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To Juan and Gabriel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
”I know that two and two make four -- and should be glad to prove it too if 
I could -- though I must say if by any sort of process I could convert 2 and 
2 into five it would give me much greater pleasure.”  

Lord Byron 
  



 

4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 
CONTENTS 

5 

 
List of papers …………………………………………………………..…..…….. 7 
Abbreviations .. ……………………………………………………..….………… 8 
Introduction …. ……………………………………………………….………….. 9 
 Background…………………………………………………….…………. 9 
 Emphysema………………………………………………………..……… 9 
 Lung function……………………………………………………………… 10 
 Imaging of emphysema .. …………………………………………….…… 13 
  Computed tomography (CT) ……………………………….…… 13 
  MR Imaging (MRI) ………………………..…….……………… 15 
Aims of the study…………………………………………..………………….…. 24 
Material, Methods and Results .……………………………..…………………... 25 
 Subjects ………………………………………………..…………………. 25 
 MRI examination ………………………………………...………………. 26 
 Paper I …………………………………………………………..………. 27 
 Paper II …………………………………………………………..………. 30 
 Paper III…………………………………………………………..………. 34 
 Paper IV …………………………………………………………..………. 38 
Discussion …………………………………………………………………..……. 44 
 Paper I ……………………….………………….………………..……… 44 
 Paper II ……………………….…………………………..…………….… 45 
 Paper III …………………………………….………………………..…… 46 
 Paper IV  ……………………………………..………………………….… 48 
General summary and discussion ………………………………………………… 50 
Conclusions and final remarks ..…………………………………..……….….…. 53 
Acknowledgements ……………………………………………………………… 54 
References …………………………………………………………………….…. 56 
Paper I …………………………………………………………………….……… 67 
Paper II ………………………………………………………..….………………. 77 
Paper III …………………………………………………………..……………… 87 
Paper IV…………………………………………………….…..………………… 97 
 



 

6 



 

7 

LIST OF PAPERS 
 
The thesis is based on the following four papers, referred to in the text by their roman 
numerals: 
 

I. Hyperpolarized 3He Apparent Diffusion Coefficient MRI of the lung: 
Reproducibility and Volume Dependency in Healthy Volunteers and 
Patients with Emphysema 
Sandra Diaz, Ingrid Casselbrant, Eeva Piitulainen, Göran Pettersson, Peter 
Magnusson, Barry Peterson, Per Wollmer, Peter Leander, Olle Ekberg and Per 
Åkeson 
Journal of Magnetic Resonance Imaging 27:763-770 (2008) 

 
II. MR Imaging of Hyperpolarized Helium in Healthy Subjects: Long-term 

Reproducibility, Age-dependency and Anatomical Variations 
Sandra Diaz, Ingrid Casselbrant, Eeva Piitulainen, Peter Magnusson, Barry 
Peterson, Per Wollmer, Olle Ekberg and Per Åkeson 
Submitted European Radiology 

 
III. Validity of Apparent Diffusion Coefficient Hyperpolarized 3He-MRI Using 

MSCT and Pulmonary Function Tests as References 
Sandra Diaz, Ingrid Casselbrant, Eeva Piitulainen, Peter Magnusson, Barry 
Peterson, Per Wollmer, Peter Leander, Olle Ekberg and Per Åkeson 
In Press European Journal of Radiology (2008) 

 
IV. Progression of Emphysema in a 12-Month Hyperpolarized 3He-MRI Study: 

Lacunarity Analysis Provided a More Sensitive Measure than Standard 
ADC Analysis 
Sandra Diaz, Ingrid Casselbrant, Eeva Piitulainen, Peter Magnusson, Barry 
Peterson, Theresa Tuthill, Evelyn Pickering, Per Wollmer, Olle Ekberg and Per 
Åkeson 
Submitted Academic Radiology 

 
Papers are reprinted with kind permission from the publishers. 
 

 



 

8 

ABBREVIATIONS 
 
ADC Apparent Diffusion Coefficient 
CLE Centrilobular Emphysema 
COPD Chronic Obstructive Pulmonary Disease 
CT Computed Tomography 
DL,CO Diffusion Capacity of Carbon Monoxide 
DWI Diffusion Weighted Imaging 
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FVC Forced Vital Capacity 
GRE Gradient-echo 
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Background 
Chronic Obstructive Pulmonary Disease 
(COPD) is a major cause of chronic 
morbidity and mortality throughout the 
world. Many people suffer from this 
disease for years and die prematurely 
from it or its complications (1). COPD 
is the fourth leading cause of death in 
the world (2), and further increases in 
its prevalence and mortality can be 
predicted in the coming decades (3). 
The Global Burden of Disease Study (3, 
4) has projected that COPD, which 
ranked sixth as the cause of death in 
1990, will become the third leading 
cause of death worldwide by 2020. 

Chronic obstructive pulmonary 
disease (COPD) is a preventable and 
treatable disease with some significant 
extrapulmonary effects that may 
contribute to the severity in individual 
patients. Its pulmonary component is 
characterized by airflow limitation that 
is not fully reversible. The airflow 
limitation is usually progressive and 
associated with an abnormal 
inflammatory response of the lung to 
noxious particles or gases. Worldwide, 
cigarette smoking is the most 
commonly encountered risk factor for 
COPD, although in many countries, air 
pollution resulting from the burning of 
wood and other biomass fuels has also 
been identified as a COPD risk factor. 
The prevalence and burden of COPD 
are projected to increase in the coming 
decades due to continued exposure to 

COPD risk factors and the changing age 
structure of the world’s population (5). 
Inhaled cigarette smoke and other 
noxious particles cause lung 
inflammation, a normal response which 
appears to be amplified in patients who 
develop COPD. This abnormal 
inflammatory response may induce 
parenchyma destruction (resulting in 
emphysema), and disrupt normal repair 
and defence mechanisms (resulting in 
small airway fibrosis). These 
pathological changes lead to air 
trapping and
limitation (1). 
 

Emphysema 
Since almost two centuries ago in 1819, 
when Laënec first described the 
structural changes of emphysema, the 
understanding of its different forms has 
evolved slowly, with many different 
opinions and controversies. It was not 
until 1959 that the world community 
agreed on a common morp

inition of emphysema (6). 
Emphysema is defined as “a group 

of pulmonary diseases characterized by 
abnormal permanent enlargement of air 
spaces distal to terminal bronchioles 
with destruction of alveolar walls” (7-
9). This definition describes 
emphysema as a pathological entity that 
is defined in strictly morphologic terms. 
No universally accepted classification 
scheme of the forms of emphysema 
exists. However, a histopathological 
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classification of the different 
morphological subtypes of emphysema 
based on the location in the secondary 
pulmonary lobule is the most accepted. 
The secondary pulmonary lobule is an 
important anatomic and physiologic unit 
of the lung supplied by three to five 
terminal bronchioles and separated from 
other lobules by fibrous septa (10-12). 
This structure has an irregular 
polyhedron form measuring 2-3 cm in 
diameter and contains a variable 
number of primary lobules (respiratory 
units), defined as the air space and 
airway distal to a respiratory bronchiole. 
Thus, the two major types of 
emphysema ar

physema (CLE) and panlobular 
emphysema (PLE). 

The CLE begins near the centre of 
the secondary pulmonary lobule in the 
region of the proximal respiratory 
bronchiole (8, 13-15). CLE is by far the 
most common form of emphysema and 
is directly related to cigarette smoking. 
CLE is found in up to one-half of adult 
smokers at autopsy (8) and has 
predominance in the upper and middle 
regions of the lungs. Various theories 
have tried to explain this localization. 
Among these, the one introduced by 
Pratt and Fraser (8, 13) in which the 
combination of diminished delivery of 
antiproteases, and increased negative 
pleural pressure in the upper lungs may 
explain this localization. Another theory 
was postulated by Cockroft et al. (16) 
based on the greater ventilation-
perfusion ratio in the lung apices. In an 
upright position inhaled irritants such as 

cigarette smoke would be distributed in 
the lung in a manner similar to 
pulmonary ventilation, which in 

ition is distributed more in the upper 
and middle regions of the lungs. 

The PLE is characterized by 
uniform, nonselective destruction of all 
air spaces throughout both lungs. Each 
secondary pulmonary lobule is 
uniformly affected from its centre to its 
periphery (8, 13). PLE is associated, 
among other things, with deficiency of 
serum protease inhibitor, alpha1-
antitrypsin and is slightly more 
predominant in the lower lobes. This 
distribution is thought to
greater blood flow i
of the lungs (8, 17, 18
 
Lung function 
Ventilation is the process whereby the 
lungs replenish the gas in the alveoli. 
Measurements of function consist of 
quantification of the gas volume 
contained in the lungs under certain 
circumstances and the rate at which gas 
can be expelled from the lungs. Two 
measurements of lung volume 
commonly used for respiratory 
diagnosis are total lung capacity (TLC) 
which is the volume of gas contained in 
the lungs after a maximal inspiration, 
and residual volume (RV) which is the 
volume of gas remaining in the lungs at 
the end of a maximal expiration. The 
volume of gas that is exhaled from the 
lungs in going from TLC to RV is 
called the vital capacity (VC). VC is 
often recorded during a forced 
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ig 1. Lung volumes. TLC: total lung capacity. VC: Vital capacity. RV: Residual volume. 
FRC:  Functional residual capacity. Vt: Tidal volume 

expiration from TLC to RV (the forced 
vital capacity FVC). From a volume-
time recording – spirogram – three 
measurements of airflow can be 
obtained: (1) the volume of gas exhaled 
during the first second of expiration 
(forced expiratory volume in 1 s, or 
FEV1), (2) the FVC, and (3) the average 
expiratory flow rate during the middle 
50 percent of the vital capacity (forced 
expiratory flow between 25 and 75 
percent of the vital capacity, or FEF25-

75%, also called the maximal 
midexpiratory flow rate). A major 
application of FEV1  is the assessment 
of bronchial obstruction. Reductions in 
FEV1 may also reflect reduction in TLC 
(restrictive disease of the lungs). 
Whereas obstruction is associated with 

accelerated lung emptying. This 
distinction is simply assessed by 
measuring the ratio of FEV1 to the FVC 
or to a separately obtained slow VC. 
Normally the FEV1/FVC ratio is greater 
than 70-75% although it does fall 
slowly with increasing age. FEV1 and 
FVC can be measured with simple 
devices recording expiratory flow rate. 
Measurements of TLC and RV require 
the volume of gas resident in the lungs 
to be measured. This is done by helium 
dilution or body plethysmography. The 
helium dilution method may 
underestimate the volume of gas in the 
lungs if there are slowly communicating 
airspaces, such as bullae. In this 
situation, lung volumes can be more 
accurately measured w

sl
associated with normal or even 
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The two major patterns of abnormal 
ventilatory function, obstructive and 
restrictive can be characterised using 
static lung volumes and spirometry. In 
the obstructive pattern, the hallmark is a 
decrease in expiratory flow rates. With 
fully establish disease, the ratio 
FEV1/FVC is usually decreased. In 
obstructive disease, the TLC is normal 
or increased; RV is elevated owing to 
trapping of air during expiration. VC is 
frequently decreased because of the 
striking elevations in RV with only 
minor changes in TLC. In the restrictive 
pattern the hallmark is a decrease in 
lung volumes, primarily TLC and VC. 
RV is also generally decreased and 
forced expiratory flow rates are 
preserved wi

o. 
Another important feature in lung 

function is the physiology of gas 
exchange. The primary functions of the 
respiratory system are to remove the 
appropriate amount of CO2 from blood 
entering the pulmonary circulation and 
to provide adequate O2 to blood leaving 
the pulmonary circulation. The 
diffusing capacity of carbon monoxide 
(DL,CO) is frequently used to assess the 
functional integrity of the alveolar-
capillary membrane, which includes the 
pulmonary capillary bed. DL,CO is 
usually measured with the single breath 
technique. The subject takes a full 
breath from RV to TLC of a gas mixture 
containing helium (He) and carbon 
monoxide (CO). The breath is held for 
10 seconds at TLC and a sample of 

expired alveolar gas is analyzed for He 
and CO. Helium is used to correct for 
dilution of the inspired gas in the RV 
and the uptake of CO is calculated. 
Diseases that affect the alveolar walls of 
the pulmonary capillary bed will have 
an effect on DL,CO. With emphysema 
alveolar walls are destroyed, and the 
surface area of the alveolar-capillary 
bed is thereby diminished. In Chronic 
obstructive pulmonary disease (COPD) 
there is a chronic obstruction to airflow 
due to chronic bronchitis and/or 
emphysema. They are two distinct 
processes, most often present in 
combination in patients with chronic 
airway obstruction. In emphysema, TLC 
and RV are increased, the VC is low, 
and the maximal expiratory flow rates 
are diminished. The elastic recoil 
properties of the lung are impaired, and 
in direct proportion to this impairment, 
the capacity of the lung to transfer CO 
is lowered.  The elastic recoil properties 
of the lung serve as a major determinant 
of maximal expiratory flow rates. The 
static recoil pressure of the lung is the 
difference between alveolar and 
intrapleural pressure. During forced 
exhalations, when alveolar and 
intrapleural pressure are high, there are 
points in the airways at which bronchial 
pressure equals pleural pressure. Flow 
does not increase with higher pleural 
pressure after these points become 
fixed, so that the effective driving 
pressure between alveoli and such 
points is the elastic recoil pressure of 
the lung. Hence maximal expiratory 
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flow rates represent a complex and 
dynamic interplay between airways 
calibre, elastic recoil pressures, and 
collapsibility of airways. In bronchitis, 
TLC is often normal, and there is 
moderate elevation of RV. The VC is 
mildly diminished and maximal 
expiratory flow rates are invariably low. 
The elastic recoil properties of the lung 
are normal or only slightly impaired, 
and the cap
CO is either normal or minim
decreased. 
  
Imaging of emphysema 
The best imaging protocol for the 
quantification of emphysema is still an 
unresolved question. Due to rapidly 
changing CT technologies and 
incorporation of new imaging 
modalities such as 
hyperpolarized gases, this remai
area of constant evolution. 
 
Computed tomography (CT) 
Computed tomography provides 
transverse anatomical images in which 
the value of each picture element (i.e. 
pixel) corresponds to the X-ray 
attenuation of a defined volume of 
tissue (i.e. voxel). The X-ray attenuation 
values for each set of projections (i.e. 
slice) are registered by the computer 
and organized in a matrix form which in 
today’s clinical practice has a size of 
512 x 512 pixels. The number of 
calculated pixels determines the image 
matrix size, influences the image 
resolution, and should thus be as high as 

possible. The X-ray attenuation, also 
called tissue density, is numerically 
expressed in Hounsfield units (HU). 
The scale of attenuation values range 
from -1000 HU, corresponding to the 
attenuation value of the air, to 3000 HU, 
0 HU corresponds to the attenuation 
value of water. When alveolar walls a

tructed there will be more air and 
less structures in the lung, and hence the 
HU value will be closer to that of air. 

In pulmonary emphysema, the major 
advantage of CT is that in addition to 
providing data concerning overall lung 
destruction, it also identifies the specific 
locations in the lung where the alveolar 
structure has been destroyed. Since the 
late 1970s and early 1980s when 
emphysema detection by CT scanning 
was described (19, 20) many efforts 
have been made to improve resolution, 
decrease scan times, and achieve thinner 
collimation. CT densitometry is a 
potential tool for detecting the 
progression of emphysema but the 
optimal methodology is uncertain. 
Several technical issues remain 
unresolved. The level of inspiration 
during scan acquisition influences lung 
density and, in se

iability in inspiratory level will 
reduce the reproducibility of 
longitudinal data. 

The technology that has been used 
for quantification of emphysema by 
many workers is the density mask 
technique, which allows highlighting of 
pixels in a selected range of HU (21). 
The pixels less than a particular value 
(originally -910 HU) could be 
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highlighted, perhaps in colour, and their 
number compared with the total number 
of pixels in the lung image. Since the 
original description, a lot of different 
parameters that could be relevant have 
been investigated: inspiration versus 
expiration, 1.5 mm versus 3 mm or 5 
mm or 10 mm collimation or 
reconstruction, intravenous contrast  
material versus noncontrast, and wide 
(1500-2000 HU) versus narrow (800-
1000 HU) windows for printing or 
viewing in a console. The threshold for 
considering a pixel as emphysematous 
has varied from -900 HU to -960 HU by 
various investigators, with various slice 
thickness and reconstruction algorithms. 
Another parameter used to measure 
low-attenuation regions is the percentile 
point. The nth percentile point, Perc(n) 
is defined as the threshold value for 
which n percent of all pixels have a 
lower density. This percentile point has 
been validated with pulmonary function 
tests (22) and pathology (23). It has 
been shown that the nth percentile point 
is equally sensitive between the 10th and 
20th percentile, with

imum at the 12th percentile (24). In 
practice, the 15th percentile point is 
being used. 

Several computer softwares have 
been developed for the analysis of the 
information. The one most used in 
Europe is Pulmo-CMS® developed in 
Leiden, the Netherlands by Stoel et al. 
(25) in collaboration with Medis 
medical imaging systems. The program 
starts by identifying the trachea, and 
then automatically detects the lung 

contours in overlapping images using a 
region-growing algorithm to separate 
lung tissue from the thoracic wall and 
mediastinum. Then, the information is 
analyzed based on the threshold chose 
for soft tissue-lung interface. The 
SPREAD study (Software Performance 
and Reproducibility in Emphysema 
Assessment: Demonstration) was 
established to develop a standard 
protocol for CT densitometry for 5 
different CT scanners (25) in a 
multicenter study using Pulmo-CMS 
software. They concluded that (1) lung 
densitometry in a group of patients with 
emphysema varies mainly because of 
different patient lung disease status 
(52%), and influence of site, including 
differences in patients groups and 
scanners (47%), (2) the use of 
multislice-CT (MSCT) scanners would 
be preferable in studies on the 
progression of emphysema and in drug 
evaluation trials, and (3) recalibration 
for air is essential to improve the 
reproducibility of CT scanners and 
standardization between sc

reby reducing the intersite variation. 
Therefore full recalibration (for both 
blood and air) is recommended. 

A density-mask approach alone is 
not sufficient to accurately distinguish 
normal from diseased lung (26, 27), 
especially in the case of early or mixed 
pathologic processes. The density mask 
is, however, particularly useful in 
characterizing mild/moderate and 
severe emphysema and has been used in 
the NETT (National Emphysema 
Treatment Trial) (28) to identify 
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subgroups of patients who show benefit 
from LVRS (lung volume reduction 
surgery (29)). In addition to the 
traditional density mask analysis 
Hoffman et al (30) have incorporated an 
additional measure, one proposed by 
Mishima et al. (31), which has been 
termed the “fractal dimensions” or 
“alpha”. Alpha is the slope of log-log 
relationship of holes size versus 
percentage of holes at that size. The 
notion is that initially a random set of 
holes evolves in lung regions and, as 
such, the log-log plot of holes size 
versus percentage of holes is linear. 
However, once the initial holes have 
evolved, there is a greater likelihood 
that these holes will have destabilized 
the lung mechanically and the small 
holes will combine to form bigger holes 
as opposed to more small holes

earing. Thus, the slope of the log-log 
plot diminishes. In this way, alpha 
becomes an index of disease severity. 

The radiation burden that CT 
implies is always a relevant aspect when 
planning longitudinal studies in patients 
with emphysema, because these 
individuals may be young and may have 
a favourable prognosis. A multi-
detector row CT is of interest for the 
quantification of heterogeneously 
distributed emphysema, but the use of 
this technique increases radiation dose 
by as much as up to an additional 300% 
per examination (3.8 mSv) compared 
with the dose required for incremental 
single-detector row CT, yielding thin 
sections in 1-cm intervals (0.9 mSv) 
(32). However, Madani et al. (33) 

showed that using a four-channel 
multidetector row CT scanner the 
radiation dose could be reduced to 20 
mAs without substantial in
the strength of correl
histopathological indexes 
relative 
 
MR Imaging (MRI) 
Basics 
In 1952, F Bloch from Stanford 
University and E Purcell from Harvard 
University were awarded the Nobel 
Prize for their work on what was then 
known as “Nuclear Magnetic 
Resonance (NMR)”. The method was 
used as a chemical analysis method. 
However, 20 years later with the 
introduction of computers in medical 
imaging and their capacity for 
calculations, the method could finally 
be used for imaging. The word 
‘Nuclear’ was omitted and “Magnetic 
Resonance Imaging (MRI)” was 
introduced. In 1973, PC Lauterbur and 
R Damadian, working independently, 
pointed out the potential of the science 
of Magnetic Resonance in imaging the 
human body. Peter Mansfield of 
Nottingham, England, further developed 
the utilization of gradients in the 
magnetic field. He showed how the 
signals could be mathematically 
analyzed, which made it possible to 
develop a useful imaging technique. P  
Mansfield also showed how extremely 
fast imaging could be achievable. This 
became technically possible within 
medicine a decade later. In 2003, P 
Mansfield and PC Lauterbur were 



 

16 

thematically by a 
pro

awarded the Nobel Prize for their 
outstanding contribution in the field of 
Diagnostic Radiology. Since then 
tremendous advances have taken place 
in the design and technology of 
magnetic resonance equipment, 
incorporating computers and advanced 
software to provide sectional images of 
the human body with excellent 
delineation in the medical field. MR 
imaging is based on the electromagnetic 
activity of atomic nuclei. The human 
body is a chemical composition of 
several elements, such as hydrogen, 
carbon, nitrogen, sodium, etc. in various 
chemical combinations. It has been 
observed that atoms of some of these 
elements that have odd numbers of 
protons in their nuclei, possess certain 
magnetic properties. These properties 
have been utilized to produce magnetic 
resonance signal and images. Hydrogen 
(1H) nuclei are used most often because 
of their abundance in the body, but 
other nuclei - for example, fluorine (19F) 
nuclei - also may be used. In an external 
magnetic field the nuclei show a 
wobbling type of motion called 
“precession” and the speed with which 
the net magnetization vector wobbles 
around the magnetizing field applied is 
known as “precessional frequency” 
which is expressed in megahertz (MHz). 
The precessional frequency is often 
called the “Larmor’s frequency” and it 
is directly proportional to the strength of 
the magnetic field. When a patient is 
placed in the strong magnetic field in 
the MRI scanner, a certain amount of 
the hydrogen nuclei in the body align 

with the applied external magnetic field 
building up a net magnetization vector 
along the magnetic field. When exposed 
to a short burst of electromagnetic 
energy in the form of radiofrequency 
(RF) pulses with a frequency that equals 
the Larmor´s frequency the nuclei in the 
patient’s body absorb this energy which 
changes the direction of the magnetic 
vector. When the RF pulse is finished 
the vector flips back to the aligned 
position in the external magnetic field. 
During this process (relaxation) a signal 
is sent out which can be detected. This 
process is known as ‘magnetic 
resonance’. It forms the basis of MR 
imaging. The MR signals obtained have 
a wide range of specificities, depending 
on the strength of the magnetic field, the 
frequency and duration of 
radiofrequency waves and the magnetic 
gradients employed (pulse sequence), 
the proton density, the element 
containing the protons, the chemical 
combination of elements, their 
molecular state, etc. The magnetic 
resonance signals have specific tissue 
characteristics. In MRI the signals are 
analyzed by a computer and 
reconstructed ma

cess known as “Fourier 
transformation” into sectional images of 
the human body.  

There are two key parameters in the 
creation of image contrast, repetition 
time (TR) and echo time (TE). TR is the 
time (usually measured in milliseconds) 
between the application of an RF 
excitation pulse and the start of the next 
RF pulse (34, 35). TE is the time (also 
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cal

usually measured in milliseconds) 
between the application of the RF pulse 
and the peak of the echo detected (34, 
35). Both parameters affect contrast on 
MR images because they 

ying levels of sensitivity to 
differences in T1 and T2 relaxation 
times between various tissues. 

In order to detect which tissue the 
signal is coming from, magnetic field 
gradients are employed in MRI systems. 
Gradients are linear spatial variations of 
the magnetic field strength in a selected 
region (36). Three perpendicular 
gradients are applied in MRI. The 
section-selective gradient selects the 
section to be imaged. The phase-
encoding gradient causes a phase shift 
in the spinning protons so that the MR 
imaging system computer can detect 
and encode the phase of the spin. The 
frequency-encoding gradient also 
causes a shift - one of frequency rather 
than phase. Both help the MR system to 
detect the location of the spinning 
nuclei. The resulting set of signals is 
stored in k-space from which the MR-
system computes the exact location and 
amplitude of the signal (37). The centre 
of K-space contains information about 
gross form and tissue contrast

 edges (periphery) of k-space contain 
information about spatial resolution 
(details and fine structures).  

There are two fundamental types of 
MR pulse sequences: spin-echo (SE) 
and gradient-echo (GRE). All other MR 
sequences are variations of these, with 
different parameters added on. Among 
SE-based sequences are: fast SE 

variants, conventional inversion 
recovery, STIR and FLAIR. Among 
GRE sequences are: partially refocused 
GRE, fully refocused GRE and spoiled 
GRE. However, there are also types of 
imaging sequences that can use both 
spin and gradient echoes, echo-planar 
imaging and diffusion-weighted 
imaging. With echo-planar imaging, a 
single echo-train is used to collect data 
from all lines of k-space during one TR. 
This technique shortens the acquisition 
time substantially (38). Diffusion 
weighted (DWI) enables one to 
distinguish between rapid diffusion of 
protons (unrestricted diffusion) and 
slow diffusion of protons (restricted 
diffusion) (39). DWI has mainly been 
used in the diagnosis of stroke. The 
basic principle of diffusion imaging is 
that the small random motion of the 
molecules results in a Gaussian 
distribution of phases. The strength and 
duration of the diffusion gradients and 
the direction in which they are applied 
influence the sensitivity to different 
length scales. Diffusion-weighted 
sequences are usually applied in 
conjunction with apparent diffusion 
coefficient (ADC) mapping techniques. 
For the calculation of ADC maps, two 
sets of images are required: one set 
obtained without application of a 
diffusion gradient, and one obtained 
with a diffusi

culation is based on the negative 
logarithm of the ratio of those two 
image sets.  

MRI is an imaging technique that 
has proven to be extremely valuable in 
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mits). But even if these were 
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the medical assessment of many body 
regions. A notable exception has been 
the lungs as due to the low proton 
concentration in air, 1H-MRI does not 
visualise aerated spaces within the 
body. Normal lungs consist mainly of 
aerated spaces and, consequently, have 
very low magnetic resonance signal. Its 
complicated three-dimensional structure 
of tissue and ventilation, with many air-
tissue interfaces, magnetic susceptibility 
gradients, also produces artefacts in 
conventional MR images (40). Potential 
approaches to resolve the signal 
intensity problem in the lungs can be 
derived from a consideration of some of 
the controllable factors that determine 
signal intensity. The extent of magnetic 
polarisation (i.e. the fraction of nuclei in 
each orientation) is determined by the 
temperature and by the difference in 
magnetic energy between the high and 
low energy orientations (which is 
determined by the magnetic properties 
of the nuclei and by the strength of the 
external magnetic field). For protons 
undergoing MRI at 1.5 Tesla, the degree 
of polarisation is quite low, in the order 
of 1 x 10-4%. The degree of polarisation 
is one major determinant of signal 
intensity during MRI, and another factor 
is the concentration of nuclei. The 
degree of polarisation can be affected 
directly by lowering the temperature 
(not feasible in vivo), or by increasing 
magnetic field strength (which has 
practical li

sible, there would still remain the 
problem of low proton concentration in 
the lungs. 

One possible approach to solving the 
problem would be to find 
e
method is the hyperpolari
certain isotopes of noble gases. 
 
Hyperpolarisation process 
Hyperpolarisation involves polarising 
nuclei before MRI; using methods that 
can give levels of nuclear polarisation 
that are up to 105 times higher than 
those achievable during conventional 
MRI. Of particular interest fo

erpolarized (HP)-gas studies of the 
lungs are the two nonradioactive noble-
gas isotopes, 3He and 129Xe.  

3He is produced from the nuclear 
decay of tritium and the total amount on 
earth is only ~ 200 kg (41) while large 
quantities are available on the moon, 
resulting from the nuclear fusion 
process within the sun (42). This makes 
3He relatively expensive. However, 3He 
has 2.8 times larger gyromagnetic ratio 
(and hence magnetic moment 
determines the signal-to-noise ratio – 
SNR - than 129Xe, resulting in better 
image quality. Besides, no systemic 
adverse effects have been observed due 

 the negligible uptake in blood, 
making this gas safe when inhaled in 
large quantities. On the other hand, 
129Xe is relative abundant in nature 
(~26%) and thus less expensive. 
However, it is highly soluble in 
biological tissues and undesired events 

ch as euphoric and anaesthetic effects 
have been reported (43, 44). Besides, 
due to the lower gyromagnetic ratio of 
129Xe, the SNR is expected to be ~10 
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larisation, the practical limit 
for

techniques 
me

times lower than 3He at the same 
experimental conditions. One way to 
avoid this matter is enrichment of the 
isotope to 70%-80% but this process is 
relatively expensive. With regard to the 
level of po

 both gases is between 50 and 100 
percent and depends on the polarisation 
technique. 

Three techniques have been 
employed to produce HP noble gases to 
date. The two most used techniques, 
optical pumping spin exchange (OPSE) 
and metastability exchange (ME), 
employ the direct transfer of angular 
momentum from optical photons to 
nuclei to enhance polarisation. The third 
technique is an extreme extension of 
thermal-equilibrium polarization and is 
less used. While the three 

rit detailed discussions, the present 
work will focus on the OPSE which was 
the technique we employed. 

A mixture of 3He and N2 gases (ca. 
1.1 to 1.2 L at room temperature and 
atmospheric pressure) and ca. 1 ppm of 
Rb metal in the gas phase at 8-10 atm 
pressure in a ca. 0.15 L glass bulb is 
placed in a magnetic field and heated to 
approximately 160°C, at which 
temperature a very small amount of the 
rubidium is in the vapour phase. 
Rubidium has an unpaired electron 
which has a magnetic moment and 
which can therefore adopt 2 different 
orientations (parallel or antiparallel) 
with respect to an external magnetic 
field (analogous to the behaviour of 1H 
atoms during MRI). A high-power 
diode laser tuned to the 795 nm, D1 

resonance of Rb illuminates the bulb 
with circularly polarised light, which 
induces electronic magnetic polarisation 
of the unpaired electron in the Rb 
atoms. A gas-phase collision between 
an electronically magnetically polarised 
Rb atom and an unpolarised 3He atom 
allows the transfer of the electronic 
orientation to the nuclear spin at the 
3He-atom.  During the collisional spin 
exchange process, the level of 
polarisation increases until a steady 
state is reached, at which point the rate 
of 3He polarisation equals the rate of 
3He depolarisation. Levels of 
polarisation up to at least 30% 
(containing a final concentration of 3He 
with a net activity of 12 mmol/L) are 
achievable using this method. The 
degree of polarisation can be monitored 
during the hyperpolarisation process. 
After the desired level of polarisation is 
reached, the glass bulb is allowed to 
cool to room temperature and the Rb 
vapour condenses onto the wall of the 
glass bulb. To remove any potential 
contamination of the 3He gas with any 
remaining Rb, the gas is passed trough a 
0.003 μm filter (Wafergard GT Plus In-
Line Gas Filter, manufactured by 
Millipore). The method provides a T1 
relaxation time of about 24 hours. The 
administration bag, which will be used 
to deliver the gas to the subject, 
provides a T1 relaxation time of at least 
3-4 hours. After one T1 the polarisation 
has decreased to 0.37 of its starting 
level. Upon inhalation, HP 3He in the 
lungs may undergo depolarisation 
because of residual oxygen, which is 
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ly be restored 
by 

 3He. Since then
has

paramagnetic and therefore can induce 
shortening in T1. The T1 in lungs has 
been calculated to be 26 seconds (45). 
In addition, HP 3He depolarises during 
MR-examination as magnetisation is 
consumed by the MR sequence. The 
degree of depolarisation depends on the 
imaging parameters. After MR imaging, 
hyperpolarisation may on

separating 3He from the exhaled gas 
mixture and going through another 
optical pumping process. 

Albert et al in 1994 (46) 
demonstrated the first MR images of 
excised mouse lungs filled with HP- 

129Xe, and a few years later Mugler et al 
(47) showed the first image of human 
lungs, obtained from healthy volunteers, 
also with HP- 129Xe, followed by 
Bachert et al, Ebert et al and MacFall et 
al (48-50) who showed human lung 
images using  HP MRI 

 shown a rapid development to the 
present variety of functional imaging 
techniques. 

The development of HP 3He MRI 
technique has led to four principal 
applications in human subject studies: 
Static Ventilation Imaging (Spin 
Density) to see areas that are better 
ventilated than others and perform 
volume measures. This technique 
usually use a 2D multislice, spoiled 
gradient-recalled echo (SPGR) 
sequence with low flip angle RF pulses 
(7-10°) and short TE. Ventilation 
measures correlate well with FEV1 in 
obstructive lung diseases (51, 52) and 
with regions of decreased parenchymal 
density on CT for patients and smokers 

with COPD and bronchiolitis obliterans 
(BO) syndrome in lung transplants (53, 
54). However, more work is needed to 
quantify the gradations of signal density 
to true quantitative ventilation. Dynamic 
Ventilation Imaging gives information 
of the respiratory cycle and improves 
the information from traditional lung 
function tests by providing quantitative 
measures of airflow on a regional basis 
(55, 56). It is based on ultrafast pulse 
sequences such as GRE or EPI and 
more recently with the increasing 
application of parallel imaging the 
acquisition speed can be accelerated 
even more. Qualitative measurements of 
gas trapping have been demonstrated in 
asthma (51) and cystic fibrosis (57). 
Regional Ventilation to Perfusion Ratio 
(VA/Q) to assess ventilation and 
perfusion uses the paramagnetic effect 
of oxygen on the depolarization of 3He. 
Eberle et al (58) have shown that after 
correction for RF-pulse effects the 
oxygen-induced signal decay rate is 
linearly proportional to the 
concentration of oxygen. The regional 
PO2 can be used to deduce VA/Q using 
mass-balance relationships for alveolar 
CO2 and O2 gas exchange. This 
information has been used 
experimentally (59) to assess ventilation 
and perfusion response in asthma as 
well as the mismatch in VA/Q observed 
in pulmonary embolism and in BO of 
lung transplant. Diffusion Weighted 
Imaging (DWI) to assess lung 
microstructure, measures the apparent 
diffusion coefficient (ADC) of the HP 
gas within the lung airspaces. The high 
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self-diffusion property of 3He 
(approximately 2 cm2/s at body 
temperature and a pressure of 760 Torr) 
is used, as in the lungs diffusion 
becomes effectively restricted by the 
boundaries of the air spaces. Thus, in 
regions such as the trachea, the gas is 
largely unrestricted, but in the lung 
parenchyma, the gas is highly restricted 
by the walls of the alveoli and terminal 
bronchioles. This gas behaviour is of 
especial interest in diseases such as 
emphysema in which alveoli are 
enlarged, the gas is less restricted and 
can diffuse over greater lengths 
resulting in greater signal loss. Thus, the 
ADC is increased and this enables an 
indirect measurement of the movement 
of the 3He atoms within a restrictive 
environment and thereby an estimation 
of the size of the alveoli. The ADC 
measurement is typically depicted as an 
ADC map and histogram of ADC 
values (Fig 2). The method which has 
been used in the majority of the studies 
is a gradient-echo pulse sequence 
modified by the addition of a bipolar 
diffusion-sensitizing gradient waveform 
between the excitation RF pulse and the 
data acquisition (60-63). Fast spin-echo 
pulse sequences (64) and magnetic-tag 
dissolution (65) have also been used and 
eem to be more sensitive to gas 

diffusion over longer length scales. 
Assuming the diffusion coefficient of 
3He mixed with air in the lungs is taken 
to be D0 = 0.86 cm2/s (60), it is possible 
to probe different length scales using 
the DW sequences by changing the 
pulse delays. Values for length scale in 

the different studies have vary from 
~0.5 mm (62, 63, 66) to several 
centimetres (65, 67) and more recently 
Mugler et al.(68) showed that  the ADC 
remains dependent on diffusion time for 
times up to at least approximately 10 
seconds when different length scales 
were used. The monoexponential model 
for signal decay has been used for most 
studies providing regional information, 
but it is now recognized that a 
multiexponential model for signal decay 
probably should be used. This is most 
likely due to multiple scales of 
restricted diffusion within the lungs (66, 
69, 70). Thus, future investigations 
could incorporate multiple b-value 

asure ents using modified spin-echo 
pulse sequences (71) or diffusion tensor 
imaging combined with modelling (66). 

HP 3He-diffusion MRI technique 
has developed rapidly in a short time 
and several studies have showed the 
sensitivity of this technique to lung 
changes in COPD. There are still no 
standard ADC normal values for lungs 
at different ages; mean ADC value vary 
among different researches from 0.17 to 
0.28 cm2/s which is quite wide range. 
There are also no standardized 
measurement techniques, since different 
research groups use different coils, MRI 
scanners, field strength, and pulse 
sequences. It is fundamental for clinical 
studies that the measurement precision 
is evaluated to permit quantitative 
comparison of ADC among research 
groups and over time. In this way it is 
possible to understand the variability 
which can be attributed to those above 
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om a drug development point of view 

 
standard methods (CT and PFTs) and 
try to demonstrate disease progression. 

 

mentioned related to the scanner, those 
related to the subject (breath-hold, 
motion), and those related to the 
methodology used including gas 
delivery and the way to analyze the 
data. Potential physiologic and 
radiologic changes that occur over short 
and long periods are of high interest 
from a clinical point of view, as well as 

where the purpose is to evaluate the 
effect of newly developed drug 
therapies in as short time span and as 
small patient group as possible. All of 
these factors made it important to try to 
validate the method in order to show the 
short- and long-term reproducibility, to 
compare the method to accepted

fr
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Fig 2: Upper row: Healthy volunteer a) ADC-map, b) histogram. 
          Middle row: COPD a) ADC-map, b) histogram. 
          Lower row: AAT (alpha-1-antitrypsin deficiency) a) ADC-map, b) histogram 
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AIMS OF THE STUDY 
 
 
The general aim of this work was to 
evaluate the potential of hyperpolarized 
3He-diffusion MRI technique to 
diagnose early emphysema changes in 
the lungs. 
 
In the different papers the specific aims 
were: 
 
I. To assess the values and the 
reproducibility of the ADC 
measurement in volunteers and patients 
with mild to moderate emphysema, to 
study the dependency of the ADC on 
inhaled volume of gas, and to confirm 
any gravity effect. 
 
II. To determine the long-term 
reproducibility of the ADC in healthy 
volunteers, to analyze if any age-
dependency of ADC exists and to assess 
if an anatomical variation of ADC exits 
in the lungs. 

 
III. To assess the emphysematous 
enlargement of distal airspaces in 
patients with emphysema with hyper-
polarized helium MRI technique and to 
compare results with multislice CT 
(MSCT) and pulmonary function tests 
(PFT) as an approach to validate this 
new imaging modality. 
 
IV. To evaluate if mean ADC value 
from hyperpolarized 3He- diffusion MR 
technique is sensitive enough to detect 
emphysema progression over 12 months 
or if other, more sophisticated methods 
or analyses should be used. 
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Subjects 
All studies were conducted in full 
accordance with the current revision of 
the Declaration of Helsinki, the Good 
Clinical Practice, Consolidated 
Guideline approved by the International 
Conference on Harmonization (ICH), 
and with the approval of the local ethics 
committee at Lund University or the 
regional ethics committee in Lund. 
Written and oral information was given 
to all subjects. Written informed 
consent was obtained from each subject 
before any procedures or assessments 
were done and after the aims, methods, 
anticipated benefits, and potential 
hazards were explained.  

Screening of subjects to determine 
whether they met all of the inclusion 
criteria and none of the exclusion 
criteria was performed between 7 days 
to 24 hours before image session. 
Demographic information (age, gender 
and race), body measurements (height, 
weight), medical history and/or prior 
(occupational) exposure to any specific 
air pollutants (e.g., asbestos, coal dust, 
quartz dust, etc.) was obtained and 
recorded. 

In addition, subjects underwent the 
following assessment including: 
• Medical and surgical history. 
• Limited physical examination, 

including limited neurological 
examination. 

• Vital signs (blood pressure, heart 
rate, respiratory rate, and body 
temperature) 

• SaO2 (oxygen saturation) 
• Clinical laboratory tests 

(haematology, biochemistry, and 
urine analysis). 

• 12-Lead ECG (PR, QRS, QT, QTc, 
and RR) 

• For women of childbearing poten-
tial, a urine dipstick pregnancy test 
was performed. 

• Concomitant medications. 
• Spirometry acquired with the 

subject in a sitting position before 
and after administration of 2 puffs 
of albuterol from a metered-dose 
inhaler (MDI). The date and time, 
and the results and percent of 
predicted normal values at baseline 
was recorded (FEV1, FEV1/FVC, 
FVC, FEF25-75%, PEF). 

• Body plethysmography was 
performed after FEV1 reversibility 
test. The date and time, and the 
results, as well as normal ranges 
were recorded (FRC, TLC, sRaw, 
sGaw). 

• Diffusing capacity of carbon 
monoxide-single breath (DL,CO-SB) 
was measured. 
 

FEV1 Reversibility 
A FEV1 test was performed before and 
after administration of 2 puffs of 
albuterol from a MDI. An increase of 
<12% in FEV1 following albuterol 
administration was required. The post 
bronchodilator FEV1 test was performed 
between 15 minutes and 1 hour post 
albuterol administration. 
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MRI examination  
Prior to 3He-MRI, a proton MRI of the 
lungs was acquired to provide 
anatomical localization of the lungs. 
The subjects were asked to inhale 500 
mL of room air from a bag at FRC. 
Approximately 5 minutes before the 
first 3He imaging during each imaging 
day, subjects were asked to inhale a 
portion (sip) of 3He from a bag with 
approximately 30 mL of polarised 3He 
plus approximately 970 mL of N2 to 
allow adjustment of the MR scanner to 
the 3He frequency. This was followed 
by inhalation of the rest contents of the 
bag to adjust transmitter gain. 

Polarization of the 3He gas was 
performed with a prototype polarizer 
(IGI.9600.He, GE Healthcare, Durham, 
NC, USA) which used the method of 
collisional spin exchange between laser-
polarized rubidium vapour and 3He (72). 
The polarized 3He gas with a net 
activity (defined as the number of 
mmoles of helium-3 atoms that have 
been polarized) level of 3.5 to 4.5 mmol 
was dispensed into 1-2 litre Tedlar bags 
(Jensen Inert, Coral Springs, FL, USA) 
and mixed with nitrogen (N2). 

MR imaging was performed using a 
1.5 T whole body MR scanner (Siemens 
Magnetom Sonata; software: syngo MR 
2002 B; Siemens Medical Solutions, 
Erlangen, Germany). A diffusion-
weighted 2D gradient-echo sequence 
(helium body coil, TR/TE 9.6/5.9 ms, 
flip angle 7°, bandwidth 250 Hz/pixel, 
field of view (FOV) 382x470 mm, 
matrix 80x128, coronal slice direction, 
slice thickness 15 mm, inter-slice 

distance 5 mm, number of slices 10, 
time of acquisition 15 sec) was used for 
hyperpolarized 3He ADC MR imaging. 
Two images were acquired at each slice 
position, one without (b0) and one with 
(b1) a bipolar diffusion-sensitizing 
gradient waveform (b0=0 s/cm2, b1=1.6 
s/cm2) applied in the slice direction with 
interleaved phase encoding. The coronal 
slices covered the whole lungs from 
anterior to posterior. The b0 images 
were used as ventilation images. A 
flexible quadrature vest coil (Clinical 
MR Solutions, LLC, USA) was used for 
all 3He scanning. The Helispin™ 
Workstation software (GE Healthcare) 
was used for post-processing. An ADC 
map was calculated from each pair of 
b0- and b1-images on a pixel-by-pixel 
basis. A linear least square fit to the 
natural log of the signal amplitude 
versus the b-value was applied. 
Background pixels were excluded from 
the ADC calculation using a threshold 
of 5 times the true standard deviation 
(SD) in a background region. This SD 
was obtained by dividing the 
background mean by 1.253 (73, 74). To 
eliminate bias from ADC calculated in 
the large airways, the trachea and main 
bronchi were manually segmented from 
the ADC-maps before analysis by a 
radiologist. ADC maps and frequency 
distributions (No. of voxels versus ADC 
values) were calculated for individual 
slices and the whole lungs. The mean 
ADC and the SD were computed from 
the ADC-map of all individual slices 
covering the whole lungs. 
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Paper I 
Hyperpolarized 3He Apparent Diffusion Coefficient MRI of the 
Lung: Reproducibility and Volume Dependency in Healthy 
Volunteers and Patients with Emphysema 
 
 
Material and methods 
Subjects 
Two different populations were 
included: one group of 8 healthy 
volunteers (3 men, 5 women; age range 
40-60 years) with normal physical 
examination results, no smoking during 
the last five years and no more than a 5 
pack-year smoking history, pulmonary 
function test with FEV1 > 80% of 
predicted normal value and FEV1 /FVC 
>70%. The patient group, in total 16 
patients, consisted of 2 subgroups: eight 
patients with emphysema due to alpha-1 
antitrypsin deficiency (AATD), 
phenotype PiZ (5 men, 3 women; age 
range 30-70 years), with FEV1 50% to 
80% of predicted normal value and 
FEV1 /FVC < 70% and eight patients 
with usual COPD emphysema 
phenotype PiM (2 men, 6 women; age 
range 40-60 years) with FEV1  50% to 
70% of predicted normal values and  
FEV1  /FVC < 70%. 

All subjects underwent PFT 
performed according to the Guidelines 
of the European Respiratory Society 
(75). The inclusion criteria were 
followed strictly and patients with mild 
to moderate emphysema could thereby 
be enrolled. 

Each subject was imaged on 3 
separate days during a 7-day period and 
received two volumes of HP 3He during 
on each of the three imaging days with 
one volume being 6% and the other 
15% of TLC.  All volumes had a 
planned net concentration of 4.5 mmol-
hyperpolarized 3He but different 
volumes of filler gas (N2). The gas was 
administered in the supine position by 
instruction the subject to inhale from 
functional residual capacity (FRC) until 
the bag was empty.  
 
Statistical analysis 
Statistical analysis was performed using 
SAS® software. The results from the 
mean ADC measurements across all 
lung slices for each subject, day and 
volume inhaled were analyzed using a 
mixed model repeated-measures 
analysis of variance. This mixed model 
utilized subjects as a random effect and 
day, volume and day-by-volume 
interaction as fixed effects. The volume 
(6% and 15%) administered was 
calculated as a percentage of TLC for 
each subject. The analysis was used to 
test for an overall difference among the 
volume, day, and volume-by-day 
interaction. The interaction term 
indicated the reproducibility of the 
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administration of each given volume 
over time. Assuming no significant 
interaction existed; simultaneous 95% 
confidence intervals were constructed 
on adjusted mean of ADC by imaging 
day and on all pair wise differences of 
the mean ADC between imaging day 
across volumes. 
 
Results 
Healthy volunteers could be clearly 
discriminated from patients. The 
findings at 15% of TLC are shown in 
Fig 1. 

The overall mean ADC in each 
subject (mean value of three 
measurements) at both volumes showed 
a small intra-individual difference with 
low SD for all subjects (healthy 
volunteers SD range was 0.003-0.013 
cm2/s and 0.001-0.009 cm2/s at 6% and 

15% of TLC, patients SD-range was 
0.001-0.041 cm2/s and 0.001-0.011 
cm2/s at 6% and 15% of TLC). 

The inter-individual difference in 
overall mean ADC per subject among 
the healthy volunteers was small [ range 
0.184 to 0.234 cm2/sec (inter-individual 
SD 0.020) and range 0.193 to 0.247 
cm2/sec (inter-individual SD 0.021) 
both at 6% and 15% of TLC]. 

The mixed model analysis 
(dependence of mean ADC on day, 
volume and day-by-volume) showed no 
statistically significant day or day-by-
volume effects on the overall mean 
ADC and SD per subject but showed 
significant dependence of the volume in 
both patients (p-value 0.027) and 
healthy volunteers (p-value 0.001) 
(Table 1). 
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Figure 1.  Group Mean ADC at each imaging day at the larger volume (15% of TLC) for 
all subjects in each group.  The error bars represent the standard deviation of the three 
measurements on three separate days.   Note the clear discrimination between the healthy 
volunteers and the patients. 
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Table 1.   Results of the mixed model analysis of overall mean ADC and SD. 

 Mean ADC* SD* ADC  

Effect F-value p-value F-value p-value 

Day 0.94 0.403 0.41 0.669 

Volume 6.26 0.027 3.96 0.068 Emphysema group 

Day x Volume 1.63 0.216 0.10 0.905 

Day 1.91 0.185 2.71 0.102 

Volume 26.20 0.001 19.35 0.003 Healthy group 

Day x Volume 1.27 0.312 1.52 0.252 
*ADC: apparent diffusion coefficient. SD: standard deviation. 

 
In healthy volunteers an anterior-
posterior ADC gradient was found 
(Table 2). In the supine position the 

mean ADC was higher in anterior than 
posterior slices with a mean change of 
31.1±7.9% at the 15% dose. 

 
 
Table 2. Anterior-posterior mean ADC at 15% of total lung capacity (TLC)  

Healthy subjects
Anterior slices 

(mean ADC) 

Posterior slices

(mean ADC) 
Gradient 

1 0.224 0.173 0.051 

2 0.262 0.195 0.067 

3 0.207 0.171 0.036 

4 0.264 0.196 0.068 

5 0.224 0.179 0.045 

6 0.247 0.202 0.045 

7 0.242 0.178 0.064 

8 0.304 0.210 0.094 

Group 0.247 0.188 0.059 
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MR Imaging of Hyperpolarized Helium in Healthy Subjects: 
Long-term Reproducibility, Age-dependency and Anatomical 
Variations 
 
 
Material and methods 
Subjects 
A total of 16 healthy non-smoking 
volunteers (6 women and 10 men; age 
range 25-73 years) were included. 
Inclusion criteria were: FEV1 and DL, CO  
>80% of predicted normal values, 
FEV1/FVC >70%, O2 saturation >90%. 

At all imaging sessions each subject 
received two identical volumes of gas, 
each equivalent to 15% of TLC. 
Imaging was performed at 0, 6 and 12 
months. 
 
Data analysis 
The data were analyzed to show the 
long-term reproducibility of mean ADC 
in healthy subjects; to detect regional 
variation of mean ADC in the lungs, 
and to detect dependency between age 
and mean ADC. 

1. Long-term reproducibility data 
were analyzed using SAS® software. 
Changes in ADC measurements (mean 
and SD of ADC across all lung slices 
for each subject) were examined versus 
time (imaging day) using a mixed 
repeated measures analysis of variance 
model. The volume-by-day interaction 
term indicated the reproducibility of the 
administration of single volume over 
the time. Confidence intervals of 95% 
were constructed.  

2. The anatomical variation of mean 
ADC in the lungs was analyzed in 
different ways: anterior vs. posterior and 
apical vs. basal. The anterior-posterior 
difference was calculated as the 
absolute difference of mean ADC per 
slice between the most anterior slices, 
using the trachea as a landmark, and the 
most posterior slices of both lungs. 
Mean ADC of the whole slice with 
exclusion of the trachea and main 
bronchi was used. A paired t-test was 
performed. The apical-basal variation 
was analyzed as follows: The four most 
central coronal slices were selected. The 
trachea and main bronchi were 
manually segmented and these ADC 
values were excluded from further 
analysis. A small region of interest 
(ROI) was placed in the most upper and 
lower regions of the lung of each 
selected slice by a single training 
radiologist. The ROIs were selected to 
avoid bias in deriving mean ADC due to 
the larger airways in the middle region 
of the lungs. Mean ADC was calculated 
for each coronal slice and for each of 
the superior and inferior ROIs of both 
the right and the left lung. The absolute 
difference for superior and inferior 
ROIs of both lungs was calculated and a 
paired t-test was performed.  
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3. The age-dependency of mean 
ADC, was analyzed using a non-
parametric correlation test.  Spearman's 
Rho was used to analyze the association 
between the mean ADC values of the 
whole lungs and the age of the 
participants. A linear regression 
analysis was used to calculate the 
relationship between age and mean 
ADC of the different regions of the 
lung. 
 
 
 
 
 

Results 
1. Long-term reproducibility analysis 
A total of 16 subjects were included but 
4 of them were examined only once due 
to personal reasons.  Data from 12 
healthy volunteers were analyzed, 11 
subjects examined three times (0, 6 and 
12 months). One volunteer did not 
complete the 12-month examination due 
to technical problems. The mean ADC 
values of the whole lungs were 
reproducible between the examination 
days (Figure 1). The SD of the intra-
individual mean ADC ranged between 
0.002 and 0.013. Mean ADC ranged 
between 0.158 and 0.298 cm2/s. 
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Figure 1. Long-term reproducibility of Mean ADC (cm2/s) for each subject at three 
measurement points 
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2. Anatomical variation of 3He-ADC in 
the lungs  
The analysis used the baseline results 
and included all 16 participants. Mean 
ADC was higher in the anterior slices 
than in the posterior slices. The mean 

anterior-posterior difference was 0.034 
(p=0.0001) (Table 1). The group 
variation of mean apical ADC and mean 
basal ADC of the lungs was not 
significant (p=0.8769).  

 
Table 1. Mean ADC anterior-posterior difference. The gradient was calculated as the 
absolute difference of mean ADC per slice between the most anterior slices and the most 
posterior slices of both lungs. 
 

 Mean ADC (cm2/s) 
Subjects Anterior Posterior 

Difference (cm2/s) 

1 0.312 0.257 0.055 
2 0.210 0.196 0.014 
3 0.247 0.186 0.061 
4 0.201 0.193 0.008 
5 0.185 0.143 0.042 
6 0.194 0.171 0.023 
7 0.243 0.203 0.04 
8 0.261 0.258 0.003 
9 0.256 0.216 0.04 

10 0.191 0.182 0.009 
11 0.251 0.225 0.026 
12 0.231 0.185 0.046 
13 0.224 0.173 0.051 
14 0.207 0.171 0.036 
15 0.242 0.178 0.064 
16 0.304 0.210 0.094 

Mean 0.230 0.204 0.038 
SD 0.034 0.031 0.024 

 

3. Age-dependency of mean ADC  
The analysis used the baseline results 
and included all 16 participants. The 
Spearman's Rho correlation analysis 
showed significant correlation between 
mean ADC and age, r = 0.58; p = 0.017 
with a 95% confidence interval 0.0035 

to 0.0030 (Fig 2). The correlation 
between ADC and age in the different 
regions of the lung was slightly higher 
in the apical regions of the lung (r=0.65; 
p=0.005) than in the basal regions 
(r=0.55; p=0.025). 
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Figure 2. Age dependency of Mean ADC (cm2/s). The analysis shows a positive 
correlation between mean ADC and age, r = 0.58; p = 0.017 with confidence interval 
0.0035 to 0.0030. 
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Paper III 
Validity of Apparent Diffusion Coefficient Hyperpolarized      
3He-MRI using MSCT and Pulmonary Function Tests as 
References 
 

Material and methods 
Subjects 
The study included 27 subjects (9 men, 
18 women; age range 25-75 years). The 
subjects were divided in two groups: 
established emphysema and pre-clinical 
emphysema. The established 
emphysema group included 22 subjects, 
18 with usual COPD (9 currently 
smoking subjects and 9 ex-smoking) 
and 4 with the homozygous form of 
alpha-1-antitrypsin (AAT) deficiency 
(PiZZ). The inclusion criteria were: 
FEV1/FVC <70%, DL,CO <70% and 
FEV1 between 40 and 70% of predicted 
normal values. The pre-clinical 
emphysema group included 5 subjects 
with the homozygous form of AAT with 
PFT as follows: FEV1/FVC >70%, 
DL,CO <85% and FEV1 >80% of 
predicted normal values.  
Each subject received 2 identical 
volumes of HP 3He with a net activity 
of 3.5 to 4.5 mmol. Imaging was done 
at FRC + 15 % of the TLC.  
 
CT Examination   
Non-enhanced low dose MSCT 
examination of the whole lungs was 
performed within 45 days of the MRI at 
full inspiratory breath-hold (i.e., TLC) 
after three deep inhalation manoeuvres 

(effective mAs 20, kV 120, scan time 
7.06 sec, delay 5 sec, slice thickness 5 
mm, rotation time 0.5 sec, pitch 1.5, 
reconstruction filter B10f (very 
smooth), FOV 300 mm and acquisition 
in caudal-cranial direction). 
Emphysema Index (EI), 15th percentile 
and Mean Lung Density (MLD) of the 
whole lungs were calculated using 
Pulmo-CMS software. EI was defined 
as the ratio of the number of voxels with 
Hounsfield Units (HU) less than -950 
over the number of voxels with HU 
over -950. MLD was defined as the 
average of the total lung density of all 
patients. 
 
Statistical analysis 
Data analysis and statistics were 
performed using Microsoft Office Excel 
2003® (Microsoft Cooperation, 
Redmond, Washington) and SPSS 
9.0.1® (SPSS Inc., Chicago, IL). 
Statistical tests were determined to be 
significant at α=0.05 level and 
confidence intervals were calculated at 
a 95% level of confidence. Linear least 
squares regression lines and Pearson 
correlation coefficients between 
different PFTs (% predicted DL,CO, % 
predicted FEV1, FEV1/FVC, EI, 15th 
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percentile, MLD and mean ADC values 
were calculated. 
 
Results 
Group mean of the mean ADC differed 
between groups; 0.392 cm2/s ± 0.119 
for established emphysema and 0.216 
cm2/s ± 0.046 for pre-clinical 
emphysema. Group mean EI differed; 
11% ± 12 for established emphysema 
and 0 % ± 1 for pre-clinical 
emphysema. The group mean of the 15th 
percentile was -956 HU ± 25 versus -
933 HU ± 14 and the group mean MLD 
was -877 HU ± 20 versus -863 HU ± 
15. 

Good correlations (in each patient) 
between mean ADC from HP 3He MRI 
and EI and 15th percentile from MSCT 
were found with r = 0.90 and r = -0.90 
(Figure 1 and 2).  
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Figure 1. Graph showing the 
correlation (r = 0.90) between mean 
ADC (apparent diffusion coefficient) 
from 3He- MRI and EI (emphysema 
index) from MSCT. *The correlation is 
significant at the 0.01 level (two-tailed). 
The circles represent patients with 

established emphysema and the squares 
patients with pre-clinical emphysema. 
The established emphysema group 
shows higher ADC values with higher 
EI while the pre-clinical emphysema 
group shows lower ADC values 
(normal) with EI values near to zero. 
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Figure 2. Graph showing the negative 
correlation (r = -0.90) between 15th 
percentile point in HU (Hounsfield 
Units) from MSCT and mean ADC 
(apparent diffusion coefficient) from 
3He-MRI. *The correlation is 
significant at the 0.01 level (two-tailed). 
The circles represent patients with 
established emphysema and the squares 
patients with pre-clinical emphysema. 
The negative correlation is very close 
for both groups. 
 

The correlation between mean ADC and 
MLD was lower (r = -0.59) than with 
the other parameters from MSCT 
(Figure 3). 
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MLD vs Mean ADC
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Figure 3. Graph showing the negative 
correlation (r = -0.59) between mean 
ADC (apparent diffusion coefficient) 
and MLD (mean lung density). *The 
correlation is significant at the 0.01 
level (two-tailed). The circles represent 
patients with established emphysema 
and the squares patients with pre-
clinical emphysema. The higher ADC 
values in the patients with emphysema 
do not correspond well with lower lung 
density values. The pre-clinical group 
shows lower ADC and MLD values. 
 

Percent predicted DL,CO showed higher 
correlation with mean ADC (r = 0.82 
Figure 4) than with EI and 15th 
percentile (0.66 and 0.60 respectively 
Figures 5 and 6). There was no 
correlation between % predicted DL,CO 
and MLD (r = 0.29, data not shown). 
The correlations with % predicted FEV1 

and FEV1/FVC were slightly lower, but 
better with mean ADC than EI (r = 0.67 
and 0.55 respectively for % predicted 
FEV1 and r = 0.61 and 0.53 respectively 
for FEV1/FVC). The correlations 
between % predicted FEV1 and 

FEV1/FVC with 15th percentile and 
MLD were weaker (r = 0.55 and 0.45 
for % predicted FEV1 and r = 0.49 and 
0.43 for FEV1/FVC respectively). Those 
results are not presented as figures. 
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Figure 4. Graph showing the 
correlation (r = -0.82) between mean 
ADC (apparent diffusion coefficient) 
from 3He- MRI and percent predicted 
DL,CO (diffusing capacity of carbon 
monoxide) from PFT (pulmonary 
function test). *The correlation is 
significant at the 0.01 level (two-tailed). 
The circles represent patients with 
established emphysema and the squares 
patients with pre-clinical emphysema. 
The higher ADC values correspond with 
lower percent predicted DL,CO values in 
those patients with emphysema while 
lower (normal) ADC values correspond 
with higher (normal) % predicted DL,CO 
values in the pre-clinical group. 
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DLCO vs EI
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DLCO vs 15 th perc.

r = 0.60*
p = 0.003
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Figure 5. Graph showing the 
correlation between percent predicted 
DL,CO (diffusing capacity of carbon 
monoxide) from PFT (pulmonary 
function test) and EI (emphysema index) 
from MSCT. *The correlation is 
significant at the 0.01 level (two-tailed). 

Figure 6. Graph showing the 
correlation (r = 0.60) between 15th 
percentile point in HU from MSCT and 
percent predicted DL,CO (diffusing 
capacity of carbon monoxide) from PFT 
(pulmonary function test). *The 
correlation is significant at the 0.01 
level (two-tailed). The circles represent 
patients with established emphysema 
and the squares patients with pre-
clinical emphysema 
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.  Lacunarity is then 
alculated as:  

 
Lacunarity  = 1 + variance2/mean2 

 ¾ of the voxels lay within the 
lun

Progression of Emphysema in a 12-month Hyperpolarized      
3He- MRI Study: Lacunarity Analysis Provided a More 
Sensitive Measure than Standard ADC Analysis 
 

Material and methods 
Subjects 
Thirty-nine subjects were recruited (age 
range 25-74 years). Twenty-two 
subjects had established emphysema 
(FEV1 and a DL, CO < 80% of predicted 
values).  Of the emphysema subjects, 18 
had usual COPD (8 currently smoking) 
called COPDs, 10 ex-smoking (no 
smoking within the past 12 months) 
called COPDx, and 4 with AAT 
deficiency emphysema called COPDa.  
The 17 subjects without emphysema 
were 5 subjects with AAT deficiency 
without symptoms of emphysema, 
called Controla, and 12 healthy non-
smoking subjects called Control. 

Each subject was imaged at two 
lung volumes: FRC and FRC + 15% of 
TLC. Imaging was done at baseline, at 6 
months and at 12 months for the 18 
subjects with usual COPD and the 
healthy volunteers. The AAT-deficient 
subjects were imaged at baseline and at 
6 months only. 
 
Post-hoc lacunarity analysis 
Lacunarity is a computationally simple 
texture analysis that has been used to 
examine growth patterns in forests (16, 
17).  The calculation uses a three 
dimensional “gliding box” of varying 
sizes (1x1x1 through 10x10x10 voxels).  

The average ADC value within the box 
is calculated for each position as the 
box moves in a voxel-by-voxel step 
fashion.   After a collection of average 
values has been obtained from moving 
the box through the entire lung image, 
the mean and variance of those values 
are calculated
c

i

 
Where “i” is the dimension of the 
gliding 3-dimensional box (i x i x i) and 
the mean and the variance are calculated 
as described above. To address the 
“edge effects” when the gliding box 
includes voxels outside of the lungs, the 
mean value for a box position was not 
used in the calculation of lacunarity 
unless

g. 
Lacunarity will tend to fall as the 

box size increases because of the 
smoothing effect of using a more course 
analysis results in a decrease in the 
variance term of the lacunarity.  The 
value of the mean term varies very little 
with changes in box size.  A 
homogenous distribution of ADC values 
will result in a rapid fall in lacunarity as 
the box size increases.  The fall will be 
less rapid if the distribution is more 
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efore the lacunarity of the data from 

y was calculated. 

ot assume distributional properties of 

nsion of the 
 signed-rank test. 

s were not 
statistically significant. 

 

inhomogeneous. The mean ADC value 
for box sizes 2-6 was calculated to 
arrive at a single number for each 
image.  This parameter was selected to 
maximize the difference between the 
control and the COPD lacunarity values 
in the reproducibility data set and was 
established as the lacunarity endpoint
b
this progression stud
 
Statistical analysis 
Change and percent change from 
baseline were calculated for each 
subject.  For comparisons between 
COPD and controls, both the healthy 
controls and the asymptomatic AAT 
subjects were used as controls.  COPD-
control comparisons were made using 
the Wilcoxon signed-rank test, which 
does not assume distributional 
properties of the changes from 
baseline.  Changes at 6 and 12 months 
were tested separately.  The association 
between endpoints was assessed using 
Spearman's rank correlation, which does 

the endpoints.  At 12 months, an 
additional comparison of the three 
groups imaged at 12 months (healthy 
controls, smokers with COPD and non-
smokers with COPD) was performed 
using the Kruskal-Wallis rank test, 
which is a multi-group exte

n

Wilcoxon
 
Results 
Figures 1-2 and Tables 1 and 2 show 
that during the 12–month follow-up 
there were no significant changes in 
FEV1, DL,CO, or mean ADC at either 
lung volume for any of the groups.  
Table 2 shows that FRC (% predicted) 
increased significantly (p<0.01 vs. 
baseline by paired t-test) during the first 
6 months and remained elevated at 12 
months for the COPDs.  The change 
from 6 to 12 months was not 
statistically significant. Residual 
volume (RV) (% predicted) also 
increased during the first 6 months and 
remained elevated at 12 months for the 
COPDs but the change
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Figure 1.  Values are presented in Mean and standard error of the mean at three points 
of time in Controls, COPDs (smokers), COPDx (ex-smokers), COPDa (alpha-1-
antitrypsin deficiency) and Controla (alpha-1-antitrypsin deficiency asymptomatic). 
There was no significant change in mean ADC (apparent diffusion coefficient) at 15% of 
TLC (total lung capacity) in the groups along the time. FRC: functional residual 
capacity. TLC: total lung capacity. 
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Figure 2.  Values, mean and standard error of the mean are presented in Controls, 
COPDs (smokers), COPDx (ex-smokers), COPDa (alpha-1-antitrypsin deficiency) and 
Controla (alpha-1-antitrypsin deficiency asymptomatic). There was no significant change 
in mean ADC (apparent diffusion coefficient) at FRC (functional residual capacity) in the 
groups along the time. 
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Table 2:  Mean ADC (values are mean ± SD.) 

*FRC: forced residual capacity; TLC: total lung capacity; COPDs: COPD smokers; 
COPDx: COPD ex-smokers; COPDa: COPD alpha-1-antitrypsin deficiency; Controla: 
control alpha-1-antitrypsin deficiency 
 

 
Figure 3 and Table 3 shows the results 
of the post-hoc lacunarity analysis of 
the MR images.  The mean lacunarity 
calculated from the ADC values 
acquired at FRC increased in the 
COPDs group at 6 months (p=0.063, 

NS) and at 12 months (p=0.023, 
significant) compared to baseline.  
There were no significant changes in the 
lacunarity at FRC in any of the other 
groups or in the lacunarity at FRC + 
15% in any group. 
 

  

 
 
 
 
 
 
 

 Mean ADC (cm2/sec) 

 FRC* + 15% TLC*  FRC 

Subjects Base 6-mo 12-mo  Base 6-mo 12-mo 

Control 
0.217 

±0.040 

0.217 

±0.037 

0.220 

±0.038 
 

0.188 

±0.038 

0.176 

±0.037 

0.191 

±0.045 

COPDs* 
0.348 

±0.127 

0.344 

±0.131 

0.350 

±0.134 
 

0.312 

±0.140 

0.318 

±0.150 

0.279 

±0.083 

COPDx* 
0.389 

±0.097 

0.384 

±0.094 

0.386 

±0.100 
 

0.363 

±0.094 

0.359 

±0.095 

0.346 

±0.086 

COPDa* 
0.483 

±0.103 

0.499 

±0.106 
  

0.428 

±0.094 

0.446 

±0.108 
 



 
 

 
Figure 3. Values, mean and standard error of the mean are presented in Controls, 
COPDs (smokers), COPDx (ex-smokers), COPDa (alpha-1-antitrypsin deficiency) and 
Controla (alpha-1-antitrypsin deficiency asymptomatic). Mean lacunarity increased at 
FRC (functional residual capacity) in the COPDs group at six and 12 months and was 
considered significant with p<0.05 vs the controls.  
 
Table 3.   Lacunarity (values are mean ± SD.) 

 Lacunarity 

 FRC* + 15% TLC*  FRC 

Subjects Base 6-mo 12-mo  Base 6-mo 12-mo 

Control 
1.027 

± 0.007 

1.024 

± 0.004 

1.027 

± 0.007 
 

1.040 

± 0.011 

1.038 

± 0.012 

1.037 

±  0.012 

COPDs* 
1.059 

± 0.053 

1.062 

± 0.50 

1.057 

± 0.040 
 

1.040 

± 0.017 

1.056** 

± 0.040 

1.060*** 

± 0.046 

COPDx* 
1.056 

± 0.032 

1.056 

± 0.030 

1.055 

± 0.029 
 

1.053 

± 0.023 

1.061 

± 0.032 

1.054 

± 0.028 

COPDa* 
1.076 

± 0.058 

1.083 

± 0.075 
  

1.103 

± 0.120 

1.095 

± 0.093 
 

Controla* 
1.022 

± 0.001 

1.021 

± 0.001 
  

1.032 

± 0.005 

1.028 

± 0.004 
 

*FRC: forced residual capacity; TLC: total lung capacity; COPDs: COPD smokers; 
COPDx: COPD ex-smokers; COPDa: COPD alpha-1-antitrypsin deficiency; Controla: 
control alpha-1-antitrypsin deficiency. **p=0.063 (NS) vs. Control; ***p = 0.023 vs. 
Control. 
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Paper I 
Good reproducibility is fundamental in 
order to differentiate between normal 
and abnormal ADC values in the lungs. 
It is a prerequisite to be able to monitor 
the course of emphysema and to follow 
the results of a particular therapy.  

The method of imaging the lungs 
and calculating the ADC has been used 
in animals with elastase-induced 
emphysema (76), in a small number of 
healthy adult subjects and subjects with 
lung disease (77-80). In these studies, 
the ADC values in emphysematous 
lungs were increased relative to ADC 
values obtained in subjects with healthy 
lungs. In another study, conducted by 
Salerno et al, (63) a volume of 0.35 L of 
helium polarised to levels from 15% to 
35% and diluted to a total volume of 1.0 
L with a filler with N2 were used to 
investigate ADC measurements in 16 
adult healthy subjects, 11 subjects with 
smoke-related COPD and 1 subject with 
alpha-1 antitrypsin deficiency (AAD) 
emphysema. The ADC images were 
homogeneous in healthy subjects, but 
demonstrated regional variations in 
diseased subjects. The ADC 
measurements (cm2/sec) were 
significantly larger (p<0.002) than those 
for healthy subjects. Based upon the 
experience of the University of Virginia 
(63) and previous data in animals and 
humans, a dose of 4.5 mmol net activity 
and two volumes based on TLC was 

used to design this study in order to 
explore the short-term reproducibility of 
ADC and the appropriate volume of HP 
gas to use in 

physema. 
The measurements of mean ADC in 

our study were very reproducible. The 
reproducibility of the mean ADC 
measurement within a subject is 
affected by the ability of the subject to 
lie still, to inhale the whole volume and 
to hold their breath during imaging. The 
good reproducibility in this study may 
in part have been due to our efforts to 
explain the procedure and train the 
subjects to cooperate to follow the 
protocol exactly. The results were also 
similar in an exploratory study (81) 
where the subjects did not leave the 
scanner between the imaging sessions. 
It has also been shown that different 
centers

).  
The clear difference in ADC values 

between volunteers and patients and the 
lack of overlap between the groups 
would suggest that ADC values no 
higher than 0.25-0.27 cm2/sec should be 
expected in healthy lungs at an inhaled 
volume of 15% of TLC. This is in the 
same range as values from other studies 
(62, 76, 81, 83) with different diffusion 
gradients and volumes. However, other 
factors might influenc

ue, for example age. 
One limitation of the present study 

was that the slices did not cover the 
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entire lung in all cases. Therefore, the 
overall day-to-day reproducibility could 
have been affected by difficulties in 
positioning the slices at the same 
location each day. One way to avoid 
such repositioning errors would be to 
use an optimized 3D sequence which 
could also allow for smaller voxels (83). 
Another limitation of diffusion 3He 
MRI is that the ADC values on an ADC 
map are only derived from the lung 
regions in which HP 3He gas reach, we 
obtained a measurable ADC-value 
although with higher SD even when 
only a small amount of HP 3He reached 
an area and the signal therefore was 
low. This low signal however, did not 
appear to influence our results and the 
method is robust also when a
lun

 
g are less 

Paper II 
Once the good short-term 
reproducibility of ADC measurements 
has been shown by Morbach et al (81) 
in patients scanned the same day with a 
20-min interval between the imaging 
sessions without repositioning and by 
(84) also in healthy volunteers and 
patients but scanned on three 
consecutive days with repositioning, the 
next step is to demonstrate the lo

 reproducibility of the method. 
Currently, the available diagnostic 

tools are not sensitive enough for 
monitoring disease progression over 
shorter time spans. This lack of 
sensitivity also prevents the evaluation 
of any intervention at an early stage of 

disease. Pulmonary function tests 
(PFTs) are markers of global function. 
Imaging tools such as computed 
tomography (CT) can aid in the 
diagnosis, but involves ionizing 
radiation which limits its use in 
longitudinal studies. Besides, CT has 
poor specificity for separating a fully 
expanded healthy lung from a lung with 
for example, mild emphysema (85). 
Hyperpolarized 3He-MR imaging has 
emerged as a promising technique to 
measure structure and function in the 
lungs without ionizing radiation, and 
thereby opens up the possibility for 
monitoring disease progression and the 
effect of therapeutic efforts. The novelty 
of the present study is that it 
demonstrates good long-term 
reproducibility of ADC measurements 
at three different time-points (baseline, 
6 months and 12 months) in a group of 
12 healthy volunteers at the same 
centre, with the same MRI parameters 
and scanner. The technique seems to be 
sufficiently robust to have the potential 
to be used to investigate patients to 
assess the development of e

COPD and in the future to evaluate 
the effects of drug therapies. 

The correlation between mean ADC 
and age was not as high as that found by 
other groups (71, 86, 87). This may be 
attributed to the fact that the age 
distribution in our population was 
narrow. Nevertheless, there was a trend 
to higher ADC values with aging. We 
found that the correlation of mean ADC 
with age was slightly higher in the 
apical regions of the lung, supporting 
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the theory that aging causes changes 
resembling emphysema in COPD with 
the same distribution pattern as COPD-
related emphysema (88-90). Age affects 
the interpretation of results and

refore be taken into account when 
normative data are established. 

We found a significant difference in 
mean ADC between the most anterior 
compared to the  most posterior regions 
of the lung. This is in accordance with 
results presented by other groups for 
healthy subjects (63, 79, 83, 91-93). 
This difference has been explained by 
the gravitational compression of the 
alveoli in the most posterior regions of 
the lung when in the supine position. 
This assumption is supported by the 
examination of one volunteer (data is 
not included in the analysis in this 
study) in both supine and prone position 
in which mean ADC was higher in the 
highest slices in both positions, 
although the difference was smaller in 
the prone position. We did not find 
significant apical-basal regional 
differences in mean ADC in the lungs. 
We attribute this to the fact that we 
measured the ADC of the ROI in the 
most peripheral regions to avoid bias 
from the high ADC values from t

nchial segments and the fact that the 
subjects were in the supine position.  

Limitations of the present study are: 
the small sample size which diminishes 
the power of the study; the selection of 
the patients, which was not age-matched 
and could explain the relative low 
correlation when compared to other 
groups. Besides, it is very difficult to 

now how much of the ADC value which 
should be attributed to disease and how 
much to aging because there is no 
established normal range for mean ADC 
values. Looking at what has been 
proposed as ‘normal’ in healthy human 
lungs shows that the variation is high 
between research groups. The lowest 
mean ADC value described has been 
0.17 cm2/s by Morbach et al.(81) and 
the highest 0.24 cm2/s by Altes et al. 
(86). This can be explained by the 
different techniques used by different 
groups. Our mean ADC value is 0.21 
cm2/s but one subject had a mean ADC 
at 0.29 cm2/s which is in the range of 
values found in early-stage emphysema 
patients. The subjects had all been 
included based on the same inclusion 
criteria using spirometric parameters of 
normality. This indicates tha
from spirometry
normal and ab

 

Paper III 
The present study compares the mean 
ADC from HP 3He MRI with data from 
MSCT and PFT, especially % predicted 
DL,CO, for the diagnosis of emphysema. 
It is one of the first studies that compare 
data from different techniques. Our data 
demonstrate good-to-excellent 
agreement between mean ADC from 
MRI and quantitative data from MSCT 
and PFT, wher

related less well with PFT especially 
% predicted DL,CO. 

Although lung densitometry for the 
assessment of pulmonary emphysema 
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 D  (r = 0.29). The 
dif

with CT has been compared to 
pathology (94), pulmonary function and 
health status, there is not yet any 
method regarded as a fully optimized 
and standardized evaluation technique 
for CT images. The results of the 
National Emphysema Treatment Trial 
study by Naunheim et al (95) and more 
recently Madani et al (33) suggest that 
imaging of the whole lungs with T

a more appropriate technique. We 
therefore used whole lung MSCT for 
the comparison with MRI data.  

Mean lung density (MLD) and 15th 
percentile point did not show a large 
decrease in our emphysema patients 
compared to the pre-clinical 
emphysema group contrary to 
expectations. The EI was however 
increased. MLD calculated by 
averaging the densities of all pixels in 
the image that represents the lungs has 
been found to be less reproducible and 
therefore less sensitive to density 
changes than other densitometry 
parameters (96). The percentile point 
has been compared to PFT (22) and 
pathology (23). As described by Stoel 
(25) and Stolk (97), the RA and the nth 
percentile point are closely related, 
since they are each other’s inverse 
function. However, RA has less 
discrimination power and its sensitivity 
is highly dependent on the threshold 
used, while in the nth percentile point, 
each percentile corresponds to a distinct 
density value and its sensitivity is 
therefore less dependent of the choice of 
percentile. This advantage made us 
choose the 15th percentile as one of the 

reference measurements of emphysema 
by MSCT.  Standardization of the 
optimal Emphysema Index (EI) 
threshold remains unsolved. We 
decided to use the threshold -950 HU 
based on the results of the study by 
Genevois (98), which showed the 
threshold -950 HU to be the one best 
correlating with emphysema. However, 
consideration must be t

Dirksen et al (24) which suggests the 
percentile point to be more robust than 
the emphysema index. 

Our results showed stronger 
correlation between mean ADC and % 
predicted DL,CO (r = 0.82) than between 
EI and % predicted DL,CO (r = 0.66) as 
well as between 15th percentile and % 
predicted DL,CO (r = 0.60) and MLD and 
% predicted L,CO

ference seems to be that some 
patients with a low EI still have a high 
mean ADC. 

One limitation in our study was the 
difference in the inspired volumes at the 
examinations. The MRI images were 
generated at FRC + 15% of TLC and 
the MSCT images at TLC. 
Consequently, differences in alveolar 
volume may influence our results. 
However, it has been shown that the 
value of the ADC depends on the 
inhaled volume with a higher ADC if a 
larger volume is inhaled (84). This 
suggests that the mean ADC would 
have been higher at TLC and the 
sensitivity for small changes even 
higher if MRI had been performed at 
TLC. This would have further enhanced 
the difference from MSCT indices 
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lation.  Air trapping would 
be 

shown. Further, air trapping could 
represent a limitation in our study, since 
the gas reaches areas that are well 
ventilated. We tried to avoid this by the 
use of an individually adjusted volume 
of gas. The inhaled volume of 3He was 
adjusted to 15% of the TLC of each 
patient in order to assure that the gas 
was distributed throughout the lungs. It 
has also been shown earlier (84) that 
this dose seems to be enough to avo

ous air trapping. Besides, special 
emphasis was made in training all 
patients to breathe appropriately.  

The current study confirms that 
mean ADC clearly depicts emphysema-
related changes, correlates well with 
emphysema index and other parameters 
from CT. It also seems to correlate 
better with % predicte
parameters derive
measurements
using ionizing radiation. 

 
Paper IV 
The study showed unequivocally that 
mean ADC did not detect disease 
progression of mild emphysema in 
COPD patients within 6-12 months.  
However, the study provided 
considerable information about 
techniques that may be able to detect 
progression in a subset of COPD 
patients. As expected, FEV1 and DL,CO 
also failed to detect progression in any 
of the COPD groups. However, every 
COPDs subject showed an increase in 
FRC at 6 months resulting in a 
statistically significant increase for this 

group.  This change of FRC was 
surprising and may be related to the 
progression of air trapping in the lungs 
in this popu

expected also to increase the mean 
RV, which did occur in this group, but 
the changes were not statistically 
significant. 

Mean ADC is the most commonly 
used biomarker of lung structure 
obtained from MR imaging of the lungs 
with hyperpolarized gas. But, it has an 
inherent limitation because it ignores 
the spatial information that is contained 
in the ADC images. We analyzed the 
data with a more global texture analysis, 
lacunarity, which would quantify the 
inhomogeneities of the distribution of 
ADC values that should increase as 
emphysema progresses (99).  The 
lacunarity of the ADC maps increased 
significantly at 12 months but only for 
the images obtained at FRC and only 
for the COPDs group. Many questions 
arose from this surprising result and we 
tried to analyze each factor that could 
be relevant to explain it. The first 
consideration we made was that 
emphysema is a slowly progressing 
disease. Therefore the changes that 
occur within 12 months are usually very 
small.  Firstly, imaging the lungs at 
FRC may have amplified the structural 
changes because air trapping would 
tend to increase the size of the large 
alveoli and decrease the size of the 
smaller normal alveoli and thereby 
increase the inhomogeneities that 
lacunarity is measuring. Secondly, the 
lack of lacunarity increase in COPDa 
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first sight, the most surprising finding 
was that lacunarity was the same for the 

e to a 
sim

ry 
to validate these results in a prospective 
study with a larger group of subjects. 

 

can be explained by the inherent 
differences in the pathology between 
these two types of COPD. Emphysema 
due to smoking occurs primarily in the 
upper lobes and it is more “patchy” than 
emphysema due to AAT deficiency 
which occurs primarily in the lower 
lobes. In the latter, the destruction of the 
alveolar walls is more evenly 
distributed and results in a more 
homogeneous size distribution of the 
enlarged alveoli (100). Thirdly, the lack 
of lacunarity increase in the COPDx 
group might be explained by the 
variability of response that may well 
reflect the true variability in the 
biological effects that occur after 
smoking cessation. Fourthly, lacunarity 
increased more in the first 6 month and 
this might be attributed to seasonal 
differences because the first 6 months 
were from June to December for all 
subjects. However, there were no 
obvious differences in the number of 
exacerbations or other adverse events 
reported in the two periods. Fifthly, at 

COPDs and control subjects at baseline. 
One of the reasons for the similarity of 
the lacunarites at baseline is that two of 
the 8 COPDs subjects may have had no 
emphysema at all. Removing the two 
subjects separates the baseline values 
and also increases the relative size of 
the changes with time in the other 6 
subjects. Another reason for the 
similarity of the lacunarity values at 
baseline lies in the formula for 
lacunarity. As emphysema progresses, 
both the variance and the mean would 
increase.  Therefore, in the earlier stages 
of emphysema development, the mean 
and the variance may increas

ilar degree, which would tend to 
minimize changes in lacunarity. 

In subjects who have established 
emphysema and who are currently 
smoking, the use of all of the spatial 
information collected from the ADC 
maps for textural analysis might provide 
a biomarker of disease progression. 
However, further studies are necessa
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Functional imaging of the lung has 
developed from nuclear medicine 
techniques in the past to MSCT and 
MRI with intravenous or inhaled 
contrast media nowadays. Both 
modalities have developed fast and 
provide the radiologist with detailed and 
regional information about respiratory 
mechanics, ventilation, gas exchange 
and perfusion. MRI has, in fact, 
contributed most to functional imaging 
of the lung in the recent years. Among 
lung parenchyma diseases emphysema 
has been in focus particularly with 
inhaled gases HP i.e. 3He. Several 
factors must be considered regarding 
the HP technique such as dose delivery, 
MR scanner, sequences, data analysis, 
costs, etc. 

Each hyperpolarisation technique 
has advantages and disadvantages that 
are based mainly in economical aspects. 
Spin-exchange technique is relatively 
easier to perform than metastability 
exchange technique and reaches 
approximately 30-40% polarisation 
without enrichment techniques, but it is 
only for the moment capable of 
producing 1 L of HP 3He per 24 hours. 
This amount allows performing four to 
six MR sequences per day. The 
metastability exchange technique used 
today can produce up to 25 L of gas 
reaching polarisation levels up to 50-
80% in 24 hours. This opens for the 
possibility of a centralized production 
with a distribution network if the 
appropriate infrastructure is available. 

In this way the costs could diminish. 
Optimization of the best technique to 
hyperpolarize the gas is important due 
to the limited accessibility to helium in 
nature. This restriction contributes to 
increased costs. One possibility to 
overcome this difficulty is to bring 
helium from the moon. This is not an 
inconceivable option as there already is 
the possibility to ‘travelling’ outside the 
earth as a tourist attraction. Actually, as 
3He also is an important part of the 
fusion technique for energy production 
there is an increasing interest in lunar 
3He. As an example, on October 22th 
2008 India sent up a satellite with the 
outspoken purpose of exploring the 
amounts of 3He around the moon. 

HP 3He can be delivered to the 
subject by two different methods. One 
way is through a tube connected to a 
plastic bag. This method uses a mixture 
of 3He in N2, giving an anoxic breath. 
This method has the advantages of 
being easy to perform, fast and clean. It 
is also easy to control the volume of gas 
mixture to be inhaled. However, 
disadvantages are that an anoxic breath 
can be difficult for very impaired 
patients that are in lying supine in the 
scanner. It is also not possible to recycle 
the 3He-gas easily. Alternatively, the 
gas can be administered by a 
mouthpiece using a delivery device. The 
dose is administered as a bolus of 
approximately 50-500 ml. One 
advantage of this method is that the 
dose of gas can be administered at an 
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arbitrarily set point during inspiration. 
Additionally, the applicator device 
allows recovery of the exhaled 3He, 
allowing recycling and consequently 
reducing costs. One disadvantage is that 
the inhaled volume of gas mixture is 
decided by the patient which could 
reduce the reproducibility. Another 
disadvantage is that the oxygen content 
in the mixture of 3He and air depolarises 
the 3He to a certain extent which 
reduces the signal. We decided to use 
the bag system because we wanted to 
control the volume of gas administered 
to the patient and both to establish any 
volume dependency and to obtain a high 
level of reproducibility.   

The MR scanners most widely used 
for HP 3He are 1.5 T systems because 
this is the standard field strength in 
clinical practice. However, MR 
scanners are expensive and require an 
expert team to get the best results. 
Moreover, MR scanners are less 
available at radiology departments all 
over the world than CT. The technical 
requirements for MRI with HP 3He are 
even more specific: the MR system 
requires broadband or multiband 
capability and special RF coils. These 
factors all increase the costs.  

There are three major aspects that 
must be taken into account when an 
imaging strategy for HP gas is chosen. 
Firstly, the non-recoverable 
hyperpolarisation of the spin population 
puts restrictions on the pulse sequences 
employed. Secondly, the introduction of 
oxygen from the airways leads to loss of 
polarization through T1 relaxation. 

Thirdly, the high diffusion coefficient of 
3He at atmospheric pressure (D≈1.8 x 
10-4cm2s-1) results in measurable signal 
loss even for the gradient waveforms 
used for routine imaging. Therefore, 
fast imaging sequences must be used 
such as FLASH, FISP, RARE and EPI. 
We used a FLASH sequence because at 
the moment we started our studies it 
was the most used method for this kind 
of research. In this way our results 
could be comparable with other 
research groups.  

To provide more information of lung 
microstructure it has recently been 
proposed (68) to use a range of time 
scales. This technique could provide 
information of different parts i.e. using 
a very short timescale would provide 
information about the alveoli while a 
long timescale would provide 
information about the bronchioles. 
Another way to obtain more detailed 
information of lung microstructure may 
be the use of 3D imaging sequences 
with high spatial resolution. 

COPD is an increasing health 
problem being one of the most prevalent 
causes of morbidity and mortality 
worldwide. It is currently a global 
health priority (5). It is of extreme 
importance not only to make an 
accurate diagnosis in those patients who 
already have a deteriorated lung 
function and in those who are 
symptomatic but also in those patients 
who have an early or mild disease and 
are asymptomatic. MRI is of particular 
interest for the functional in vivo 
evaluation of patients with COPD. It 
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can provide both functional and 
morphological information with the 
advantage of not using ionizing 
radiation. Despite large advances in this 
field in the last years, there is a need for 
validation of one method to establish a 
standard protocol that can be used. 
Thereby, the results can be comparable 
between different centres. This 
standardized protocol must include: 
sequence, b-values, flip angle, diffusion 

gradient direction, etc., as well as the 
3He application technique and data 
analysis. Only this way normal 
reference values can be established. 
Further validation using the 
morphological and functional standards 
of reference also has to be made. If this 
is achieved, MRI could become a useful 
imaging modality in the assessment of 
early emphysema and in the follow-up 
of patients under medical therapy. 



 
CONCLUSIONS AND FINAL REMARKS 

53 

 
 
The general aim of this work was to 
evaluate the potential of hyperpolarized 
3He-diffusion MRI technique to 
diagnose early emphysema changes in 
the lungs. 
 
This work supports the following 
conclusions: 
 

 ADC measurement with HP 
3He MR imaging was highly 
reproducible, sensitive to small 
differences in alveolar size, and clearly 
separates volunteers and patients with 
mild to moderate emphysema. 
Dependency on inhaled volume of gas 
was shown, and the higher volume, 15% 
of TLC, seemed preferable. 
 

 The long-term reproducibility 
of the ADC in healthy volunteers was 
good. There was a correlation between 
mean ADC and age, which means that 
age must be taken into account when 
judging the absence or presence of 
emphysematous disease changes based 
on 3He MR imaging. 
 

 Mean ADC clearly depicted 
emphysema-related changes, correlated 

well with emphysema index and the 15th 
percentile. The correlation between 
DL,CO and 3He MRI was better than with 
CT. 
 

 The mean ADC calculated 
from the data obtained by 3He MR 
imaging was not able to detect 
emphysema progression within 12 
months in this study. However, it all the 
spatial information collected from the 
ADC maps was used for a textural 
analysis, in this case, lacunarity analysis 
it could provide a biomarker of disease 
progression in subjects who had 
established emphysema and who were 
currently smoking.  

 
In addition to these conclusions, the 
combination of MR imaging, 
hyperpolarized gases, and the proper 
textural analysis of the data could 
provide a powerful investigative tool for 
understanding the pathophysiology of 
emphysema and evaluation of therapies 
designed to alter the course of disease 
even if economic obstacles prohibit a 
widespread use. 
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