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Abstract

Purpose—To develop a rapid proton MR Elastography (MRE) technique that can quantify the

absolute shear stiffness of lung parenchyma, to investigate the ability to differentiate respiration-

dependent stiffness variations of the lung, and to demonstrate clinical feasibility.

Methods—A spin-echo echo planar imaging MRE sequence (SE-EPI MRE) with a very short

echo time was developed and tested in a series of 5 healthy volunteers at 3 different lung volumes:

1) residual volume (RV), 2) total lung capacity (TLC), 3) and midway between RV and TLC

(MID). At each volume, lung density was quantified using a MR-based density mapping sequence.

For reference, data was acquired using the previously described spin-echo lung MRE sequence

(SE-MRE). MRE data was also acquired in a patient with proven Idiopathic Pulmonary Fibrosis

(IPF) to test clinical feasibility.

Results—The SE-EPIMRE sequence reduced total acquisition time by a factor of 2 compared to

the SE-MRE sequence. Lung parenchyma median shear stiffness for the 5 volunteers quantified

with the SE-EPI MRE sequence was 0.9 kPa, 1.1 kPa and 1.6 kPa at RV, MID and TLC,

respectively. The corresponding values obtained with the SE-MRE sequence were 0.9 kPa, 1.1

kPa and 1.5 kPa. Absolute shear stiffness was also successfully measured in the IPF patient.

Conclusion—The results indicate that stiffness variations due to respiration could be measured

with the SE-EPIMRE technique and were equivalent to values generated by the previously

described SE-MRE approach. Preliminary data obtained from the patient demonstrates clinical

feasibility.
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Introduction

For over 40 years pulmonary physiologists have understood the central role of the

mechanical properties of the lung in defining form and function and that this property

undergoes significant alteration across a spectrum of lung diseases [1, 2]. For example, in

obstructive lung diseases such as emphysema shear stiffness decreases (the lung becomes

soft), while in restrictive lung diseases such as pulmonary fibrosis, parenchymal stiffness is

known to increase (the lung becomes stiffer). More recent data have confirmed this

relationship and provided evidence that the change in mechanical properties of lung

parenchyma precede the initiation and promotion of certain lung diseases [1]. While

conventional imaging techniques, most notably CT [3], provide excellent discrimination of

structural morphology they are unable to non-invasively quantify and spatially resolve the

intrinsic mechanical properties of the lung [4].

Magnetic resonance elastography (MRE) is a recently developed phase-contrast MRI

method for quantifying the topographical distribution of shear stiffness of soft tissues [5].

Because of the central role of tissue stiffness in many disease processes, MRE is being

investigated as a diagnostic tool for several solid organ diseases [6–17] and within our own

institution is rapidly replacing biopsy as the reference standard for the assessment of hepatic

fibrosis [18].

This technique also has significant potential for applications within the lung. However lung

MRE is technically challenging, due primarily to the low MR signal of the lungs as a result

of the decreased lung tissue density (~1/3rd of solid organs) and an ultra-short T2* (in the

range of 1–3 ms [19]). The need for MRE-specific motion-encoding gradients increases the

minimum achievable echo time of MR pulse sequences, further reducing the lung MR

signal. Consequently, phase-contrast (i.e. MRE) images of the lungs are typically dominated

by noise. In addition, respiratory- and cardiac-induced motion can create significant motion

artifacts, requiring the use of breath-holds and/or ECG gating techniques. While experiments

with exogenous contrast agents such as hyperpolarized Noble gases have successfully

demonstrated that a several fold increase in signal can be achieved [20–23], their dwindling

supply [24], the need for dedicated and expensive MR hardware, and the necessary technical

expertise to use these agents suggest that their clinical application is limited. What is needed

is a more practical proton-based technique for imaging lung mechanical properties.

It has been recently demonstrated that propagating shear waves can be visualized within

human lungs with modified spin echo pulse sequences and that density-dependent

parenchymal shear stiffness can be spatially resolved in vivo [25, 26]. While these results

are promising, the single-echo spin echo MRE approach has the limitations of relatively

long acquisition times making clinical implementation challenging. It is possible to adapt

this sequence into a respiratory triggered free breathing sequence but with a penalty of
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further increasing acquisition time. In addition, due to the long T1 of the lung parenchyma

(~1,300 ms [19]) and the relatively short repetition time (TR) of the spin-echo sequence

(200 ms, [25]), longitudinal magnetization recovery was limited resulting in a low MR

signal. We hypothesized that the acquisition speed of pulmonary MRE sequences can be

increased by development of a spin echo echo planar imaging (EPI) MRE pulse sequence

without significant loss of SNR compared to the conventional spin echo sequence. The

objective of this work was to test this hypothesis in combination with a gradient echo-based

localized density estimation sequence for spatially resolving the absolute shear stiffness of

lung parenchyma and to evaluate the ability of this technique to measure respiration-

dependent stiffness variations within the lungs in healthy volunteers and a patient volunteer.

Methods

Echo Planar Imaging based Faster Imaging

Previous efforts have reported on repetition time and total acquisition times of a single-echo

spin echo lung MRE acquisition of 200 ms and 64 seconds for four phase offsets [25]

respectively, with each phase offset data acquired in sequential breath-holds of 16 seconds

(Figure 1a, [25]) each. In this work, a 1H SE-EPI based MRE sequence with an echo train

length of 8 and a minimum achievable TR of 320 ms was developed. Specific features

included fractional motion encoding [27], split motion-encoding gradients and crusher

gradient removal as described for spin echo pulmonary MRE in [25]. In addition, the

sequence included two 2-ms unipolar motion-encoding gradient (MEG) lobes for encoding

propagating shear wave induced displacements. To minimize the TE, slice selection was

performed with a simple slice-selective pulse (rather than a spatial-spectral pulse). A

chemical presaturation pulse was included to saturate the fat signal. The TE of this sequence

was 11.7 ms and a pulse sequence diagram (PSD) of this modified sequence is shown in

Figure 1b. These modifications allowed for a minimum TR of 320 ms and for a reduction of

overall scan time without increasing the breath-hold duration. The consequence of the

increased TR is an increase in T1-dependent signal recovery. The total scan time could be

reduced, compared to the single echo spin echo sequence by a factor of 2 to 30 s, split into

two breath-holds of 15 s each.

Density Estimation

A simple form of the working equations for MRE inversion can be written as

(e1, [28])

where µ is the shear stiffness, ρ is the physical density of the tissue of interest and Vs is the

shear wave speed. While the shear wave speed is measured by studying shear wave

propagation in the MRE phase or wave images, MRE inversions typically assume ρ to be

equal to 1 g/cm3 (equal to that of water). Stiffness values obtained with this density

assumption will be referred to as an “effective stiffness” in this work. For the majority of

soft tissues this is a reasonable assumption. However, this no longer holds for the lung due

to the fact that the density of the lung is approximately 1/3rd to 1/4th that of solid organs

[29], spatially heterogeneous and varies significantly through the respiration cycle. Accurate
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spatial resolution of lung shear stiffness therefore requires mapping of lung tissue density.

Towards this end, a fast gradient recalled echo lung density estimation (FGRE-LDE) pulse

sequence similar to the one described in [29, 30] was developed. This method involves the

acquisition of 12 images but with just two distinct interleaved TE values (1 ms and 1.8 ms),

with a typical TR value of 15 ms, within a single breath-hold of 13 seconds. From these 12

images, due to signal equilibrium concerns, the first four images are discarded and 2 mean

magnitude images for the two TE values are calculated from the remaining 8 images. From

these average images, physical density can be calculated by fitting a mono exponential

decay equation

(e2, [29])

where Ij is the average signal for a particular TE, I0 is the T2* independent MR signal, tj is

the TE value (either 1.0 ms or 1.8 ms), and T2* is the relaxation constant of the lung

parenchyma. To spatially resolve lung density, I0 is first calculated and then normalized by

the signal within a gadolinium-doped water phantom simultaneously imaged with the

sample to provide a reference density. Additional information on this validated method is

available in [29, 30]. The diagram of this sequence with a TE of 1.0 ms is shown in figure

1c.

Validation study

It is well known that the shear modulus of lung parenchyma increases during inspiration. To

determine whether the proposed EPI lung MRE technique can differentiate these respiratory

induced stiffness changes and in doing so provide an estimate of the sensitivity of the

method, a series of experiments were performed on five healthy volunteers. MRE

acquisitions were conducted both at maximum voluntary end expiration (i.e. Residual

volume, RV) and at maximum voluntary end inspiration (i.e. Total lung capacity, TLC). A

third respiratory state midway between RV and TLC (MID) was also measured. This was

performed with the help of a spirometer (Easy on Pc, ndd Medical Technologies, Inc.,

Andover, MA) and an interactive breath-hold control device (IBC, Medspira, USA)

connected to the respiratory bellows placed around the volunteer. Since the spirometer was

not MR compatible, the volunteer was trained and the IBC was calibrated outside the

scanner room. This included three steps:

1. The vital capacity of the volunteer was measured as the difference between the

maximum voluntary inspiration (TLC) and maximum voluntary expiration (RV)

breath hold levels. The blue line in figure 2b shows the spirometer tracing obtained

from this step.

2. The volunteer was asked to take a full breath and was trained to hold their breath

after blowing out half of their vital capacity (this state will be referred to as MID).

The interactive breath-hold device, which can provide a visual feedback to the

volunteer in the scanner, was calibrated to this MID state.

3. To test the reproducibility of this state, the volunteer was then asked to hold their

breath based on the feedback from the IBC and the spirometer readings were
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recorded. The red and the green lines show the spirometer tracings from steps 2 and

3 respectively, and it can be seen that the MID levels reached at these two steps

were similar.

The validation study included the collection of MRE data at all three states of lung inflation

(RV, MID, TLC) in five healthy volunteers (All male, age range: 23 to 51 years) with both

the single-echo spin echo MRE pulse sequence (SE-MRE) and the newly developed EPI

MRE pulse sequence (SE-EPI MRE). In addition to the MRE data, data were also collected

for the assessment of density at these three states.

Data Acquisition and Analysis

All experiments were performed on a 1.5-T whole-body MR (Signa Excite, GE Healthcare,

Waukesha, WI) scanner and were conducted after obtaining approval from the Institutional

Review Board and written informed consent from the subject. Typical data acquisition

parameters were: axial imaging plane, whole body RF coil for data acquisition, 48-cm FOV,

128×64 acquisition matrix, 128×128 reconstruction matrix, superior-inferior (SI) motion

sensitizing direction, full FOV in the phase-encoding direction for EPI MRE (0.6–0.8

fractional phase FOV for SE MRE), TR/TE = 320/11.7 ms (200/9.4 ms for SE MRE), 40

mT/m MEG amplitude, four 15-mm slices and 4 phase offsets. The frequency-encoding

direction was chosen to be in the right-left direction so that the cardiac motion artifacts

would not significantly affect the lung MRE data.

Continuous 50-Hz shear vibrations were induced within the lungs using the pressure-

activated driver system described in [18]. Figure 2a schematically shows the experimental

setup and the location of the passive driver on the anterior chest wall of the right lung is

indicated. In this study, only the right lungs were analyzed due to the presence of cardiac

motion artifacts within the left lung. The passive driver couples the longitudinal vibrations

created by the active driver to the lung tissue, where they undergo mode conversion

generating shear waves that can be imaged with the MRE pulse sequence. A direct inversion

of the Helmholtz equation describing the wave propagation [28] with spatio-temporal

directional filters [31] was used to calculate the complex stiffness maps using sliding

circular 11×11-pixel kernels. The complex stiffness was then converted to shear wave speed

and reported in “effective stiffness” maps in units of kPa. The inversion algorithm also

reported a confidence map based on the correlation coefficient of polynomial fits performed

over the processing kernel and a threshold value of 0.7 was used to differentiate between

regions of reliable and unreliable shear wave data. Density-independent shear stiffness maps

were then calculated as the product of these effective stiffness maps and the density maps

obtained from the density-estimation processing [29] and these stiffness maps will be

referred to as “absolute stiffness” in this work.

Analysis of Variance (ANOVA) and Tukey-Kramer’s honestly significant difference (HSD)

tests were performed between the three groups against the null hypothesis that there is no

difference in mean stiffness with a significance (α) value of 0.05 using the commercially

available software package JMP (JMP8.0, Cary, NC).
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Clinical Feasibility

To test the clinical feasibility of our technique to measure parenchymal stiffness on patients

with lung pathology, a single patient (male, age 64) with idiopathic pulmonary fibrosis (IPF)

was recruited. This patient had pathologically proven Usual Interstitial Pneumonia (UIP)

that was of mild to moderate severity on CT examination. MR Elastography was performed

with the above mentioned parameters at RV and TLC. The data was compared to the data

obtained for the volunteers. Because only one patient data set was acquired as part of this

study, a test of statistical significance between normal and IPF lung stiffness was not

performed.

Results

SE-MRE vs SE-EPIMRE

Representative right lung shear wave data obtained at end expiration from one of the healthy

volunteers is shown in Figure 3 overlaid on the corresponding MR magnitude images. Data

obtained with both the SE-MRE (Figure 3a) and SE-EPI MRE (Figure 3b) pulse sequences

are shown and the similarity between the two datasets can be appreciated. The checkerboard

pattern indicates regions with low phase-to-noise ratio (PNR), and it can be seen that regions

away from the wave source exhibit increasingly lower PNR due to shear wave attenuation.

The effective shear stiffness maps obtained from these datasets are also shown in Figure 3,

and as expected appear very similar. The average effective stiffness obtained from the SE

and SE-EPI MRE datasets are 3.6 (±0.63) kPa and 3.7 (±0.50) kPa, respectively. These data

indicate that the newly developed SE-EPI MRE pulse sequence provides values consistent

with those provided by the SE-MRE sequence. This is confirmed in Figure 3e, which shows

excellent correlation between the effective stiffness values obtained from the SE and SE-EPI

sequences at all three respiratory states.

Density Estimation

Figure 4 shows an example dataset obtained from the density estimation sequence (FGRE-

LDE). This figure shows data obtained from the same volunteer at the same location as the

data shown in Figure 3. Figure 4a shows the mean MR magnitude image used for the

calculation of physical density at the lower TE (1.0 ms) and Figure 4b shows the

corresponding image obtained at the relatively longer TE (1.8 ms). The reduction in the MR

signal at the longer TE is visible. Figure 4c shows the density map obtained for the right

lung overlaid on the MRE magnitude image. Figure 4d shows a profile of the mean density

values from the anterior to the posterior lung, and demonstrates the gravity-induced gradual

increase from the anterior to the posterior lung.

Validation Study

Figure 5 shows shear wave data obtained with the SE-EPI MRE sequence at all three

respiration states (Figure 5a–c). It can be appreciated that lung area increases with

increasing volume. Shear waves throughout the lungs are visible in all images, and

demonstrate an increase in the shear wavelength with the increase in volume from RV to

MID to TLC. The corresponding density maps shown in Figure 5 (Figure 5d–f) demonstrate
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a reduction in density with increasing lung volume. The absolute shear stiffness maps

calculated as the product of the effective stiffness and the density maps are shown in the

right column (Figure 5g–i). Note the difference in the color maps between the effective

stiffness values (Figure 3) and the absolute shear stiffness maps. From these data it can be

seen that absolute stiffness values increase with the increasing lung volume.

Figures 6a–c show the effective stiffness, density, and absolute stiffness values at the three

respiratory states for all five volunteers. Boxplots are overlaid on these points and the

median values are connected with a line. While there was individual variability between the

volunteers, the group values increased with increasing lung volume. The effective and

absolute stiffness increases while density decreases with increasing volume from RV to

TLC. Analysis of Variance of the absolute stiffness values indicate that the 3 groups were

significantly different (p = 1.82×10−5). With the Tukey Kramer HSD method, the difference

between the RV and MID absolute stiffness values was not significant. However, the

pairwise difference between the other groups were statistically highly significant (RV -

TLC: p = 2.0×10−5; MID - TLC: p = 2.4×10−4). The median densities were 0.27 g/cm3, 0.20

g/cm3 and 0.12 g/cm3, and the median absolute stiffnesses were 0.90 kPa, 1.06 kPa and 1.55

kPa at RV, MID and TLC, respectively.

Clinical Feasibility

Figure 7 shows the shear wave data and absolute shear stiffness maps obtained from the

patient volunteer at RV and TLC. Shear waves can be observed throughout the lungs and the

increase in the shear wavelength at TLC compared to that at RV can be easily noted. The

corresponding shear stiffness maps indicate that the stiffness does increase from RV to TLC.

Note the change in the color map for these stiffness maps compared to the data shown for

the volunteers. The mean shear stiffness values for this patient are indicated in Figure 7e. As

expected, the stiffness of the diseased lung is greater than the stiffness values for the normal

volunteers reported in this study.

Discussion

Proton MR Imaging of the lungs has been a challenging proposition due to the inherent low

MR signal characteristics when compared to MR imaging of other, solid organs. The

availability of novel hardware, contrast agents and pulse sequences provide opportunities to

circumvent some of the limitations of MR-based lung imaging, and open new potential

avenues for MR imaging of lung diseases [32–34]. One such application is the development

of proton-based MRE of the lungs. It has been previously shown with a simple spin echo

sequence modified to have a very short TE and sufficient motion sensitivity that the

effective shear stiffness of human lung parenchyma can be quantified [25]. In this work, we

have developed a fast SE-EPI MRE [35–37] sequence and have implemented a lung density

estimation sequence to measure the absolute stiffness of the lung parenchyma. These

techniques have been validated by quantifying an expected respiration dependent stiffness

change in a series of 5 healthy volunteers. Clinical feasibility was demonstrated by

quantifying lung parenchyma stiffness in a patient with known pulmonary fibrosis in which

the lung is known to increase in stiffness compared to healthy lung.
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Our data showed that effective stiffness (which is essentially the square of the shear wave

speed) increases and the density decreased respectively with increasing lung volume from

RV to TLC. The absolute shear stiffness value obtained as the product of effective stiffness

and density did increase from RV to TLC, as expected. While there is no reference standard

value for the measurement of stiffness of the lungs in vivo, the values obtained from our

study at TLC were found to be in the range of previously reported shear modulus values

obtained from various techniques [38, 39]. Specifically, our values at TLC were found to be

consistent with the shear modulus of in vivo human lungs calculated using a recently

developed ultrasound based surface wave measurement technique [40].

Stiffness values for each volunteer did increase from RV to MID to TLC. However, the

group mean difference between the first two lung volumes was not statistically significant in

our study of 5 volunteers. We believe that this discrepancy could be attributed to the choice

of the MID volume level halfway between RV and TLC. While the stiffness is expected to

increase with lung volume, the dependence will be nonlinear [1] and the increase in the

shear stiffness will be lower in the low lung volumes and the change will accelerate at

higher volumes. Also, the variability between the experimental MID volume levels and the

expected MID volume levels (based on independent volumetric measurements, data not

shown) indicate a need for better training and feedback systems, especially to obtain

stiffness values at breath-held lung volumes that are not typical and are not easily

reproducible.

There are several limitations to the current study. The first is that only 2D data sensitized to

motion in a single direction were acquired for this study; for accurate estimation of the shear

stiffness of the lung, full characterization of the complex 3D vector wave field is required.

This is one of the motivations for the development of the EPI MRE pulse sequence

described in this work. This MRE pulse sequence in combination with a surface coil array

and parallel imaging techniques could potentially help in acquiring 3D vector lung MRE

data in reasonable acquisition times. A second limitation of this methodology involves the

process by which breath hold events are utilized for acquisition of data as this may prove to

be technically challenging for patients with advanced lung disease. Clearly, clinical

translation of this work will require further analysis of methodologies for implementation of

respiratory triggering/gating into the SE-EPI MRE sequence. Another limitation of the study

involves the presence of cardiac motion-induced artifacts which confound the data acquired

from the left hemi thorax. This issue could be mitigated by the incorporation of cardiac

triggering/gating. Also, areas of the lungs that are away from the wave source typically

exhibited lesser shear wave amplitude (checker board pattern regions in figures 3, 5 and 7)

due to significant wave attenuation. This issue is currently being investigated and could be

reduced by using higher shear wave amplitude at the source or using multi-aspect drivers

[9]. Finally, since the density estimation sequence is independently performed,

misregistration issues could arise, which can potentially also be addressed by cardiac/

respiratory triggered acquisitions.

In conclusion, the data obtained from this study confirm our hypothesis that the absolute

shear stiffness of the lung could be imaged in vivo using a rapid SE-EPI MRE pulse

sequence and a GRE-based localized density estimation sequence. It has also been shown in
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healthy volunteers that the absolute shear stiffness increased with respiratory volume and

that it is feasible to apply our technique on a patient with pulmonary fibrosis. These results

identify the significant clinical potential of this technique and provide the motivation for

ongoing research efforts to increase the flexibility and robustness of this approach.
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Figure 1. Pulse sequence Diagrams
(a) Pulmonaryspin echo MRE (SE-MRE) pulse sequence with two unipolar 2 ms MEG

lobes. The TE was 9.4 ms. (b) Spin Echo EPI based MRE (SE-EPIMRE) pulse sequence

with an echo train length of 8. The TE was 11.7 ms. (d) Fast GRE based pulse sequence

used for lung density estimation; note the change in the time scale. The TE was 1.0 ms.
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Figure 2. Experimental setup
(a) Subjects were positioned supine, the passive driver connected to the active driver was

placed on the anterior chest wall creating continuous 50-Hz vibrations. (b) Spirometer

tracings from a volunteer. This indicates that the MID respiratory volumes (arrows)

maintained at the training step (red) and the interactive breath control calibrated step (green)

were similar.
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Figure 3. SE-MRE vs. SE-EPI MRE
Shear wave data at end expiration with (a) SE-MRE and (b) SE-EPI MRE. The similarity of

the shear wave fields is apparent. The corresponding effective stiffness maps are shown in

(c) and (d), respectively. The checker board pattern indicates regions with low wave

amplitude. (e) The effective stiffness values obtained from SE-EPI MRE at the 3 respiratory

states are plotted against the values obtained with SE MRE showing the significant

correlation between the two measurements.
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Figure 4. Density Estimation
Mean MR magnitude images calculated at (a) TE = 1.0 ms and at (b) TE = 1.8 ms for data

obtained at end expiration. The reduction in signal at the higher TE, especially within the

lungs, can be noted. The arrows indicate the gadolinium-doped water phantom whose signal

was used for calibration purposes. (c) The corresponding density map overlaid on the MRE

magnitude image. (d) Line profile indicating the mean density across the lung shows the

presence of a gravity-dependent density gradient from the anterior (nondependent) to

posterior (dependent) part of the lung.
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Figure 5. MRE data at RV, MID and TLC
(a,b,c). Shear wave displacement images, (d,e,f) tissue density maps and (g,h,i) absolute

shear stiffness maps at RV, MID and TLC, respectively. The shear wavelength increases

from RV to MID to TLC, but the corresponding density values decrease. The last column

shows that the absolute shear stiffness increases with the increasing lung volume.
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Figure 6. Validation study
(a) Effective stiffness, (b) density and (c) absolute shear stiffness values obtained from the

five volunteers at the three respiratory states. Absolute stiffness pairwise group statistical

significance is indicated with the asterisk (*) and the dagger (#). From the lines connecting

the median values, the increase in the stiffness (both effective and absolute) and the decrease

in the density with the increasing lung volume can be noted.
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Figure 7. Clinical feasibility
Shear wave data obtained at (a) RV and (b) TLC. Corresponding absolute shear stiffness

maps obtained at (c) RV and (d) TLC. The increase in the shear wavelength and shear

stiffness is evident. (e) Shear stiffness values obtained from this patient are indicated with

the solid dots. The values obtained from the healthy volunteers are indicated with the

boxplots for reference and the increase in stiffness for the patient is visible.
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