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Abstract 
The introduction of hyperpolarized gases (3He and 129Xe) has opened the door to applications for which 
gaseous agents are uniquely suited – lung MRI. One of the pulmonary applications, diffusion MRI, relies 
on measuring Brownian motion of inhaled hyperpolarized gas atoms diffusing in lung airspaces. Herein I 
will provide an overview of the theoretical ideas behind hyperpolarized gas diffusion MRI and the results 
obtained over the decade-long research. I will describe a simple technique based on measuring gas 
apparent diffusion coefficient (ADC) and an advanced technique, in vivo lung morphometry, that 
quantifies lung microstructure both in terms of Weibel parameters (acinar airways radii and alveolar 
depth) and standard metrics (mean linear intercept, surface-to-volume ratio and alveolar density) that are 
widely used by lung researchers but were previously available only from invasive lung biopsy. This 
technique has the ability to provide unique 3D tomographic information on lung microstructure from a 
less than 15-second MRI scan with results that are in good agreement with direct histological 
measurements. These safe and sensitive diffusion measurements improve our understanding of lung 
structure and functioning in health and disease, providing a platform for monitoring the efficacy of 
therapeutic interventions in clinical trials. Detail discussion can be found in a recent review paper (1). 
 
Diffusion Lung Imaging (Background) 

Diffusion MRI with hyperpolarized gases is based on measurements of hyperpolarized gas 
diffusion introduced in the lung airspaces during inhalation. Initial applications have focused on studying 
3He gas and subsequently progressed to 129Xe. We will mostly discuss 3He. 
 In any fluid medium, the atoms or molecules diffuse; that is, the atoms perform a Brownian-
motion random walk. In time interval Δ (diffusion time), in the absence of restricting walls or barriers the 
molecules will move a root mean-square distance 1/2

1 0(2 )L D= Δ  along any axis. The parameter D0 is 

termed the free diffusion coefficient, which for highly diluted 3He in air at 37°C is about 20.88 cm /s . 
Hence 3He gas atoms can wander distances on the order of 1 mm in times as short as 1 ms. The alveolar 
walls as well as the walls of bronchioles, alveolar ducts, sacs and other branches of the airway tree serve 
as obstacles to the path of diffusing 3He atoms and limit their displacement. Indeed, for diffusion times 
around 2 ms, the MR-measured average 3He apparent diffusion coefficient (ADC) in healthy human lungs 
is approximately 20.20 cm /s , more than a factor of four smaller than D0. For short diffusion times (a few 
milliseconds) the 3He gas can explore mostly alveoli and individual acinar airways and thus is primarily 
reporting on only those structures. 

The simplest MR measurement of diffusion is the Stejskal-Tanner-type pulsed field gradient 
(PFG) experiment (2) in which a free-induction decay MR signal is acted upon by two opposite-polarity 
gradient pulses (Figure 1) – the so-called diffusion-sensitizing gradients. 

 
Figure 1. Diffusion sensitizing pulse gradient waveform employed in 
diffusion MRI with hyperpolarized gases at short diffusion times. In 
this diagram Gm is the gradient lobe amplitude, Δ is the spacing 
between the leading edges of the positive and negative lobes (the 
diffusion time), δ is the full duration of each lobe, and τ is a ramp-up 
and ramp-down time. 
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In the presence of gradient pulses, nuclear spins suffer a net phase shift proportional to their 
displacement during the diffusion time Δ, resulting in decreased signal amplitude. In the case of 
unrestricted diffusion, the MR signal S decays as 0 0exp( )S S bD= − . Here, S0 is the MR signal intensity in 
the absence of diffusion-sensitizing gradients, and the b-value is determined by the gradient waveform 
shape. For the gradient pulses in Figure 1, the corresponding b-value is (3,4): 

 2 2 2 27 8
( ) 2

3 6 15mb G
δγ δ τ δ δ τ δτ τ⎡ ⎤⎛ ⎞ ⎛ ⎞= Δ − + − Δ + Δ − +⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

 [1] 

In the presence of barriers such as alveolar walls and walls of lung airways, the diffusive motion is 
restricted and the MR signal decay is often described in terms of the ADC:  
 0 exp( )S S b ADC= − ⋅  [2] 
Contrary to the free diffusion case where ADC is equal to D0 and depends only on the molecular diffusion 
properties, the ADC for restricted diffusion evaluated from Eq.[2] depends also on the tissue structure and 
on the timing details of the gradient waveform and gradient strength.  
 
ADC Measurements in Healthy and Emphysematous Lungs 

ADC measurements are usually done with two b-values thus allowing coverage substantial part of 
the lungs in a single breath-hold. Already initial publications (4-7) demonstrated that ADC of 
hyperpolarized 3He gas in the lungs dramatically increases in emphysema (compared to normal lungs), 
suggesting a large potential as a diagnostic tool for clinical applications. Figure 2 shows examples of 
ventilation images (MRI-measured distribution of 3He gas inhaled by a subject) and 3He gas ADC maps 
of normal human lungs and lungs with severe emphysema. 

Figure 2. (Adopted from (1)) Images of 
normal and emphysematous human lungs. 
Left to right– proton MRI, 3He ventilation 
maps, 3He gas ADC maps and histological 
slices (the latter adopted from (8)); first row 
- normal lungs, second row - lung with 
emphysema. ADC in a normal lung is rather 
homogeneous except for large airways 
(trachea and its first branches) and is about 
0.17 cm2/s. In the emphysema lung 3He gas 
penetrates only into ventilated regions 
(lower portion of the lung in this case) and 
has an ADC about 3 times bigger (0.55 
cm2/s) than the ADC in the normal lung. 

 
The remarkable differences in the ADC values between healthy (0.17 cm2/sec) and diseased (0.52 
cm2/sec) lung indicate that diffusion imaging of the lung with hyperpolarized helium could provide a very 
sensitive tool for clinical evaluation of emphysema.    
 
In vivo Lung Morphometry Technique 
 
Lung Geometrical Model (Weibel Model) as a basis for in vivo Lung Morphometry 

To better understand the relationship between the measured ADC and lung microstructure at the 
alveolar level, we first need to describe lung in terms of some basic geometrical elements. The structure 
of lung airways is usually considered as a branching tree structure beginning at the trachea and leading 
through bronchi and bronchioles to the terminal bronchiole that feeds each acinus – the major gas 
exchange unit in the lung. In humans there are fourteen generations of airways prior to the terminal 
bronchioles and another nine inside the acinus  (9). Gas ventilation in the trachea, bronchi, bronchioles 
and terminal bronchioles occurs by convection (bulk flow), while diffusion is the primary ventilation 
mechanism beyond the terminal bronchioles – in the acini, where about 90 to 95% of gas resides (10). 
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Geometrically, acinus represents the complex of all airways distal to a terminal bronchiole, starting with a 
first order respiratory bronchiole. According to (11,12) essentially all airways in the acinus are decorated 
by alveoli forming an alveolar sleeve (see example in 3).  

Figure 3. Left panel: schematic structure of two 
levels of acinar airways. Open spheres represent 
alveoli forming an alveolar sleeve around each 
cylindrical airway. Right panel: cross section of the 
acinar airway model (13) with two main 
parameters: external radius R and internal radius r. 
The other parameters, the depth of alveolar sleeve, 
h, and the alveolar length, L, are: h = R - r, L = 2R 
sin(π/8) = 0.765 R (8-alveolar model – see 
discussion below). 

 
In humans, the intra-acinar airways branch dichotomously over about 9 generations. Both the 

internal acinar airway radius r and the outer radius R (including the sleeve of alveoli) vary depending on 
the position and branching level of the acinar airway tree; however, the variation is rather small – the 
standard deviation for R is about 60 μm and for r is about 30 μm with mean values of 350 μm and 160 
μm correspondingly (11). The “narrowness” of the distributions of parameters R and r creates a solid 
basis for characterizing acinar airways by the mean values of R and r. 

Another important parameter in Fig. 3 is the “effective alveolar diameter” L.  Here we adopt a 
model in which each alveolus occupies 1/8 of the annular ring (eight-alveolar model (14,15)).  

Using these parameters, we can estimate the alveolar surface area Sa, lung volume per alveolus 
Va, alveolar number density Nv – the number of alveoli per unit lung volume based upon geometry, and 
the mean linear intercept Lm (13). 

 

2(2 ) 2 ,
4 4 8

1
2 sin , , / / 4 /
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a
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π π π

π

= ⋅ + ⋅ − + ⋅ =

= ⋅ = = =
 [3] 

 
Theory of Gas Anisotropic Diffusion in Acinar Airways as a Background for Lung Morphometry 
Technique 

It is important to emphasize that the diffusion time Δ used for lung morphometry technique is a 
crucial parameter and only the specified diffusion time interval should be used in experiments (13,16,17). 
This parameter is selected such that the corresponding r.m.s. free displacement in one direction, 

1/ 2
0(2 2 )D ⋅ Δ , should be larger than the average alveolar radius but smaller than the mean length of 

alveolar ducts or alveolar sacs (in human lung, about 0.76 mm and 1 mm, correspondingly (11)). In other 
words, diffusing gas atoms are expected to diffuse away from single alveoli but remain mostly in the 
same alveolar duct or sac throughout the duration of the bipolar diffusion-sensitizing gradient pulse – i.e., 
2Δ should be short enough but not too short. Since the diffusion coefficient 0D  is different for 3He and 
129Xe, and also depends on gas concentration in lung airspaces, this diffusion time should be selected for 
each specific experimental condition. For 3He in human lungs this sets the upper limit of diffusion time Δ 
to ~1.8 ms for highly diluted 3He gas ( 2

0 0.88cm / sD = ) and to ~ 0.8 ms for lungs filled with pure 3He gas 

( 2
0 2cm / sD = ). For 129Xe gas, this limit is ~10 ms for highly diluted 129Xe gas ( 2

0 0.14cm / sD = ) and 24 

ms for pure 129Xe ( 2
0 0.06cm / sD = ). In small animal lungs, where the alveolar ducts and sacs are shorter, 

the diffusion time Δ should be much shorter (17-20). This constraint recognizes acinar airways 
(respiratory broncheoli, alveolar ducts and alveolar sacs) as the elementary geometrical units contributing 
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to the gas diffusion MR signal. Under these conditions, the branching structure of acinar airways play 
little role in diffusion MR signal formation (16) (see also the detailed discussion later in this review). 

The alveolar walls as well as the walls of alveolar ducts and other branches of the airway tree 
serve as obstacles to the path of diffusing atoms and reduce the gas diffusivity. Crucially, these 
restrictions are substantially less along the airway axis than perpendicular to it; consequently, diffusion in 
the airway is anisotropic (4). Therefore, the ADC describing signal attenuation in a single airway depends 
on the angle α between the direction of the diffusion-sensitizing gradient G and the airway’s principal 
axis:  

 ( )0 exp ( )S S b ADC α= ⋅ − ⋅  [4] 

Due to the cylindrical symmetry of the airway,  
 2 2( ) cos sinL TADC D Dα α α= +  [5] 

where apparent diffusion coefficients, longitudinal LD  and transverse TD , correspond to diffusion along 
the airway principal axis and in the transverse plane, respectively (4).  

With the spatial resolution of several millimeters currently available with 3He or 129Xe MRI, each 
voxel contains hundreds of airways with different orientations. Due to the large number of acinar airways 
in each imaging voxel, their orientation distribution function can be taken as uniform, and the total signal 
S can be written as (4): 

  ( ) ( )
1/2

1/2

0( ) exp ,
4T AN AN L T

AN

S b S bD bD D D D
bD

π⎛ ⎞ ⎡ ⎤= − ⋅ Φ = −⎜ ⎟ ⎣ ⎦⎝ ⎠
  [6] 

where Φ(x) is the error function. This macroscopically isotropic but microscopically anisotropic model 
predicts non-exponential dependence of diffusion attenuated MRI signal on b-value. The validity of Eq. 
[6] was confirmed in vivo by experimental measurements in humans (4,13), canines (21), mice (18,19), 
and rats (20,22) using hyperpolarized 3He gas. It was also recently confirmed in humans (23,24) and rats 
(25,26) using hyperpolarized 129Xe gas.  

Importantly, the diffusivities LD  and TD  determined from the MR experiment depend on both 
lung microstructure and the details of the Stejskal-Tanner pulse sequence (27) (therefore they are termed 
“apparent” diffusivities, ADC). Although general expressions for LD  and TD  are unavailable, it was 
demonstrated by means of computer simulations (13,16,17,27) that in a physiological range of 
geometrical parameters r and R, and “realistic” gradients used in MRI experiments, a linear 
approximation with respect to b-values is sufficient to describe the dependence of apparent diffusion 
coefficients LD  and TD  on b-values: 

 
0 0

0 0

(1 )

(1 )
L L L L

T T T T

D D bD

D D bD

β
β

= ⋅ − ⋅
= ⋅ + ⋅

 [7] 

The dimensionless coefficients βL and βT reflect the non-Gaussian diffusion effects in each 
individual airway and are usually defined in terms of the so called kurtosis K – the second order term in 
the general cumulant expansion of the MR signal. It should be noted that the signal S(b) in Eq. [6] also 
demonstrates “primary” non-monoexponentiality in b-value, which is due to orientation averaging of the 
signals from individual airways. The non-monoexponentiality in b-value described by the coefficients βL 
and βT is a feature of individual airways and is additional to this “averaging” effect. 

In (13), using the method developed in (27), the apparent diffusion coefficients LD  and TD  
characteristic of 3He gas diffusion were related to the geometrical parameters of acinar airways, R and r, 
in human lungs by means of phenomenological expressions (not shown here). Fitting Eqs. [6]-[7] to 
multi-b measurements of the 3He diffusion-attenuated MRI signal in lung airways on a voxel-by-voxel 
basis makes possible the evaluation of mean geometrical parameters for lung acinar airways(in spite of 
the airways being too small to be resolved by direct imaging). As a result, parametric maps for airway 
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radii R and alveolar depths h and physiologically important parameters Lm, S/V and Nv can be generated 
using Eq. [3]. 

 
Considerable theoretical and experimental evidence suggests that this technique provides robust and quite 
accurate information on lung microstructure at the alveolar level: 

 
• In (13) the MRI-based measurements of lung morphometric parameters were validated in 
explanted human lungs against direct invasive morphometric measurements – the current gold standard. 
The results shown in Fig. 4 demonstrate excellent agreement between direct histological and 3He MRI-
based measurements of Lm (mean linear intercept) in normal lungs and lungs with different levels of 
emphysema. Surprisingly, despite of our approach was developed for lungs with preserved airway 
structure (normal lungs and lungs with mild alterations) our measurements of Lm are in a good agreement 
with direct histology even for lungs with severe emphysematous destruction (two points on the right in 
Fig. 4).  

 

Figure 4 (adopted from (13)). Upper row: examples of the Lm (in mm) maps obtained from normal human lung 
(left) and lungs with different stages of emphysema (mild - middle and severe - right). Lower row: examples of 
histological slices obtained from the same lungs as above. Right panel: plot of mean linear intercept obtained by 
means of lung morphometry with hyperpolarized 3He diffusion MRI vs. direct measurement. Each point represents 
an average across one explanted lung (two points on the left correspond to normal lungs, two points in the middle – 
lungs with moderate emphysema, and two points on the right – lungs with severe emphysema). The dashed line 
represents equality of the two measures of Lm.  

• The results for the surface-to-volume ratio from diffusion MRI obtained in (13) (S/V ~ 200-240 
cm2/ml for healthy lungs,  ~ 100-140 cm2/ml for subjects with mild emphysema, and ~50-55 cm2/ml for 
the case of severe emphysema) are also in good agreement with the results of morphometric 
measurements of Coxson et al (28) obtained from excised lung specimens (256 ± 24 cm2/ml for control 
human subjects, 165 ± 23 cm2/ml for subjects with mild emphysema, and 43 ± 6  for severe emphysema). 
• The measurements of alveolar number density Nv (13) are in agreement with available direct 
morphometric results. In two normal lung specimens, our data (120 and 146 per mm3) compare well with 
direct measurements by Ochs and colleagues (29) (the average Nv varies between 132 and 177 per mm3). 
• Similar results as above were obtained in vivo in humans by Quirk et al. (6). 
• Osmanagic et al. (18) applied lung morphometry technique to study explanted lungs in mice. The 
MR protocol was adjusted to acquire data with much shorter diffusion times to accommodate the 
substantially smaller acinar airway length as compared to human lungs. These measurements yielded 
mean values of lung surface-to-volume ratio of 670 cm-1, alveolar density of 3200 per mm3, alveolar 
depth of 55 μm and Lm of 62 μm, all consistent with published data obtained histologically in mice by 
independent methods. 
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• The lung morphometry technique was further implemented by Wang et al. (19) for in vivo lung 
imaging in mice. Again, the results indicated good agreement between in vivo morphometry via 3He MRI 
and microscopic morphometry after sacrifice. It should be noted here that even shorter diffusion times 
would likely be optimal for measurements in mice due to their short airways. However, hardware 
restrictions did not allow that in experiments reported in (18) and (19). 
• A detail theoretical analysis of the accuracy of the approach proposed in (13) was provided by 
Sukstanskii et al. (16). For this purpose, computer simulations were used to calculate the MR signal for 
the diffusion time of 1.6-1.8 ms in a realistic model of human acinus (per (11)) that accounted for the 
branching structure of acini and the finite length of alveolar ducts and sacs, as well as the distribution of 
airway geometrical parameters. As a result, the relative errors in estimation of the main acinus parameters 
using lung morphometry were found. The main conclusion was that all these effects, including branching 
structure, produce rather small changes in the evaluation of lung geometrical parameters. In particular, for 
the surface-to-volume ratio, the average difference is 6.5%. For a non-invasive technique which provides 
3D tomographic information on lung microstructural parameters in less than 10-second MRI scan, this 
degree of potential error is easily tolerable. 

 
CONCLUDING REMARKS  

Numerous diagnostic tools have been developed to evaluate the presence and the stage of chronic 
obstructive pulmonary diseases. The introduction of hyperpolarized gas MRI (3He and 129Xe) has opened 
the door to developing new diagnostic tools for studying lung function and structure.  
 Numerous studies have demonstrated changes in hyperpolarized gas ADC in different diseases, 
especially in emphysema suggesting the use of ADC as a biomarker for disease progression. Advantages 
of the ADC approach are its relative simplicity and speed (only two b-values are needed for measurement 
as compared to minimum three for lung morphometry). However, the ADC is not an inherent property of 
the lung microstructure (as is Lm) and depends on the details of MRI protocol (diffusion time and b-
value) that are not always described in scientific publications. This makes it impossible to directly 
compare data from different laboratories.  

An advanced technique – in vivo lung morphometry – allows evaluation of the geometrical 
parameters of acinar airways and alveoli from hyperpolarized gas diffusion MRI measurements. It reports 
on lung microstructure using data metrics (Lm, S/V, alveolar density, acinar airways radii) that are 
established markers used by lung physiologists for decades but were previously available only from 
invasive biopsy studies. Compared to PFTs that provide only “global” assessment of the disease, in vivo 
lung morphometry offers three-dimensional tomographic information on lung microstructure and may 
substantially aid in accurate diagnostic and treatment options. Compared to CT (which provides 
information only on lung tissue density and may be used to infer aspects of lung structure), in vivo lung 
morphometry provides information on gas ventilation and tissue microstructure at the alveolar level 
without the use of ionizing radiation. The safety and sensitivity of this technique suggests that it is well 
suited to improving our understanding of the mechanisms and development of pulmonary diseases and 
has the potential for monitoring the efficacy of therapeutic interventions in clinical trials.  
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