the trachea, but also that the there is a direct relationship 

between the signal and the 3He spin density. These requirements therefore demand very 

specific attention to the problem posed by signal attenuation induced by 3He diffusion in 

the presence of imaging gradients. This issue is particularly acute at the microscopic 

resolution (high gradient strengths) used for small imaging and is further exacerbated 

by the nearly free diffusion of 3He in the trachea. The problem received considerable 

attention from Johnson et al (Johnson et al. 1997) and later by Driehuys et al (Driehuys et 

al. 2007), who showed that resolving small and large airways at high spatial resolution is 

made possible by employing a radial encoding sequence rather than more standard 

Cartesian sequences. For all our imaging studies we use a center-out radial acquisition 

sequence to minimize the effect of signal loss due to diffusion.  

One such study is the rat model of airway obstruction which comprises of 

imaging the rat before and after airway obstruction. In-depth discussion of the method 

for quantitative imaging in the rat model of airway obstruction is carried out in Chapter 
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6 which details the creation of the obstruction, the imaging parameters for the non-slice 

selective and slice selective images, and the analysis. Here we wanted to demonstrate 

the application of the signal normalization technique and the subsequent use of a 

normalized difference map generated using the normalized data. We will use a rat 

model to introduce the topic briefly and then provide a much more detailed analysis and 

validation of the technique using a model of asthma in the following section.  

 

Figure 23: Slice selective images in a rat model of airway obstruction (before, 

after, and difference map). The difference map picks up all the subtle changes in 

ventilation. Warm colors in the difference map indicate hyperventilation and cool 

colors indicate hypoventilation. 

For the rat model of airway obstruction, data is acquired using a non-slice 

selective image and a slice selective image of HP 3He. The non-slice selective image is 

used to normalize the slice selective image by the calibration technique explained in 

Figure 22. The normalization is performed on the images acquired before and after 

airway obstruction separately. These normalized before and after images are shown in 
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Figure 23, and can be used to determine changes in ventilation qualitatively. However, 

creating a percentage difference map, Figure 23, by subtracting the before and after 

airway obstruction images can provide an insight into the changes in ventilation. The 

difference map is effective in picking up hypoventilation (cool colors) and 

hyperventilation (warm colors) undetectable to the observer in the grayscale image. 

Such normalized difference maps can be an effective tool to determine changes in 

ventilation.  

The normalized difference mapping and quantitative ventilation imaging 

proposed in this chapter is designed to extract quantitative metrics for rat ventilation 

imaging. However, the technique is not limited to the application in rat models. On 

going work in the CIVM, separate from this dissertation, is focused on varied mouse 

models. Using these models offered us a much more rigorous method for validating the 

utility of quantitative ventilation. In the next section we describe the application of the 

proposed quantitative analysis technique to a mouse model of asthma. 

5.3 Application to asthma model in mice (2D and 3D)  

Asthma is characterized by the heterogeneity of ventilation, which makes 3He 

MRI an ideal technique for its study. Recently, we demonstrated the capability to create 

high-resolution 3He MR images in mouse models of asthma (Driehuys et al. 2007) before 

and after challenge with methcaholine (MCh). MCh causes regional changes in 
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ventilation and airway caliber that are revealed by the 3He MR images. In the 

preliminary studies, mice were treated with a conventional ovalbumin-sensitization 

protocol (Whitehead et al. 2003) and then imaged before and after MCh challenge. These 

mice showed significant regional airway narrowing and closure (Driehuys et al. 2007) 

relative to non-sensitized control mice. This preliminary work provides encouragement 

that 3He MRI could ultimately offer significant new insights into the airway biology of 

these asthma models compared to conventional global metrics such as measurement of 

airway resistance (Glaab et al. 2007, Tattersfield and Keeping 1979) and  bronchoalveolar 

lavage (Simcock et al. 2007, Stevenson et al. 1997). Compared to these available tools,   

3He MRI promises to more clearly reveal differences in airways hyper-responsiveness 

(AHR) among sensitized mice that have been treated with a variety of therapeutic 

compounds. However, to use 3He MRI for such investigations requires the ability to 

generate quantitative results to detect subtle changes beyond the simple loss of 

ventilation.. This makes an ideal test bed for the quantitative imaging technique 

presented in this chapter. The application of the calibration technique would allow us to 

create regional difference maps enabling quantitative analysis of the images.  

To show the effectiveness of the technique presented here, we normalize the 

images using the calibration of signal intensities in the trachea and apply it to other 

regions of the lung. Subtracting the normalized images now permits pre- and post- MCh 
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images to reveal and quantify subtle changes in airway caliber and changes in 

ventilation - both focal and diffuse. We demonstrate the importance of normalization by 

creating non-normalized and normalized difference maps in a naïve mouse, given a 

“sham” MCh challenge (saline); and showing that non-normalized difference images 

appear to indicate unexpected changes in ventilation, whereas these unexpected changes 

in ventilation are removed upon normalization. We then apply the normalized 

difference mapping method to selected cases of temporally resolved 2D imaging (2D + 

time) as well as 3D images. We compare this approach to the simple threshold-based 

approach to show that the normalized difference maps reveal a far richer set of 

information. 

5.3.1 Methods 

The image data we wish to quantify consists of both 3D and 2D images acquired 

before and after MCh challenge. The 3D images, with acquisition times of 300 s provide 

thin (1 mm) slices in which subtle changes in the airway caliber can be appreciated. The 

2D images which are acquired without slice selection provide a projection of the entire 

pulmonary tree with acquisition times of 20 sec, allowing us to follow more rapid 

physiologic changes. In our typical protocol we obtain a 3D ventilation image prior to 

MCh challenge, then we begin acquiring a series of 2D images and deliver a bolus of 

MCh after the first frame has been acquired to observe the short-term airway responses 
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over a period of about 120 sec, corresponding to 1 baseline image followed by 8-10 post-

MCh images.  Subsequently, another 3D image is acquired to observe the often more 

subtle ventilation changes that persist for a longer period. 

High-resolution 3D images were acquired with a field of view (FOV) of 2.0 cm in 

the coronal plane and 3.2 cm in the sagittal direction using 3D radial encoding (Shattuck 

et al. 1997). Images were acquired using a 132 μs hard excitation pulse, TR = 5 ms, TE = 

284 μs, BW = 31.25 kHz, with 20 radial k-space views per breath. Data acquisition 

continued over 5.8 min until 11,520 radial k-space views had been accumulated. Radial 

data was then reconstructed using a Non-Uniform Fast Fourier Transform (NUFFT) 

based reconstruction (Song and Liu 2006), and regridded on a Cartesian matrix of 

128×128×32 to give images with a Nyquist-limited resolution of 157×157×1000 μm3.  

Non-slice-selective coronal 2D images were acquired with FOV= 2.4 cm, using a 

2D radial encoding sequence. Images employed a 132 μs hard excitation pulse, TR=5 ms, 

TE=284 μs, BW=31.25 kHz, with 20 radial k-space views per breath. Data acquisition 

continued for 12 s until 400 radial k-space views had been accumulated. Radial data was 

regridded on a Cartesian matrix of 128×128 and Fourier-transformed to yield images 

with a Nyquist-limited resolution of 187×187 μm2.  

Helium images were acquired at 64.8 MHz on a 2.0 T horizontal 18 cm clear bore 

magnet (Oxford Instruments, Oxford, UK) with shielded gradients (400 mT/m), 
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controlled by a GE EXCITE 12M4 console (GE Healthcare, Milwaukee, WI). Further 

details regarding the imaging protocol, animal preparation, methacholine 

administration, and gas polarization are detailed by Driehuys et al (Driehuys et al. 2007). 

Image analysis is carried out by using the analysis technique explained in section 

5.2.1. All image analysis is performed using an in-house MATLAB® (MathWorks Inc., 

Natwick, MA, USA) code that allows selection of a region within the trachea to estimate 

the calibration factor, apply the normalization, and create difference maps.  

To analyze the 3D datasets, the volume was collapsed into a 2D coronal 

projection and the operator was prompted to select a rectangular region in the trachea. 

This was carried out for both the pre- and post-MCh image volumes and this 

normalization step was used to render the images into 3He distribution maps wherein 

the intensity of each voxel corresponded to 3He percentage. The percentage of 3He was 

calculated by taking the ratio of the 3He volume in each voxel to the volume of the voxel. 

The percent gas distribution maps have a scale ranging from 0 to 100% representing no 

ventilation to complete ventilation. These maps were then subtracted to create a slice-by-

slice percent difference map whose scale ranges from -100% to +100 %, corresponding to 

a total loss of ventilation after MCh to complete restoration of ventilation. Histograms of 

these difference maps can be created to study the heterogeneity of ventilation. The 

standard deviation of the histogram is used as a marker for changes in ventilation.  
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The color map used for the difference maps shows three types of regions. 

Hyperventilation is indicated by the warmer colors (yellow -red), hypoventilation is 

indicated by the cooler colors (cyan - blue) and, no-change in ventilation is indicated by 

black. The voxels that exhibit difference values within 3 standard deviations of noise are 

classified as no-change in ventilation.  

The 2D data sets were analyzed in a manner analogous to that described for the 

3D data sets. Since these data consisted of multiple images, the rectangular region 

selected in the trachea to normalize the first reference image was also used for all the 

remaining images of the time series. Each image was then normalized using its resultant 

scaling curve and then divided by the pixel area to create a percent gas distribution map. 

It is important to note that this percent gas distribution map can be misleading for 2D 

images, as each pixel in the 2D datasets is anisotropic and may contain more or less lung 

in the direction perpendicular to the image plane. While, the approach is perfectly sound 

for normalizing the images, the difference maps generated do not reflect absolute 

volumes changes. In fact, the percent gas change can be higher than 100% for the 2D 

images. Nonetheless, a percent difference map series between the post- and pre-MCh 

challenge images can still be generated to show the regions of hypoventilation (<0 on 

difference map) and hyperventilation (>0 on difference map).  
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For comparison purposes, thresholded images were also created by setting the 

threshold value at 3 standard deviations above noise in the background. Pixels 

exceeding this threshold were considered to be ventilated, while those below were 

considered unventilated.  

Datasets used for illustration of the techniques presented in this work were 

selected from an on-going study. These selected datasets are: 

1) 2D + time dataset from a C57BL/6 naïve mouse that received a “sham” injection 

of MCh consisting of saline to validate that the image normalization technique 

successfully removed all non-physiologic sources of image variation 

2) 2D + time dataset from a Balb/c Ovalbumin sensitized (OVa/OVa) mouse injected 

with MCh after the acquisition of the first reference image to demonstrate the 

ability of the percent difference maps in picking out changes in ventilation 

3) 3D dataset from Balb/c Ovalbumin sensitized and challenge (OVa/OVa) mouse 

given two different doses of MCh 80 μg/kg and 160 μg/kg to demonstrate the 

utility of the signal normalized difference mapping technique in revealing subtle 

ventilation changes for 3D datasets 

5.3.2 Results 

Figure 24 shows selected 3He images from a 2D time-series acquired from a 

C57BL/6 mouse that was not injected with MCh. The figure shows a) 3He time series, b) 
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Figure 24: a) Baseline time-series data acquired from a C57BL/6 naïve mouse at 

three different time points; b) threshold segmented ventilation images showing no 

change in ventilation; c) difference maps created from time-series of images; d) 

normalized difference maps created from percent 3He volume showing close to 0% 

change in all regions of the lung even at t = 120 s. 

 threshold segmented images, c) difference maps and d) difference maps after 

normalization. This animal should exhibit no ventilation changes and this is visually 

apparent in the 3He images in Figure 24 a. This is confirmed by the simple threshold 

segmentation technique shown in Figure 24 b. However, simple difference maps created 
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by subtraction of the post-MCh images from the first images in the time series, shown in 

Figure 24 c, seems to indicate that ventilation has been reduced, particularly towards the 

last frame at t=120s. These apparent ventilation changes are attributed to non-

physiological factors, in this case likely from a slight reduction of 3He volume delivery 

due to emptying of the 3He bag. This effect is corrected by first normalizing the images 

before creating the difference map as shown in Figure 23 d.  

Figure 25 shows the normalized difference mapping technique applied to an 

ovalbumin-sensitized Balb/c mouse imaged using the 2D+time protocol. Figure 25 a 

shows the time series images that reveal airway narrowing (yellow arrows in left and 

right lung) with the subsequent recovery at t=120 s (red arrows in left and right lung) as 

well as a focal loss of ventilation in the lower right lobe. The focal change (shown by 

oval) is readily picked up in the threshold-segmented images (Figure 25 b), but 

thresholding fails to detect the airway caliber changes or the more subtle residual 

hypoventilation at t=120s. In contrast, the normalized difference map reveals airway 

narrowing (yellow arrows), airway caliber recovery (red arrows), focal (oval) and diffuse 

changes in ventilation as shown in Figure 25 c. The airway narrowing is more clearly 

visible in the magnified difference map show in Figure 26 for t=48 s. The heterogeneity 

of ventilation is studied over time by estimating the standard deviation (SD) of the 
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histogram at each time point. The SD of difference maps is 18.3 at t=48s and reduces to 

8.5 at t=120s. 

 

Figure 25: a) Baseline time-series data acquired from an ovalbumin-sensitized 

mouse showing airway narrowing (yellow arrows) and focal ventilation change; b) 

threshold segmented ventilation images pick up focal change (oval); c) difference 

maps shows airway narrowing (yellow arrows), airway recovery (red arrows) focal 

change (oval), and diffuse changes in the whole lung. 
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Figure 26: Magnified image from the difference map shown in Figure 25 c for 

t=48 s. The yellow arrows parallel blue lines indicating hypoventilation in the airway 

indicating airway narrowing. 

Figure 27 a shows selected slices from a 3D dataset of an ovalbumin-sensitized 

mouse imaged before the injection of MCh. Figure 27 b shows the same slices from the 

mouse after it was challenged with 80 µg/kg of MCh. Visual inspection of the images 

reveals increased ventilation in the upper right lung post-MCh (shown by the red arrow) 

and this effect is very clearly highlighted by the normalized percent difference map 

shown in Figure 27 c. The remainder of the lung exhibits very little change in ventilation 

as seen by the hypoventilation visible in the larger airways. Most parts of the lung 

appear black on the difference map as the changes in ventilation detected by the 
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normalized difference map lie within the 3 standard deviations of noise. The SD of the 

distribution measured from the difference map is 1.83, which is low indicating lower 

heterogeneity in ventilation.   

 

Figure 27: a) Pre-MCh challenge slices from OVa/OVa mouse. b) Post-MCh 

challenge following 80 µµµµg/kg of MCh c) 3He volume difference map; Note the region 

of hyperventilation observed in the upper left lobe (red arrows) whereas the larger 

airways show subtle hypoventilation. 

Figure 28 shows the same mouse from Figure 27 a after a 160 µg/kg challenge of 

MCh, causing severe airway constriction. These images, when analyzed by the 

normalized difference map, show not only the hypoventilation in most of the lung, but 

regions of severe hypoventilation as shown by the yellow arrows in Figure 28 b and c 
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and also regions of hyperventilation in the right bronchus (shown by red arrow), likely 

caused by a redistribution of ventilation from the more constricted portions to those that 

were less affected. Such effects were not readily identified by visual inspection of the 

images in Figure 28 b and illustrate the value of these difference maps. The SD of the 

distribution measured from the difference map is 4.78, which is higher as compared to 

the 80 µg/kg MCh challenge indicating higher heterogeneity in ventilation.  

 

Figure 28: a) Pre-MCh challenge slices from the same mouse. b) Post-MCh 

challenge following 160 µµµµg/kg c) 3He volume difference map; Most of the lung shows 

the hypoventilation readily visible from the raw images in 2nd row, hypoventilation 

in left bronchus (yellow arrow) and increased gas density is observed in the right 

bronchial airway (red arrow). 
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5.4 Discussion 

Here we propose a technique to create a voxel-by-voxel map of ventilation 

volume of HP 3He by calibrating the signal intensity in the trachea to the volume of 3He. 

The normalized images can then be used directly to create gas distribution maps or to 

create difference maps as demonstrated in the mouse asthma model for 2D and 3D 

images. The technique of creating normalized difference maps for the pre- and post-

MCh images seems to perform well in our initial evaluation. The technique is able to 

capture regional information about both focal and diffuse changes in ventilation as well 

as visualize the narrowing of airways. The strength of the technique lies in the 

normalization of the helium in the trachea to compensate for the loss of signal due to 

non-physiological factors such as polarization differences or subtle changes in 3He 

volume delivery. The technique is sensitive to subtle ventilation changes that are 

difficult to detect qualitatively by an observer and also difficult to identify with simpler 

techniques based on threshold segmentation.  

The ultimate goal of any analysis technique is to provide a quantitative 

biomarker that helps in differentiating treatment groups in a disease model. This work 

demonstrates the potential of using a normalized difference map to assist the differential 

quantitative analysis by calculating the standard deviation of the difference maps. This 

is demonstrated in the 2D + time and 3D images where the standard deviation enables 
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the assessment of heterogeneity. For the 2D + time case, the heterogeneity of ventilation 

is higher at a time point closer to the injection of MCh and reduces at t=120s. For the 3D 

case, the heterogeneity of ventilation increases with the increase in dose of MCh..  

The technique of normalizing the images by using a volume calibration requires 

the visibility of the trachea in the HP 3He images. This is possible, especially for small 

animal applications, only by using center-out radial imaging methods. The use of center-

out radial imaging ensures the minimal loss of signal due to diffusion at the center of k-

space. The signal loss due to diffusion increases at the periphery of the k-space, affecting 

the higher spatial frequencies. Although this reduces the signal intensity at the edge of 

the trachea, the impact on calibration is minimal as the edge of the trachea accounts for 

only approximately 2% of the region selected for calibration. The majority of the signal 

resides in the lower spatial frequency region of the trachea which is not severely affected 

by diffusion.  

One major assumption of the technique is that the trachea is a cylindrical 

volume. This may not be the case, especially when the placement of animal in the 

magnet is such that the trachea is not orthogonal to one of the imaging axes. This 

however can be corrected by rotating the raw images such that the cylindrical 

assumption of the trachea is valid. Further more, we may not use the assumption of the 

cylinder and use the entire image and calibrate the signal intensity against the total 



 

 

95 

volume of 3He inspired by the animal. This however requires that there are no image 

reconstruction artifacts in the background which are likely to overestimate the 

calibration factor.  

The other major assumption of this technique is that the imaging is performed at 

exactly the same location in the respiratory cycle and that the lung inflates to the same 

capacity during each breath. This is addressed by using a constant volume ventilator 

design and calibrating the ventilator before each experiment. While the use of a constant 

volume ventilator ensures the repeatability of the lung inflation, there are times when 

there are changes in the lung shape. These are normally associated with movement of 

the animal due to the effects of the anesthetics wearing out. In such cases where a 

change in shape is observed, one could use an image registration technique (Maes et al. 

1997, Wells et al. 1996) with an affine or elastic model before applying the normalized 

difference mapping technique. 

Although the normalized difference mapping technique is developed for small 

animal applications, the technique can be applied to clinical studies as long as there is no 

significant movement of the patient before and after the treatment with MCh. In case of 

significant motion between the pre-and post-treatment images, one could use image 

registration techniques (Maes et al. 1997, Wells et al. 1996) to align the images. It is 

difficult to sometimes perform pre- and post- intervention studies especially in humans. 
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However, the signal calibration technique can still be used to estimate the volume of gas 

delivered in each voxel. This information can be very helpful in studying regional 

heterogeneity within a subject, and can also be used to study populations with asthma. 

So far we have developed the image acquisition techniques for perfusion 

imaging using IRIS, a technique for quantitative ventilation imaging using HP 3He by 

normalizing the signal and creating ventilation maps or difference maps. We 

demonstrated the technique of difference maps in an airway obstruction model, and 

then later validated the technique in the more challenging mouse model of asthma that 

shows focal changes, diffuse changes in ventilation and airway narrowing. In the next 

chapter, we will use all the techniques developed in this work to acquire quantitative 

perfusion and quantitative ventilation images of rats before and after airway 

obstruction.
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6. Ventilation/Perfusion Imaging in Airway Obstruction Model 

One of the critical functions of the lung is to oxygenate the arterial blood and this 

is accomplished by ensuring effective gas exchange. This effective gas exchange is 

indicated by matched ventilation and perfusion (West 1995); typically measured as the 

ratio of the gas replacement rate and the blood flow rate (V/Q). In a healthy lung, the 

dimensionless V/Q ratio is a log normal distribution with a mean of ~0.80 and a standard 

deviation (SD) of ~0.40 (Adolphi and Kuethe 2008, Sando et al. 1997, Rhodes et al. 1989). 

It has been shown by Sando et al (Sando et al. 1997) that the SD of the V/Q, an indicator 

of heterogeneity, is an important differential biomarker when studying pulmonary 

diseases.  

With the high-resolution MRI techniques for ventilation and perfusion imaging 

developed in this work we can now study disease models quantitatively pre- and post-

disease and estimate the V/Q ratio for each voxel in a slice. This enables the study of the 

heterogeneity of the log normal distribution by means of the SD of the V/Q ratio.  

6.1 Airway Obstruction model using surgical cement 

There are several rat models of pulmonary diseases proposed by researchers 

which include models of asthma (Elwood et al. 1991), hypoxic pulmonary 

vasoconstriction (Waypa, Chandel and Schumacker 2001), pulmonary embolism (Witt et 
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al. 1992), emphysema (Kasahara et al. 2000), chronic obstructive pulmonary disease 

(Wright and Churg 2002) and airway obstruction (Hedlund et al. 1997). The airway 

obstruction model proposed by Helund et al (Hedlund et al. 1997) is an attractive model 

for testing imaging sequences. Some of the factors that make this model attractive are 

robustness, reliability, and availability of internal control. Internal control can be 

implemented in two ways: a) the obstruction can be administered in the imaging station 

allowing pre- and post-airway obstruction imaging and, b) the obstruction can be 

created selectively in one lung/lobe which allows the contralateral lung to act as a 

control.  

 

Figure 29: Method of inserting a catheter through the side of the endotracheal 

tube into the left or right main stem bronchus selectively blocking one side of the 

lung.  
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Airway obstruction is created by inserting a catheter through the endotracheal 

tube into the right or the left lung selectively, as shown in Figure 29, and then injecting 

fast drying surgical cement through the catheter to create a localized airway obstruction. 

The model was developed by Hedlund et al (Hedlund et al. 1997) to demonstrate the 

sensitivity of HP 3He imaging of ventilation before and after airway obstruction. We use 

the same model to demonstrate the sensitivity of the V/Q imaging technique using HP 

3He and DCE-MRI. Our hypothesis is that the localized airway obstruction will lead to 

significant reduction of ventilation, causing a lack of oxygenation to the region, which in 

turn will cause hypoxic pulmonary vasoconstriction leading to reduced pulmonary 

blood flow.  

6.2 Methods 

6.2.1 Animal Preparation and Surgery 

The study involves the imaging of ventilation and perfusion in N=6 rats before 

and after airway obstruction. The animals were perorally intubated and mechanically 

ventilated at 60 breaths/minute with a tidal volume of 2.0-2.2 ml. The ventilator is 

designed so that one can switch between the normal ventilation mode (mixture of 75% 

N2 and 25% O2) and the HP 3He delivery mode (mixture of 75% 3He and 25% O2). 

Perfusion studies were carried out by injecting contrast agent that is delivered using 
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catheters (3 French) in the right jugular vein of female Fisher 344 rats (Charles River 

Laboratories, Wilmington, MA). Airway obstruction was created in situ in the magnet 

using a catheter (PE-10 tube) that was inserted through a small opening in the tracheal 

tube. The length of this tubing was such that approximately 100 μl of surgical cement 

could be injected followed by 500 μl of air to ensure that the cement reaches the tip of 

the catheter.  

Anesthesia was maintained with 0.05 ml injections of Nembutal (50 mg/kg, IP, 

Abbott Laboratories, North Chicago, IL) every 45 min. Body temperature was measured 

with a rectal thermister and was maintained at 37°C with a PID feedback-controlled heat 

source. Solid-state transducers on the breathing valve measured airway pressure and 

flow. Pediatric electrodes were taped on the footpads for ECG. All physiologic signals 

were continuously collected (Coulbourn Instruments, Allentown, PA) and displayed on 

a computer using LabVIEW software (National Instruments, Austin, TX) for the 

duration of the experiment. These signals were also used to control the triggering for all 

the imaging sequences described below. At the conclusion of the studies, the animals 

were euthanized with an overdose of anesthesia. All animal procedures were approved 

by the Duke Institutional Animal Care and Use Committee. 
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6.2.2 System Description  

Helium (~1.0 L) was polarized using the spin-exchange optical pumping 

technique (IGI.9600.He; Magnetic Imaging Technologies, Inc., Durham, NC) (Happer et 

al. 1984). Imaging was performed using a 2.0 T 18-cm horizontal bore magnet (Oxford 

Instruments, Oxford, UK) with shielded gradients (180 mT/m, GE NMR Instruments, 

Fremont, CA) interfaced to a GE EXCITE  console running v. 12M4 (GE Healthcare, 

Milwaukee, WI). The console has been modified to operate at 64.8 MHz to image HP 

3He, and at 85.5 MHz to image 1H. A dual frequency birdcage coil - 7 cm in diameter and 

7 cm in length was used for data acquisition. The animal was in a prone position on a 

support cradle during imaging. Coronal and axial proton images were acquired to 

localize the animal within the field-of-view (FOV). 

6.2.3 Imaging Protocol 

The protocol for imaging of ventilation and perfusion in each rat before and after 

airway obstruction is designed such that there is enough time between two perfusion 

studies for the contrast agent to wash-out from the first perfusion imaging experiment. 

The protocol designed for imaging includes imaging the anatomy, estimating a T1 map, 

imaging perfusion with DCE-MRI using IRIS, imaging ventilation with HP 3He. These 

imaging procedures are performed both before and after the intervention that generates 

the airway obstruction.  
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The protocol for imaging, shown in Figure 30, starts with polarization, animal 

setup, ventilator and injection setup, and a series of quality assurance checks. This is 

followed by the perfusion imaging protocol which includes: a) an anatomical scan to 

image the slice of interest just behind the heart, b) a single injection DCE-MRI scan 

imaged using a dynamic RA sequence to confirm the placement of the jugular catheter, 

c) a T1 map imaging series to enable estimation of contrast agent concentration in the 

DCE MRI images and, d) an IRIS image at high spatial and temporal resolution using 4 

contrast injections to estimate perfusion. Perfusion imaging is followed by ventilation 

imaging protocol which includes: a) a calibration image acquired using non-slice 

selective static RA sequence and, b) a ventilation image acquired using a slice selective 

static RA sequence. The animal is then administered the airway obstruction by injecting 

~100 μl of surgical cement followed by ~500 μl of air through the catheter placed in the 

tracheal tube. The instillation of the airway obstruction causes the airway pressure to 

increase, which is monitored using the physiological monitoring system. Ventilation and 

perfusion imaging is performed again following the intervention. We will now describe 

the details of the techniques and the parameters used to acquire the anatomical, 

ventilation and perfusion images. 
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Figure 30: Protocol for imaging airway obstruction  
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6.2.3.1 Anatomical Imaging 

Anatomical imaging is carried out using a radial sequence gated at end-

expiration. The scan parameters are detailed in Table 5. The flip angle is set to the Ernst 

angle given byαErnst = cos−1(e
−TR

T1 ) , where, α is the flip angle, TR is the repetition rate, 

and T1 is the longitudinal relaxation time, for maximum SNR. The FOV, slice thickness 

and the resolutions are selected so that the datasets from all modalities (1H / 3He / DCE-

MRI) are registered.  

Table 5: Imaging parmeters for anatomical image 

TE (min) 0.7 ms  x-res / y-res 256 

TR 20 ms Plane Coronal 

End exp apnea 400 ms Slice thickness 3 mm 

# of views / trig 20 FOV 55 mm 

Total # of views 1600 Flip angle 16˚ 

BW 62.5 kHz Gating End-expiration 

Total Imaging Time 80 s   

6.2.3.2 Ventilation Imaging using HP 3He 

Ventilation imaging is carried out in two steps: 1) using a non-slice selective and, 

2) using a slice selective sequence. The non-slice selective sequence is used for 
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calibration of the signal intensity to the volume of 3He as detailed in Chapter 5. The slice 

selective sequence is used to image the slice of interest, which is the same slice as 

acquired in the anatomical scan. The imaging is carried out at end expiration using a 

variable flip angle scheme. Since the acquisition is carried out over multiple breaths, the 

variable flip angle scheme ensures that all of the magnetization is completely destroyed 

at the end of each breath so as to prevent corruption of signal from the previous breath. 

The scan parameters for 3He ventilation at end-expiration apnea are provided in Table 6. 

The amount of HP gas used during the imaging is ~2 ml/breath, leading to a total gas 

consumption of 80 ml. 

Table 6: Imaging parameters for the slice selective and non-slice selective 

ventilation imaging 

 TE (min) 0.7 ms  x-res / y-res 256 

TR 5 ms Plane Coronal 

End exp apnea 400 ms Slice thickness 3 mm / ∞ (thick slab) 

# of views / Trig 20 FOV 55 mm 

Total # of views 800 Flip angle Variable (low-90˚) 

BW 62.5 kHz Gating End-expiration 

Total Imaging Time 40 s   
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6.2.3.3 Pre-contrast 1H T1 Map 

T1 mapping enables the conversion of signal intensity into contrast concentration 

in each voxel which is then used in the estimation of perfusion parameters. A voxel-by-

voxel T1 map is estimated using a series of images at a constant TR and different flip 

angles. The details of the estimation of the T1 map are provided in the next section. The 

imaging parameters for the fast radial sequence used to capture the T1 series are 

provided in Table 7. The images are acquired at suspended respiration for ~8 sec using a 

fast low-flip angle radial sequence. Images are acquired at 12 different flip angles from 

5˚ to 60˚ in steps of 5˚. The data was zero padded to 2562 matrix and reconstructed to 

match the DCE data acquired using IRIS.  

Table 7: Imaging parameters for mapping the T1 in the lung 

TE (min) 0.7 ms  x-res / y-res 128 

TR 4 ms Plane Coronal 

End exp apnea 8000 ms Slice thickness 3 mm 

Dummy views 20 FOV 50 mm 

Total # of views 400 Flip angle 5˚–60˚, steps of 5˚ 

BW 62.5 kHz Gating End-expiration 

Total Imaging Time 6.4 s / image    
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6.2.3.4 Perfusion Imaging with DCE-MRI using IRIS 

A test scan is performed before we start perfusion imaging at high spatial and 

temporal resolution. The single injection low spatial and low temporal resolution test 

scan is carried out using the Dynamic RA sequence that undersamples the k-space at 

each time-point. 2D radial acquisition sequence parameters were: TE/TR = 0.8/4.0 ms, 

flip angle = 40° field of view (FOV) = 55 mm and slice thickness = 3 mm. Imaging is 

performed by suspending the respiration for ~8 s and waiting for the first detectable 

ECG pulse to trigger the scanner and the injector. The triggering of the injector is 

delayed by 2 s as compared to the scanner to allow the acquisition of pre-contrast arrival 

baseline images. Normal respiration is restored at the end of the injection. Dynamic 

images are reconstructed by regridding the acquired k-space lines on a 642 grid at a 

temporal resolution of 400 ms. 

High spatio-temporal resolution perfusion imaging is carried out using IRIS, 

described in Chapter 4, for the slice of interest. Imaging is triggered at suspended 

respiration (~8 s) at the arrival of the first detectable ECG pulse. The process is repeated 

for 4 injections, between which the animal is allowed to breathe for 5 s. During each 

injection, the sequence acquires a unique set of k-space lines as shown in Figure 16. The 

image reconstruction is performed using the sliding window-keyhole technique. The flip 

angle is chosen to be an angle beyond the Ernst angle. A set of pre-contrast images will 
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be acquired by turning off the injector just prior to the contrast injection study, to use for 

a difference map. The difference map is primarily used to eliminate the view-view signal 

variations that might be caused due to factors other than the contrast injection. The scan 

parameters for the sequence are provided in the Table 8.   

Table 8: Imaging parameters for the high resolution perfusion imaging 

sequence using IRIS 

TE (min) 0.7 ms  x-res / y-res 256 

TR 4 ms Plane Coronal 

End exp apnea 8000 ms Slice thickness 3 mm 

# of views / trig 2000 FOV 55 mm 

Total # of views 8000 Flip angle 40˚ 

BW 62.5 kHz Gating End-expiration 

Total Imaging Time ~ 64 s   

6.2.4 Quantitative V/Q 

6.2.4.1 Quantitative Ventilation 

Quantitative ventilation for these studies consists of estimating the distribution 

of 3He volume in the slice of interest. The distribution of volume of 3He in each voxel of 

the slice is estimated by converting the signal intensity to volume of HP gas. This 

conversion is carried out by applying a signal to volume calibration, as described in 
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Chapter 5 and illustrated in Figure 22, by selecting 2 rectangular regions of interest that 

span the width of the trachea, integrating the signal intensity within those regions and 

mapping it to the cylindrical volume contained in that region. For slice-selective images 

however, we cannot guarantee that the trachea will be visible in the slice of interest. To 

overcome this problem, a non-slice selective image is acquired to estimate the calibration 

factor and this factor is then used to normalize the slice-selective images. By applying 

the calibration to the slice selective images we can estimate the distribution of gas 

volume in each voxel. The quantitative estimation of gas volumes is carried out by an in-

house MATLAB ® (Mathworks Inc, Natwick, MA, USA) code.  

6.2.4.2 Quantitative Perfusion 

Quantitative methods for perfusion imaging using DCE-MRI have been 

developed extensively in the field of cerebral blood flow imaging  (Ostergaard et al. 

1996a, Ostergaard et al. 1996b) and adopted for pulmonary imaging . We have covered 

the basics of these techniques to quantify pulmonary blood flow, pulmonary blood 

volume and mean transit time in section 2.6.2. Here we will discuss the details of the 

technique to estimate perfusion metrics in small animals and how we adapted and used 

these existing methods. The first step in the process is to estimate the T1 at each voxel in 

the image before injecting the contrast agent.  
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We know that T1 can be estimated by using the MR signal equation, from 

Chapter 2 Section 2.4; given by  

S = ρM0(1− eTR T1 )e−TE T2 ,   6.1 

where ρ is the spin density, TR is the time of repetition for the excitation pulse, and TE is 

the echo time when the signal is formed. T1 can be estimated by using a low echo time to 

minimize the signal loss due to T2 decay, and varying the TR of the imaging sequence 

from a 10’s of ms to a few seconds. This technique however is unreliable for in vivo 

applications as the use of different TR’s extends the acquisition time for a single image 

to 10’s of minutes, making it susceptible to motion artifacts that can obscure the images. 

The estimation of static T1 values in vivo is typically carried out by using faster imaging 

techniques such as GRASS (Sechtem et al. 1987) as detailed in section 2.4.5, that uses a 

train of RF pulses resulting in a signal equation given by: 

S(α) = So
sinα(1− e

−(TR
T1

)
)

1− cosα(e
−(TR

T1
)
)

, 
6.2 

where α is the flip angle. The above equation can be rewritten as:  
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, which allows us to estimate the T1 for each voxel by using a series of 

images acquired at different flip angles (α) (Deoni, Rutt and Peters 2003).  
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Acquiring a series of these images at various flip angles, typically 5°-60° in steps 

of 5° at a fixed TR of around 4 ms, allows us to calculate a T1 image using a plug-in 

called TOPPCAT (Barboriak et al. 2004), within a public domain image processing 

program ImageJ (Rasband 1997-2008) developed by the National Institute of Health.  

The quantitative estimation of blood flow, blood volume and mean transit times, 

is carried out by an in-house MATLAB ® (Mathworks Inc, Natwick, MA, USA) code that 

uses the static T1 images and the signal intensity vs. time images captured using IRIS to 

generate contrast concentration vs. time images. The operator is prompted to select a 

region of interest in the Pulmonary Artery which is used as the Arterial Input Function 

(AIF). This AIF is deconvolved using singular value decomposition from the contrast 

concentration vs. time images for each voxel to generate the pulmonary blood flow map 

(Ostergaard et al. 1996a, Ostergaard et al. 1996b). Integrating the concentration vs. time 

curves over time generates the pulmonary blood volume maps. The ratio of the 

pulmonary blood flow and the blood volume estimates the mean transit time maps. 

6.2.5 Studies and Data Analysis 

The airway obstruction model is an instantaneous model that creates a localized 

block in ventilation however; we do not know the effect of the model on perfusion. To 

understand the impact of the airway obstruction on the changes in blood flow, DCE-

MRI studies of pulmonary perfusion were carried out before airway obstruction, 50 min 
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after airway obstruction and 100 min after airway obstruction in one rat. This study was 

used to determine the time taken for hypoxic vasoconstriction to set in. Imaging of 

ventilation/perfusion was carried out in N=6 rats with the imaging protocol described in 

the section 6.2.2 before and after airway obstruction. Care is taken during the imaging 

protocol to maintain the registration between the different images.  

The images are analyzed using an in house MATLAB ® (MathWorks, Natwick, 

MA) script that calculates the ratio of HP gas distribution map (V) and the pulmonary 

blood flow map (Q). The calculations are carried out for both pre- and post-airway 

obstruction generating 2 sets of V/Q images. Histograms of the Log (V/Q) are generated 

for the injured lung and the contralateral lung to study the heterogeneity of the V/Q 

ratio before and after intervention resulting in 4 groups of data. The SD of the Log (V/Q) 

is extracted for these 4 groups and used as the quantitative biomarker to analyze the 

effect of the airway obstruction. The calculations are repeated for the N=6 rats and the 

data is pooled together to create the mean histogram of the V/Q ratio in the injured and 

contralateral lung before and after airway obstruction. The SD of Log (V/Q) is calculated 

for pre-contralateral lung, post-contralateral lung, pre-injury lung, post-injury lung and 

statistically analyzed using a standard t-test to determine statistical differences within 

the groups.  
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6.3 Results 

Figure 31, shows a selected time-frame at the peak of contrast agent wash-in 

/washout from the dynamic contrast enhanced datasets for a rat before airway 

obstruction, 50 min after airway obstruction and 100 min after airway obstruction. We 

can see a slight reduction in blood flow to the top left lung at 50 min after airway 

obstruction, and higher reduction in blood flow at 100 min after airway obstruction as 

compared to before airway obstruction. The study shows that airway obstruction causes 

hypoxic vasoconstriction that increases overtime. The study also provides an estimate of 

the time it takes for the vasoconstriction to set in which is helpful in determining the 

time between the intervention and post-intervention imaging.  

 

Figure 31: Selected time-frame from DCE-MRI series before airway 

obstruction, 50 min after airway obstruction and 100 min after airway obstruction. 

The images show reduction in contrast concentration on the top left lobe.  

Figure 32 shows a complete study that includes the anatomical image, the 

ventilation image, the pulmonary blood flow image and pulmonary blood volume 



 

 

114 

images for 1 rat before and 100 min after airway obstruction. The airway obstruction is 

localized to the upper left lung as shown by the oval selected in the ventilation image. 

There are no detectable changes in the anatomical images on the left panel; however 

there are detectable changes in the pulmonary blood flow and the pulmonary blood 

volume in the upper left lung after airway obstruction as compared to before airway 

obstruction. There are changes in the blood flow throughout the lung; however the 

changes in the upper left lung can be easily picked up by an observer for qualitative 

analysis. Further quantitative analysis of the data is performed using the SD of Log 

(V/Q) in 6 rats as shown next.  

Figure 33 shows the Log (V/Q) images for 3 rats from group of 6 before (top row) 

and after (bottom row) airway obstruction. The amount of localized airway obstruction 

created in each rat is <15% of the total lung. The bright boundaries of the lung observed 

in rat #1 and rat #4 is likely due to slight mis-registration. The slight mis-registration 

may be caused by the changes in the lung volumes between ventilation images that are 

acquired at end expiration and perfusion images that are acquired at suspended 

respiration. Care is taken to not include those regions in our analysis. 
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Figure 32: Upper row shows the anatomical, ventilation, pulmonary blood flow and pulmonary blood volume image in a 

rat before airway obstruction. The lower row shows the same set of images in the same animal after airway obstruction. There 

are visually detectable changes in the ventilation and PBF as shown by the oval.
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Figure 33: Top row shows the Log (V/Q) images created from 3 rats from N=6, 

before airway obstruction. Bottom row shows the Log (V/Q) images after airway 

obstruction for the corresponding rats. The region of airway obstruction is small 

(approx 15% of the lung) in all the rats.   

Figure 34, shows the histogram of Log (V/Q) created from 6 rats by combining 

the ROIs in the injured and contralateral lung for before and after airway obstruction. 

The heterogeneity of the V/Q values in the lung before airway obstruction is low as 

indicated by the standard deviation of 0.37 which lies within the range of values 

reported for normal rats using other imaging techniques (Sando et al. 1997). The 
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heterogeneity of the V/Q values in the lung after airway obstruction is higher with a SD 

of 0.87 when compared to before airway obstruction.  

 

Figure 34: Histogram of Log (V/Q) created by combining data for N=6 animals 

before airway obstruction and after airway obstruction.  

 

Figure 35 plots the mean of the SD of Log (V/Q) and the variability as shown by 

the error bars for 2 regions, namely the control lung (contralateral lung) and the 

treatment lung (injured lung) before and after airway obstruction for all the 6 animals. 

The injured lung shows a significantly (p < 0.008) higher heterogeneity as compared to 

the other groups. Even the variability of the response for the injured lung after airway 

obstruction is higher than the variability for the other groups as shown by the error bars. 
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The mean of the SD for the 3 groups (Pre AO – control, Post AO – control and Pre AO – 

treatment) are within the normal values published in the literature (Sando et al. 1997).  

 

Figure 35: Comparative graphs for the 4 different groups in the contralateral 

and the injured lung before and after airway obstruction.  

6.4 Discussion 

The proposed technique for combined studies of ventilation and perfusion in a 

disease model performed well in our initial evaluation. The work details the protocol for 

performing combined imaging of ventilation and perfusion in an animal and also 

applies the developed methods for quantitative ventilation and perfusion in a disease 

model of localized airway obstruction. The technique uses the standard deviation of the 
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Log (V/Q) as a biomarker to study the heterogeneity of the V/Q distribution in normal 

and disease conditions. Although only a small portion of the lung is affected by the 

airway obstruction (typically 10%-15%), the technique is sensitive to these changes. The 

technique is sensitive in detecting the changes that occur in ventilation and perfusion 

due to airway obstruction leading to hypoxic vasoconstriction.  

Although quantitative assessment of ventilation is not the focus here, the 

development of the technique using signal calibration to extract gas volume distribution 

for slice-selective imaging seems to provide reasonable estimates of ventilation. The two 

main assumptions during calibration using a different non-slice selective image are that; 

a) the signal loss due to depolarization between the non-slice selective image and the 

slice-selective image is negligible; and b) the signal loss due to the slice-selective 

imaging gradient is negligible. The first assumption is valid during most imaging 

acquisitions as the T1 decay time of HP 3He gas when contained in a tedlar bag in the 

ventilator is of the order 15-20 min. The second assumption is strong and may not be 

satisfied as the signal loss due to the slice-selective imaging gradient is large. To counter 

this assumption a corrective factor can be applied to slice-selective images, however 

estimation of such factors is difficult as the signal loss is spatially varying. However, in 

our studies we are interested in relative changes rather than absolute changes in 

ventilation and hence we can ignore the effect of the slice-selective gradient. 
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Quantitative estimation of perfusion parameters is an active field of research and 

there are several factors that affect the calculations of pulmonary blood flow namely 

regional vs. global arterial input function, dispersion and delay of the bolus, etc. 

However, this work focuses on the application of these available techniques to enable 

quantitative V/Q imaging in rats using MRI. The factor that affects our work most is the 

definition of the AIF. The imaging slice of interest is just behind the heart that contains 

the main blood vessels such as the pulmonary artery, the pulmonary vein and the 

descending aorta. Pulmonary artery is selected as the arterial input function for our 

work because it is the closest to the injection site, which reduces the delay and the 

dispersion of the contrast bolus. However, partial volume effects may be associated with 

the selection of the slice which in turn affects the calculation of blood flow. 

For combined imaging studies one of the main concerns is the registration 

between the ventilation and the perfusion images. It is to be noted that ventilation 

images are acquired over multiple breaths using a respiratory triggered sequence which 

is triggered at end expiration which is defined at 75% of the duty cycle of respiratory 

signal. Perfusion images are acquired at suspended respiration of approx 8 s, which 

means that the diaphragm of the animal is relaxing during this time. It has been 

observed that the location of the diaphragm in the chest wall is slightly different for 

these two states leading to a slight mis-registration between the ventilation and 
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perfusion images. Currently, analysis of V/Q is performed using regions that overlap 

between the two images. However, we can correct for the mis-registration by using 

image registration techniques that use mutual information (Maes et al. 1997, Wells et al. 

1996).  

In conclusion, in this chapter we have presented a protocol for combined 

quantitative ventilation and perfusion imaging in the rat lung. We have calculated the 

SD of Log (V/Q) which is typically the biomarker used in V/Q studies. In a normal rat, 

the value of the biomarker lies within the range of values reported in the literature. The 

biomarker extracted using the imaging technique proposed in this work shows 

statistically significant differences between the control and the treatment group of rats 

showing airway obstruction. 
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7. Limitations and Future Work 

The work presented here is the first demonstration of ventilation-perfusion 

studies at high spatial resolution in rats. The technique of V/Q imaging shows significant 

differences between normal and disease models in rats and can be potentially used to 

study disease models of pulmonary hypertension, pulmonary fibrosis, etc. However, 

there are several limitations and improvements that can be envisioned. Here we will 

discuss some of the limitations and propose possible solutions that can be used to 

overcome those limitations.    

7.1 Higher spatial frequencies  

To enable V/Q imaging we introduced IRIS, which uses an interleaved radial 

acquisition along with sliding-window keyhole reconstruction. The key element that 

improves the spatial and temporal resolution is the sliding-window keyhole 

reconstruction. It is important to note that keyhole component updates only the center of 

k-space at each time-point, effectively updating only the lower spatial frequencies.  The 

higher spatial frequencies are time averaged across all the images resulting in loss of 

dynamic contrast changes at those frequencies. This is illustrated in Figure 36 where we 

show three time points from a simulated dynamic contrast enhanced series images with 

the left ellipse being modulated by the wash-in/washout curve. The IRIS reconstruction 
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result captures the contrast changes as demonstrated earlier in Chapter 4 Section 4.4.1. 

The difference map created from the simulated and the IRIS images show (last row) 

higher spatial frequencies (edges) getting enhanced in the center time point. This 

happens as the IRIS technique cannot capture the dynamic changes at these higher 

spatial frequencies.   

 

Figure 36: Dynamic Shepp-Logan simulation data at three uniformly spaced 

time points out of the 500 views showing the modulation of the left ellipse by the 

wash-in/wash-out curve (Original). Dynamic Shepp-Logan reconstructed at the three 

time points using IRIS (IRIS). Difference map created between the original simulated 

data and the IRIS reconstruction (Difference). The left ellipse shows enhancement of 

signal for the central time point.  



 

 

124 

This limitation can be overcome by using a reconstruction algorithm that uses 

some spatio-temporal (kt-space) data modeling as the fidelity of the temporal point 

spread function of these techniques (Tsao et al. 2003). Recently, we presented two 

independent approaches to overcome the limitation using total variation (Song et al. 

2007) and spatio-temporal modeling (Schmitter et al. 2008). 

7.2 3D  

The technique presented in this work acquires a 2D image of ventilation and 

perfusion. The imaging slice is carefully selected right behind the heart to avoid motion 

artifacts from the beating heart. However, it is desirable to have an imaging sequence 

that can capture the entire volume of lung.  

The technique presented for ventilation imaging can easily be extended to 3D by 

using a 3D radial imaging sequence. The quantitative imaging technique presented in 

this work can be directly applied to the 3D image without the need for a calibration scan 

as needed for 2D images. This means that we need to acquire 1 3D image before and 1 

3D image after intervention. The only limiting factor is the total volume of HP 3He 

needed to create a 3D image. Typically to reconstruct a 3D dataset at a spatial resolution 

of 400 × 400 × 2000 μm3, one would need to acquire over 10000 views of k-space over 500 

breaths consuming 1000 ml of HP 3He. The total HP 3He that can be currently produced 

with the polarizer in 8 hrs in a single batch is 1000 ml. Hence we would need to reduce 
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the spatial resolution or undersample the 3D dataset by a factor of 2 to consume only 500 

ml of 3He for each 3D set. This would enable the acquisition of pre- and post-

intervention dataset.  

Acquiring a 3D image of pulmonary perfusion can be challenging as we are 

currently limited by the total acquisition time of the passage of contrast agent (~8 s). In 

our work we have proposed a technique to acquire images with limited views and 

reconstruct at a higher spatio-temporal resolution by view sharing. To extend the 

technique to 3D + time imaging at a spatial resolution of 400 × 400 × 2000 μm3 would 

need the acquisition of > 10000 views for each time point. A comparable temporal 

resolution would need the acquisition of 40 such images leading to 400000 total views. 

An undersampling factor of 2 leaves 200 000 views to be acquired for a complete dataset 

which would need ~25 injections of contrast agent to fully sample. This makes the 

extension of the pulmonary perfusion difficult. Recently, Mistretta et al (Mistretta et al. 

2006) proposed a technique called Highly Constrained Backprojection Reconstruction 

(HYPR) that promises undersampling factors of > 100.  Using a HYPR reconstruction can 

potentially overcome the need to acquire data over 25 contrast agent injections.  

7.3 Extension of technique to mouse models  

While rodent models of pulmonary disease have been studied (Geraci et al. 1999, 

Yaghi et al. 2003, Chung et al. 2001, Elwood et al. 1991), over the years the mouse has 



 

 

126 

become an attractive alternative for the study of pulmonary diseases (Driehuys et al. 

2007, Foster et al. 1996, Whitehead et al. 2003, Gavett et al. 1995). The natural progression 

for a dissertation developing technology for small animal imaging would be to image 

the mouse after addressing issues in rats. To extend the current work to mouse models 

of pulmonary disease will need some major modifications. These changes primarily 

stem from the higher physiologic constrains encountered in the mouse namely, the 

respiratory rate which is 100 br/min, the heart rate which is ~ 500 bpm, and the blood 

volume is ~1.2 ml. All these factors affect the developed technique for ventilation and 

perfusion imaging. 

While ventilation imaging in the mouse has been demonstrated recently 

(Driehuys et al. 2007), performing perfusion imaging in the mouse with DCE-MRI 

remains challenging for two reasons. First, the total contrast agent volume injected in the 

mouse needs to be reduced due to lower blood volume as compared to rats which in 

turn imposes a requirement of design of a micro-injector that can deliver much smaller 

doses than the one that is currently designed. Second, the contrast agent circulation 

times are shorter as compared to the rat due to increased heart rate, which in turn 

imposes a requirement for higher temporal resolution imaging. The first requirement for 

designing a micro-injector may be potentially addressed by re-calibrating the injector 

with lower driving pressures on the reservoir and also reducing the time for which the 
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injection is switched “on”. The second requirement of increasing temporal resolution 

may be addressed by using a higher temporal resolution technique such as a spatio-

temporal model based technique (Schmitter et al. 2008) that can provide a temporal 

resolution of 32 ms or by using a HYPR (Mistretta et al. 2006) based technique 

mentioned in the previous section.
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8. Conclusion 

In this work, we have presented quantitative techniques for ventilation and 

perfusion imaging in the rat lung to study pulmonary function. We have demonstrated 

the use of these techniques in a pulmonary disease model of airway obstruction. 

Quantitative ventilation imaging was developed for the rat using a signal calibration 

technique. The technique is able to pick up focal changes, subtle diffuse changes in 

ventilation and airway caliber changes. The technique was verified in a much more 

challenging mouse model of asthma.  

Dynamic contrast enhanced MRI was developed for pulmonary perfusion 

imaging by designing a microinjector that enables repeatable precise injections 

controlled by the physiology of the animal.  The imaging was performed using a 

dynamic radial acquisition technique. Improvements in the spatial and temporal 

resolutions are made by designing a novel Interleaved Radial Imaging sequence 

combined with Sliding-window keyhole reconstruction (IRIS) that enables the imaging 

of perfusion at a spatial resolution of 200 × 200 × 3000 μm3 and a temporal resolution of 

200 ms.  

An imaging protocol was developed for combined studies of ventilation and 

perfusion and the techniques were applied to an airway obstruction model. The 

standard deviation of V/Q ratio was used as a quantitative biomarker indicating V/Q 
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heterogeneity in rats after airway obstruction.  
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Appendix A 

Additions to 2dpr.e in scan section 

/* ENTER THIS PART IF PERFORMING IRIS - NNM */ 

{ 

        nReps = nframes1/nvptrig;       /* INCLUDED SO THAT DON'T HAVE TO 

CALCULATE AGAIN AND AGAIN */ 

        ang = 0.0;                      /* INITIALIZE ANG TO 0 */ 

        ind = 0;                        /* INITIALIZE IND TO 0 */ 

 

        interval = (nvptrig/opnsi);      /* # of views in each acquisition window per 

trig */ 

 

        /* ALL ANGLES IN DEGREES */ 

        delTh = 360.0/(float)interval;          /* Dividing the whole circle */ 

        del_Si = delTh/(float)nReps; 

        del_StInt = del_Si/(float)opnsi; 

        /*** TRIG the sequence *********************************/ 
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         for (inReps = 0; inReps < nReps; inReps++) /* SIMILAR TO TRIG LOOP */ 

         { 

           a = inReps * opnsi; /* USED AS A TEMP VARIABLE */ 

    /* ADD DUMMY VIEW CODE HERE dvptrig - NILESH*/ 

           /***DUMMY RF PULSES WITH DABOFF *********************************/ 

    /** GRADIENTS ARE NOT PLAYED OUT (INCORPORATE THAT 

LATER) **/  

           /*** dvptrig to stabilize the spin ***/ 

           for (dview=0; dview < dvptrig; dview++) { 

                if (dview==0) { 

                    rsptrigger[0]=gating; 

                    setperiod(predelay, &ssp_td0, 0); 

                } else { 

                    rsptrigger[0]=TRIG_INTERN; 

                    setperiod(GRAD_UPDATE_TIME, &ssp_td0, 0); 

                } 

                if(hardpulse==0){setiamp(chopamp, &rf1, 0);} 

                if(hardpulse==1){setiamp(chopamp, &rfh1, 0);} 

                setiampt ((int)(0), &gxw, 0); 
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                setiampt ((int)(0), &gy1, 0); 

 

                loaddab(&echo1, 0, 0, dabop, 0, DABOFF, PSD_LOAD_DAB_ALL); 

                syncoff(&seqcore); 

                startseq(0,(short)MAY_PAUSE); 

           } /** end dview **/ 

           /**************************************************************************/ 

           /* REPLACED a by iopnsi; and replace b by iinterval */ 

           for (iopnsi=0; iopnsi < opnsi; iopnsi++) { 

                isubimage = iopnsi + a; 

                for (iinterval=0; iinterval < interval ; iinterval++) {   /* on */ 

                   /********** set gating source ********************/ 

                   if ( (iopnsi==0) && (iinterval==0) && (dvptrig==0) ) { 

                      rsptrigger[0]=gating; 

                      if (predelay > GRAD_UPDATE_TIME) { 

                         setperiod(predelay, &ssp_td0, 0); 

                      } 

                   } else {                                            /* use internal trigger */ 

                      rsptrigger[0]=TRIG_INTERN; 
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                      if (predelay > GRAD_UPDATE_TIME) { 

                         setperiod(GRAD_UPDATE_TIME, &ssp_td0, 0); 

                      } 

                   } 

                   /******* set view to acquire and calc gradient values *************/ 

                    acview = isubimage;         /* To find the location of each view */ 

                    ind++; 

                    isubimage = isubimage + nReps*opnsi; 

                    /************ set flip angle **********/ 

                    if(hardpulse==0){ 

                        if (varalpha==PSD_ON) { 

                                chopamp=ia_rf1var*(.63662*alpha[(a*opnsi)+b]);       /* .63662 = 

2/pi scale factor */ 

                                } 

                        else  

                                { 

                                chopamp=ia_rf1*lopflip/90.0; 

                                } 

                        setiamp(chopamp, &rf1, 0); 
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                    } 

                    if(hardpulse ==1){ 

                       if (varalpha==PSD_ON) { 

                                chopamp=ia_rfh1var*(.63662*alpha[(a*opnsi)+b]);       /* .63662 

= 2/pi scale factor */ 

                               } 

                        else { 

                                chopamp=ia_rfh1*lopflip/90.0; 

                             } 

                        setiamp(chopamp, &rfh1, 0); 

                     } 

 

                    xvalue = (int)(ia_gxw*sin(3.14159*ang/180.0)); 

                    yvalue = (int)(ia_gy1*cos(3.14159*ang/180.0)); 

                    setiampt (xvalue, &gxw, 0); 

                    setiampt (yvalue, &gy1, 0); 

                    ang = ang + delTh; 

                    /**** set rewinders *******************************************/ 

                    if (loprewind == 1) { 
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                        /* set amp of rw pulses based on xvalue */ 

                        ampx = -(xvalue*(pwrampa/2 + tad))/(pw_gx1 + pwrampa); 

                        ampy = -(yvalue*(pwrampa/2 + tad))/(pw_gyr1 + pwrampa); 

 

                        setiampt(-xvalue, &gx1, 0); 

                        setiampt(-yvalue, &gyr1, 0); 

                    } 

 

                    acq_echo = DABON;    /********** turn data acq on ****************/ 

 

                    vnum=(acview%nfrpersl)+1; 

                    slice = (int)(acview/nfrpersl); 

                    view++; 

                    loaddab(&echo1, slice, 0, dabop, vnum, 

(TYPDAB_PACKETS)acq_echo, PSD_LOAD_DAB_ALL);  

 

                    syncoff(&seqcore ); 

                    startseq(0,(short)MAY_PAUSE); 
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              } /* end iinterval */ 

                ang = ang + del_StInt; 

           } /* end iopnsi */ 

             ang = (float)(inReps+1.0) * del_Si; 

           /*** KILLER loop ***************************************/ 

           for (kview=0; kview<kvptrig; kview++) { 

                rsptrigger[0]=TRIG_INTERN; 

                setperiod(GRAD_UPDATE_TIME, &ssp_td0, 0); 

                  if(hardpulse==0) 

                {       chopamp = ia_rf1;               /* NNM setting 90*/ 

                        setiamp(chopamp, &rf1, 0);      /* apply 90 */ 

                     /* NEED TO ADD CODE TO KILL MAGNETIZATION FROM ALL 

SLICES */ 

                     /* NNM */ 

                } 

                if(hardpulse==1) 

                {       chopamp = ia_rfh1;      /* NNM setting 90*/  

                        setiamp(chopamp, &rfh1, 0);     /* apply 90 */ 

                 }        
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                setiampt (0, &gxw, 0); 

                setiampt (0, &gy1, 0); 

 

                /* 

                setiampt(gxykill, &gxw,0); 

                setiampt(gxykill, &gy1,0); 

                */ 

                loaddab(&echo1, 0, 0, dabop, 0, DABOFF, PSD_LOAD_DAB_ALL); 

                syncoff(&seqcore); 

                startseq(0,(short)MAY_PAUSE); 

           }  

           /** end KILLER loop *************************************/ 

        } /* end inReps */ 

       }  /* END IF STATEMENT FOR OPPERF == 1 */ 

   } /* end slice */ 

    /* send the pass packet sequence */ 

    boffset(off_pass); 

    setwamp(SSPD+DABPASS+DABSCAN, &endpass, 2); 

    startseq(0, (short)MAY_PAUSE); 
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    rspexit(); 

    return SUCCESS; 

}  /* end-of-Scan */ 
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Appendix B 

Sliding Window Keyhole Reconstruction Code 

 

/* 
 *  SwKey_IRIS.c 
 *  Changing it for EDR Keyhole Sliding Window ..  
 * 
 *  Created by nnm2 on 08/06/2008. 
 *  Copyright 2007 Nilesh Mistry @ CIVM__. All righ ts reserved. 
 * 
 */  
 
#include <stdio.h>  
#include <stdlib.h>  
#include <math.h>  
#include <string.h>  
 
int  main( int  argc, char  *argv[]) 
{  
 char  *source, *dest, *base_fname, *vintage_fname; 
 int  opnsi, npts, nframes, Nos_of_Im, dataType; 
 float  tad, toff, pwramp, N; 
 int  headerSize, sh, sr, dataSize, test;  
 int  *RawR; 
 int  *RawI; 
 int  *Raw; 
 short  *WholeRaw; 
 int  *WholeRawR; 
 int  *WholeRawI; 
  
 char  *hdr, opfname[ 250 ]; 
 int  nfrperIm, Npts_for_core; 
 int  i, j, k, ind, fnc, indC; 
 int  ctr; 
  
 FILE *in, *out; 
  
 if  (argc < 13 || argc > 13 ) 
  { 
   printf( "\n\nError calling SwKeySplit -- \nWrong Number of 
Input Parameters: Please pass 12 parameters as list ed below\n" ); 
   printf( "\nUSAGE: SwKeySplit SourceDirectory DestDirectory 
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BasefName VintagefName opnsi npts nframes tad toff pwramp 
headerSize\n" ); 
   printf( "\nSourceDirectory - string indicating full path to  
input data\n" ); 
   printf( "DestDirectory - string indicating Destination Raw 
File Directory\n" ); 
   printf( "BasefName - Base Filename\n" ); 
   printf( "VintagefName - Vintage Filename\n" ); 
   printf( "opnsi - Nos. of subimages (header)\n" ); 
   printf( "npts - Nos. of points to include in data 
(header)\n" ); 
   printf( "nframes - Total nos. of rays acquired (header)\n" ); 
   printf( "tad - Total acquisition time (header)\n" ); 
   printf( "toff - Time to acquisre k=0 (header)\n" ); 
   printf( "pwramp - Pulsewidth of the ramp on radial encoding  
(header)\n" ); 
   printf( "headerSize - Size of EPIC Header\n" ); 
   printf( "dataType - Data size (4/8)\n\n\n" ); 
 
   return  ( 0); 
  } 
 
 // argv[0] - points to the program name  
 // ASSIGN INPUT ARGUMENTS TO CORRESPONDING VARIABLES 
 source = argv[ 1]; 
 dest = argv[ 2]; 
 base_fname = argv[ 3]; 
 vintage_fname = argv[ 4]; 
 opnsi = atoi(argv[ 5]); 
 npts = atoi(argv[ 6]); 
 nframes = atoi(argv[ 7]); 
 tad = atof(argv[ 8]); 
 toff =  atof(argv[ 9]); 
 pwramp = atof(argv[ 10]); 
 headerSize = atol(argv[ 11]); 
 dataType = atoi(argv[ 12]); 
  
 printf( "\nVersion 2.1\n" ); 
 /* 
 printf("short = %d\n",sizeof(short)); 
 printf("int = %d\n",sizeof(int)); 
 printf("long = %d\n",sizeof(long)); 
   */  
  
 // INITIAL CALCULATIONS  
 // Nos. of rays per image  
 nfrperIm = nframes/opnsi; 
 Nos_of_Im = 2*opnsi - 1; 
  
 // ALLOCATE MEMORY  
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 // 
*************************************************** ********************
*******  
 hdr = ( char  *) malloc(headerSize); 
  
 printf( "\nDataType = %d\n" ,dataType); 
 //datasize in #of bytes  
 if  (dataType== 4) 
    { 
   //short *WholeRaw; //Pointer to 2 bytes of data  
   dataSize = npts*nframes;     // npts * nframes  
    
   WholeRaw = ( short  *)malloc(dataSize* sizeof ( short )* 2);   
   WholeRawR = ( int  *)malloc(dataSize* sizeof ( int )); 
   WholeRawI = ( int  *)malloc(dataSize* sizeof ( int )); 
    
   Raw = ( int  *)malloc(dataSize* sizeof ( int )* 2);  // *2 was 
done for datatsize to compensate for Long  
                                    // Malloc allocates only 1 
byte hence we need to include the size of the datat ype during 
allocation  
   RawR = ( int  *)malloc(dataSize* sizeof ( int )); 
   RawI = ( int  *)malloc(dataSize* sizeof ( int )); 
  } 
 else  
  { 
   int  *WholeRaw; //Pointer to 4 bytes of data  
   int  *WholeRawR; 
   int  *WholeRawI; 
    
   dataSize = npts*nframes* sizeof ( int );     // npts * nframes 
* nos_of_bytes_per_number * 2 (real and Imaginary p arts)  
    
   WholeRaw = ( int  *)malloc(dataSize* 2); 
   WholeRawR = ( int  *)malloc(dataSize); 
   WholeRawI = ( int  *)malloc(dataSize);   
   Raw = ( int  *)malloc(dataSize* 2); 
   RawR = ( int  *)malloc(dataSize); 
   RawI = ( int  *)malloc(dataSize);   
  } 
 //printf("\nSize of data %d... \n", dataSize*2/data Type); //Here 
datasize/2 = nos. of datapoints to read  
   
 // 
*************************************************** ********************
*******  
 
 
  
 // READING INPUT RAW FILE TO BE USED FOR SPLITTING AND SLIDING 
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WINDOW KEYHOLE RECON  
 // 
*************************************************** ********************
*******  
 if (( in = fopen(source, "rb" )) == NULL) 
  { 
   printf( "\n\n Cannot open source file. Check the source 
path\n\n" ); 
   exit( 0); 
  } 
  
 sh = fread(hdr, sizeof ( char ), headerSize, in); 
 printf( "\nRead %ld bytes of the header... \n" , sh); 
   // Data is read in RIRIRIRIRIRI... format after the  header (R - 
Real, I - Imaginary)  
  if  (dataType == 4) 
  {  
   printf( "\n%d\n" ,dataSize); 
   // Read in Real and Imaginary hence 2*dataSize  
   sr = fread(WholeRaw, sizeof ( short ), 2*dataSize, in); 
  } 
 else  
  { 
   sr = fread(WholeRaw, sizeof ( int ), 2*dataSize, in); 
  }; 
  
 printf( "\nRead %ld bytes of the data... \n" , sr); 
 fclose(in); 
    
  
 //Distributing the Input Data in the Real and Imagi nary Parts  
 ctr = 0; 
 for  (i= 0; i < dataSize; i++) 
 {   
  WholeRawR[i] = WholeRaw[ctr]; 
  WholeRawI[i] = WholeRaw[ctr +1]; 
  ctr += 2; 
 } 
  
 // 
*************************************************** ********************
*******  
 
 
             
 // SLIDING-WINDOW KEYHOLE  
 // 
*************************************************** ********************
*******  
 N = nfrperIm/M_PI; 



 

 

143 

 
 // Npts_for_core = Npts_for_raw  
 Npts_for_core = floor(N/opnsi) + floor(npts*toff/t ad) + 
floor(npts*pwramp/( 2*tad) ); 
 printf( "\nNumber of Points for Core: %d\n" ,Npts_for_core); 
  
 // 
*************************************************** ********************
*******  
 
 
 ind= 0; 
 for  (i= 0; i<Nos_of_Im; i++) 
 { 
   
  // RESET EVERYTHING TO ZERO - SO THAT WE DON"T HAVE  TO FILL IN 
THE CORE POINTS THAT ARE NOT TO BE FILLED  
  for (j= 0; j< dataSize; j++) 
  { 
   RawR[j] = 0; 
   RawI[j] = 0; 
   } 
 
   
  // For Individual time-points  
  if  ((i% 2)== 0)  
  { 
   //printf("\n%d",i);  
   if  (i< 9) 
   { 
    fnc = sprintf(opfname, "%s/%s.000%d" ,dest, 
base_fname,i +1); 
    printf( "\n%s" , opfname);  
   } else  
   { 
    fnc = sprintf(opfname, 
"%s/%s.00%d" ,dest,base_fname,i +1); 
    printf( "\n%s" , opfname); 
   } 
    
   out = fopen(opfname, "wb" ); 
   test = fwrite(hdr, sizeof ( char ), headerSize,out); 
   //printf("\n%d",test);  
/*    
   ind =0; 
   for (k=i; k<nframes; k=k+opnsi) 
   { 
    for (j=0; j<npts; j++) 
    { 
     RawR[ind*npts + j] = WholeRawR[k*npts + j]; 
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     RawI[ind*npts + j] = WholeRawI[k*npts + j]; 
    } 
    ind ++; 
    printf("index = %d\n",ind); 
   } 
*/     
 
 
   // CORE  
   indC=ind; 
   for  (k=indC; k<nframes; k=k+opnsi) 
   { 
    for  (j= 0; j< Npts_for_core; j++) 
    { 
     RawR[k*npts + j] = WholeRawR[k*npts + j]*opnsi ; 
     RawI[k*npts + j] = WholeRawI[k*npts + j]*opnsi ; 
    } 
    indC++; 
   } 
    
   //MANTLE  
   for  (k=i; k<nframes; k++) 
   { 
    for  (j=Npts_for_core; j< npts; j++) 
    { 
     RawR[k*npts + j] = WholeRawR[k*npts + j]; 
     RawI[k*npts + j] = WholeRawI[k*npts + j]; 
    } 
   } 
    
    
    
    
    
   // Converting RawR and RawI as Raw in RIRIRIRIRI... . format  
   ctr = 0; 
   for  (j= 0; j < dataSize; j++) 
   {   
    Raw[ctr]   = RawR[j];  
    Raw[ctr +1] = RawI[j]; 
    ctr += 2; 
    if  (j== 0)  
    { 
     printf( "values: %d %d\n" ,RawR[i], RawI[i]); 
    } 
   } 
    
   test = fwrite(Raw, sizeof ( int ), dataSize* 2, out);    
   //printf("\n%d",test);           
   if  (test!= dataSize* 2) 



 

 

145 

   { 
    printf( "Something went wrong %ld\n" ,test); 
    exit( 1); 
   } 
   fclose(out); 
   ind++; 
  } 
  else  // For time-points that share data  
  { 
    
   // RESET EVERYTHING TO ZERO - SO THAT WE DON"T HAVE  TO FILL 
IN THE CORE POINTS THAT ARE NOT TO BE FILLED  
   for (j= 0; j< dataSize; j++) 
   { 
    RawR[j] = 0; 
    RawI[j] = 0; 
   } 
 
   if  (i< 9) 
   { 
    fnc = sprintf(opfname, 
"%s/%s.000%d" ,dest,base_fname,i +1); 
    printf( "\n%s" , opfname); 
   } 
   else  
   { 
    fnc = sprintf(opfname, 
"%s/%s.00%d" ,dest,base_fname,i +1); 
    printf( "\n%s" , opfname); 
   } 
    
    
   out = fopen(opfname, "wb" ); 
   test = fwrite(hdr, sizeof ( char ), headerSize,out); 
   //printf("\n%d",test);  
    
    
    
 
   // CORE  
   indC=ind; 
   for  (k=indC; k<nframes/ 2; k=k+opnsi) 
   { 
    for  (j= 0; j< Npts_for_core; j++) 
    { 
     RawR[k*npts + j] = WholeRawR[k*npts + j]*opnsi ; 
     RawI[k*npts + j] = WholeRawI[k*npts + j]*opnsi ; 
    } 
    indC++; 
   } 
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   indC=ind -1 ; 
   for  (k=nframes/ 2 + indC; k<nframes; k=k+opnsi) 
   { 
    for  (j= 0; j< Npts_for_core; j++) 
    { 
     RawR[k*npts + j] = WholeRawR[k*npts + j]*opnsi ; 
     RawI[k*npts + j] = WholeRawI[k*npts + j]*opnsi ; 
    } 
    indC++; 
   } 
    
 
    
 
   //MANTLE  
   for  (k=i; k<nframes; k++) 
   { 
    for  (j=Npts_for_core; j< npts; j++) 
    { 
     RawR[k*npts + j] = WholeRawR[k*npts + j]; 
     RawI[k*npts + j] = WholeRawI[k*npts + j]; 
    } 
   } 
    
    
    
    
    
   // Converting RawR and RawI as Raw in RIRIRIRIRI... . format  
   ctr = 0; 
   for  (j= 0; j < dataSize; j++) 
   {   
    Raw[ctr]   = RawR[j];  
    Raw[ctr +1] = RawI[j]; 
    ctr += 2; 
    if  (j== 0)  
    { 
     printf( "values: %d %d\n" ,RawR[i], RawI[i]); 
    } 
   } 
    
   test = fwrite(Raw, sizeof ( int ), dataSize* 2, out);    
   //printf("\n%d",test);           
   if  (test!= dataSize* 2) 
   { 
    printf( "Something went wrong %ld\n" ,test); 
    exit( 1); 
   } 
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   fclose(out); 
    
    
  } 
   
  
 } // END of FOR for Nos_of_Images  
 
 
 // WRITING VINTAGE FILE  
 // 
*************************************************** ********************
*******  
 fnc = sprintf(opfname, "%s/%s" ,dest, vintage_fname); 
 printf( "\nVintage File : %s" , opfname);  
 if ( (out = fopen(opfname, "w" )) == NULL ) 
 { 
  printf( "\n\n Cannot open Vintage file to write. \n\n" ); 
  exit( 0); 
 } 
  
 test = fprintf(out, "nnm2 070716\n" ); 
 fclose(out); 
 
 // 
*************************************************** ********************
*******  
 
  
  
 // FREEUP THE ALLOCATED MEMORY 
 // 
*************************************************** ********************
*******  
 free(hdr); 
 free(WholeRaw); 
 free(Raw); 
 free(WholeRawR); 
 free(WholeRawI); 
 free(RawR); 
 free(RawI); 
 // 
*************************************************** ********************
*******  
  
 printf( "\n" ); 
 return  ( 0); 
} 
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Appendix C 

Calibration and Difference Mapping Code 

function [m, c, r, V, IntDen] = calibrationV(volMIP , sc) 
%% This function takes in  a MIP image, and the voxel to mm scaling 
factor  
%% and returns a scaling factor m to be applied to the individual 
slices  
%% for  volume estimation. 
 
l = limits(volMIP); 
figure; imshow(volMIP,[l( 1) l( 2)/ 2]); 
title( 'Select point on the left of the trachea' ); 
hold on; 
 
[x,y] = ginput( 1); 
x1 = x; 
y1 = y; 
plot(x1,y1, 'r+' ); 
plot(x1,y1, 'rs' ); 
drawnow; 
 
title( 'Select point on the Right of the trachea' ); 
[x,y] = ginput( 1); 
x2 = x; 
y2 = y; 
plot(x2,y2, 'r+' ); 
plot(x2,y2, 'rs' ); 
drawnow; 
 
title( 'Select point on the Right below the earlier select ion' ); 
[x,y] = ginput( 1); 
x3 = x; 
y3 = y; 
plot(x3,y3, 'r+' ); 
plot(x3,y3, 'rs' ); 
drawnow; 
 
d = (x2-x1)*sc; 
h = (y3-y2)*sc; 
V = pi*(d/ 2)^ 2*h; 
 
c = [x1 x2 x2 x1]; 
r = [y2 y2 y3 y3]; 
BW =  roipoly(volMIP,c,r); 
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% figure; imshow(BW); 
h = line([x1 x2 x2 x1 x1],[y2 y2 y3 y3 y2]); 
set(h, 'Color' ,[ 0.65  0.5  0], 'LineWidth' , 2); 
saveas(gcf, 'Calibration' , 'jpg' ); 
 
IntDen = sum(BW(:).*volMIP(:)); 
%IntDen = std(BW(:).*volMIP(:)); 
 
%m = V/ 2824100 ; 
m = V/IntDen; 
%m = V/mean(volMIP(BW)); 
 

 

 

clear; 
clc 
close all; 
 
%%%%%%%%%%%%%%%%%%%%% 
%%% READ PROTON IMAGE 
 
cd ~/RESEARCH/EXPERIMENTS/08_02_FEB/ '080211_DCE_AO/' ; 
run_num = 23555 ; 
 
fov = 55; 
xres = 256 ; 
 
%%%%%% READING DATA 
str = 
[ 'T' ,int2str(run_num), '/T' ,int2str(run_num), 'images/' , 'T' ,int2str(run_n
um), 't2imp.0001.raw' ]; 
 
fp = fopen(str, 'r' ); 
im = fread(fp,inf, 'uint16' ); 
im = (reshape(im,xres,xres)); 
fclose(fp); 
im = fliplr(flipud(im)); 
 
%%%%%%% 
%ProtonImage = im; 
%%%%%%% 
h = fspecial( 'disk' , 1);  
ProtonImage = imfilter(im,h);  
%ProtonImage = im; 
figure; imshow(ProtonImage,[]); 
% saveas(gcf, 'PreProtonSlice' , 'tif' ); 
%  
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%  
% I = ProtonImage; 
% figure; imshow(I,[]);  
% title( 'Select region in the lung' ); 
% bw = roipoly; 
% close(gcf); 
%  
% maskIm = bw;  
% %time_series(:,:,ref) = time_series(:,:,ref).*mas kIm; 
% mask = maskIm; 
% save MaskPre.mat mask; 
%  
%  
%  
cd ~/RESEARCH/EXPERIMENTS/08_02_FEB/ '080211_DCE_AO/' ; 
run_num = 23577  
 
fov = 55; 
xres = 256 ; 
 
%%%%%% READING DATA 
str = 
[ 'T' ,int2str(run_num), '/T' ,int2str(run_num), 'images/' , 'T' ,int2str(run_n
um), 't2imp.0001.raw' ]; 
 
fp = fopen(str, 'r' ); 
im = fread(fp,inf, 'uint16' ); 
im = (reshape(im,xres,xres)); 
fclose(fp); 
im = fliplr(flipud(im)); 
 
%%%%%%% 
%ProtonImage = im; 
%%%%%%% 
h = fspecial( 'disk' , 1);  
ProtonImage = imfilter(im,h);  
%ProtonImage = im; 
figure; imshow(ProtonImage,[]); 
% saveas(gcf, 'PostProtonSlice1' , 'tif' ); 
%  
% I = ProtonImage; 
% figure; imshow(I,[]);  
% title( 'Select region in the lung' ); 
% bw = roipoly; 
% close(gcf); 
%  
% maskIm = bw;  
% %time_series(:,:,ref) = time_series(:,:,ref).*mas kIm; 
% mask = maskIm; 
% save MaskPost.mat mask; 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%% READ HELIUM PRE-PE IMAGES  
 
cd ~/RESEARCH/EXPERIMENTS/08_02_FEB/ '080211_HELIUM_AO/' ; 
 
%str1 = 'MCh 2.4ml-hr' ; 
str1 = 'PRE_AO' ; 
%str1 = 'Baseline run' ; 
%str1 = '2dpr' ; 
cd(str1); 
 
run_num = 23569 ; 
ts = 2; 
ref = 1; 
alpha = 3; %% Amount of background to be subtracted .. 1 lowest .. 
nosiest estimate 
           %% increases beyond that.. typical value  used is 3  
 
fov = 55;  
xres = 256 ;  
% zres = 32; 
 
sc = fov/xres; 
%scZ = fov/zres; 
 
%% Volume of Each Voxel Considering height of the b ox to be 1 
vVox = sc^ 2; 
 
%%%%%% READING DATA 
for  ind = 1:ts 
   
    str = 
[ 'T' ,int2str(run_num), '/T' ,int2str(run_num), 'images/' , 'T' ,int2str(run_n
um), 't2imp.0001.raw' ]; 
     
    run_num = run_num +1; 
     
     
    fp = fopen(str, 'r' ); 
    im = fread(fp,inf, 'uint16' ); 
    im = (reshape(im,xres,xres)); 
    fclose(fp); 
    im = fliplr(flipud(im)); 
     
    time_series(:,:,ind) = im; 
     
end 
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% %%%%%% Removing background information 
% I = time_series(:,:,ref); 
% figure; imshow(I,[]);  
% title( 'Select region in background to set threshold' ); 
% bw = roipoly; 
% thres = mean(I(bw)) + alpha*std(I(bw)); 
% close(gcf); 
%  
% maskIm = zeros(size(I)); 
% maskIm(I>thres) = 1;  
% %time_series(:,:,ref) = time_series(:,:,ref).*mas kIm; 
%  
% for  ind = 1:ts 
%     I =  time_series(:,:,ind); 
%     thres = mean(I(bw)) + alpha*std(I(bw)); 
%     maskIm = zeros(size(I)); 
%     maskIm(I>thres) = 1;  
%     mask_series(:,:,ind) = maskIm; 
%    % time_series(:,:,ind) = time_series(:,:,ind). *maskIm; 
% end 
 
%%%%%% Removing background information 
%time_series(:,:, 2) = time_series(:,:, 2).*maskIm; 
 
 
%%%%%% Calibration of volume and signal intensity 
%%%%%% along with clean up of background and scalin g of volume 
volMIP = time_series(:,:,ref); 
[m, c, r,V, den] = calibrationV(volMIP, sc); 
[mn, c, r,Vn, denN] = calibrationV(volMIP, sc); 
 
yp = [ 0 V Vn]; 
xp = [ 0 den denN]; 
 
scale1 = (m+mn)/ 2 
 
figure; h = plot(xp,yp, '*' ); 
set(h, 'MarkerSize' , 12); 
hold on;  
h = plot([ 0 8* 10e3 ], [ 0 8* 10e3 *scale1], 'r' );  
set(h, 'MarkerSize' , 24, 'LineWidth' , 2); 
 
Sc_time_series = time_series.*scale1; 
%Sc_time_series = time_series.*m; 
 
 
 
%%%%%%%%%%%% 
% Displaying Data 
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figure;  
imshow(Sc_time_series(:,:, 2),[]); colormap(jet); colorbar; 
saveas(gcf, 'Pre_AO_slice' , 'tif' ); 
 
figure; imshow(Sc_time_series(:,:, 2),[]); colormap(gray); colorbar; 
saveas(gcf, 'Pre_AO_sliceGray' , 'tif' ); 
 
 
save PreAO_He Sc_time_series; 
 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Repeat analysis for  Post_PE images 
cd ../ 
%str1 = 'MCh 2.4ml-hr' ; 
str1 = 'POST_AO' ; 
%str1 = 'Baseline run' ; 
%str1 = '2dpr' ; 
cd(str1); 
 
run_num = 23573 ; 
ts = 2; 
ref = 1; 
 
fov = 55;  
xres = 256 ;  
% zres = 32; 
 
sc = fov/xres; 
%scZ = fov/zres; 
 
%% Volume of Each Voxel Considering height of the b ox to be 1 
vVox = sc^ 2; 
 
%%%%%% READING DATA 
for  ind = 1:ts 
   
    str = 
[ 'T' ,int2str(run_num), '/T' ,int2str(run_num), 'images/' , 'T' ,int2str(run_n
um), 't2imp.0001.raw' ]; 
     
    run_num = run_num +1; 
     
     
    fp = fopen(str, 'r' ); 
    im = fread(fp,inf, 'uint16' ); 
    im = (reshape(im,xres,xres)); 
    fclose(fp); 
    im = fliplr(flipud(im)); 
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    time_series2(:,:,ind) = im; 
     
end 
 
%%%%%% Removing background information 
% I = time_series2(:,:,ref); 
% thres = mean(I(bw)) + alpha*std(I(bw)); 
% close(gcf); 
%  
% maskIm = zeros(size(I)); 
% maskIm(I>thres) = 1;  
%time_series(:,:,ref) = time_series(:,:,ref).*maskI m; 
 
% for  ind = 1:ts 
%     I =  time_series2(:,:,ind); 
%     thres = mean(I(bw)) + alpha*std(I(bw)); 
%     maskIm = zeros(size(I)); 
%     maskIm(I>thres) = 1;  
%     mask_series2(:,:,ind) = maskIm; 
%    % time_series(:,:,ind) = time_series(:,:,ind). *maskIm; 
% end 
 
%time_series2(:,:, 2) = time_series2(:,:, 2).*maskIm; 
 
%%%%%% Calibration of volume and signal intensity 
%%%%%% along with clean up of background and scalin g of volume 
volMIP = time_series2(:,:,ref); 
%m2 = calibration1(volMIP, sc, c,r); 
[m2, c, r,V2, den2 ] = calibrationV(volMIP, sc); 
[m2n, c, r,V2n, denN2 ] = calibrationV(volMIP, sc);  
 
yp2 = [ 0 V2 V2n]; 
xp2 = [ 0 den2 denN2]; 
 
scale2 = (m2+m2n)/ 2 
 
figure; h = plot(xp2,yp2, '*' ); 
set(h, 'MarkerSize' , 12); 
hold on;  
h = plot([ 0 8* 10e3 ], [ 0 8* 10e3 *scale2], 'r' );  
set(h, 'MarkerSize' , 24, 'LineWidth' , 2); 
 
Sc_time_series2 = time_series2.*scale2; 
%Sc_time_series2 = time_series2.*m2; 
 
 
l1 = limits(Sc_time_series(:,:, 2)); 
l2 = limits(Sc_time_series2(:,:, 2)); 
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% l1 = limits(time_series(:,:, 2)) 
% l2 = limits(time_series2(:,:, 2)) 
 
 
scaling = l1( 2)/l2( 2); 
scaling = 1; 
Sc_time_series2(:,:, 2) = Sc_time_series2(:,:, 2).*scaling; 
 
%%%%%%%%%%%% 
% Displaying Data 
figure;  
imshow(Sc_time_series2(:,:, 2),[]); colormap(jet); colorbar; 
saveas(gcf, 'Post_AO_slice' , 'tif' ); 
 
figure; imshow(Sc_time_series2(:,:, 2),[]); colormap(gray); colorbar; 
saveas(gcf, 'Post_AO_sliceGray' , 'tif' ); 
 
save PostAO_He Sc_time_series2; 
 
 
cd .. 
diff = (Sc_time_series2(:,:, 2)-Sc_time_series(:,:, 2))/vVox* 100 ; 
figure; imshow(diff,[ -100  100 ]); colormap(jet); colorbar;  
saveas(gcf, 'Pre_Post_difference' , 'tif' ); 
 
figure; imshow(diff,[ -350  350 ]); colormap(jet); colorbar;  
saveas(gcf, 'Pre_Post_differenceLim' , 'tif' ); 
 
 
% figure; imshow(Sc_time_series(:,:, 2),[ 0 0.15 ]); colorbar; 
% figure; imshow(Sc_time_series2(:,:, 2),[ 0 0.15 ]); colorbar; 
rgbIm = overlayImage(ProtonImage ',Sc_time_series(:,:,2)' , 0.5 ,[ 1e-9  
l2( 2)],[ 0 1],jet( 256 )); 
figure; imshow(rgbIm); 
saveas(gcf, 'PreSlice' , 'tif' ); 
 
 
rgbIm = overlayImage(ProtonImage ',Sc_time_series2(:,:,2)' , 0.5 ,[ 1e-9  
l2( 2)],[ 0 1], jet( 256 )); 
figure; imshow(rgbIm); 
saveas(gcf, 'PostSlice' , 'tif' ); 
 
 
%figure; imshow(mask_series(:,:, 2),[]);  
%mask = maskIm; 
%save Mask.mat mask; 
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