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Morphological and Quantitative Evaluation
of Emphysema in Chronic Obstructive

Pulmonary Disease Patients:
A Comparative Study of MRI With CT

David J. Roach PhD,1,2 Yannick Cr�emillieux PhD,3 Suraj D. Serai PhD,4

Robert P. Thomen MS,1,5 Hui Wang PhD,6 Yuanshu Zou PhD,7

Rhonda D. Szczesniak PhD,2,7 Sadia Benzaquen MD,8 and

Jason C. Woods PhD1,2,4*

Purpose: To further validate the ability of ultrashort echo-time (UTE) magnetic resonance imaging (MRI) in quantifying
lung density in patients diagnosed with chronic obstructive pulmonary disease (COPD) and to develop an MRI-based
emphysema index (EI).
Materials and Methods: Ten subjects clinically diagnosed with COPD (5M/5F, age 62.6 6 8.5 years) and ten healthy
subjects (2M/8F, age 48.9 6 19.2 years) were imaged via UTE MRI at 3T (4 mm slices, 1.39 3 1.39 mm2 pixels). Chest
computed tomography (CT) images (generally 5 mm slices, �0.55 3 0.55 mm2 pixels), acquired retrospectively, were
compared to UTE MRI. CT lung densities, MR lung-signal density, and EI were quantified from both CT and UTE MR
images via a quantitative automated analysis and compared to the percent predicted forced expiratory volume in 1 sec-
ond (FEV1% predicted).
Results: EI quantified in controls via CT and UTE MRI was 0.23 6 0.78% and 2.40 6 1.50%, respectively; in COPD sub-
jects it was 13.3 6 14.9% (P 5 0.021) and 12.0 6 9.8% (P 5 0.013), respectively. Bland–Altman determined the mean dif-
ferences and 95% limits of agreement for COPD subjects and healthy controls were 0.06 (12.50 to –12.38). Strong
correlation (R2 5 0.79, P < 0.0001) existed between EIs quantified from both CT and UTE MRI. There was a slightly
higher correlation between FEV1% predicted and the UTE MRI EI (R2 5 0.65, P < 0.0001) compared to CT EI (R2 5 0.49,
P < 0.0001).
Conclusion: Our results demonstrate a significant positive correlation between lung density and EI assessed with CT
and MRI. Furthermore, UTE MRI exhibits its potential as a diagnostic alternative to CT for assessing the extent and the
severity of emphysema, particularly for longitudinal studies.
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Chronic obstructive pulmonary disease (COPD) is a het-

erogeneous disease that affects the airways, paren-

chyma, and vasculature and is characterized by irreversible

airflow obstruction resulting from both emphysema and

chronic bronchitis. It is a leading cause of morbidity and

mortality worldwide.1,2 Computed tomography (CT) is the

standard imaging technique for assessing lung anatomy and

for grading and staging of emphysema in patients. Although

advances in CT scanners permit greater volume coverage

with a higher resolution and lower radiation dosage,
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ionizing radiation is still a concern for longitudinal follow-

up and clinical studies.3

Compared to CT, magnetic resonance imaging (MRI)

is advantageous in that it does not involve ionizing radia-

tion, which mitigates the risk of radiation-induced mortality,

and lends itself to serial and longitudinal scanning.4 How-

ever, pulmonary imaging via MR is intrinsically difficult

due to the low proton density of the lungs and physiological

motion caused by respiration and cardiac motion. Addition-

ally, multiple air–tissue interfaces within the lungs (alveoli)

produce local magnetic-susceptibility gradients, leading to

an exceedingly short effective transverse relaxation time (T �2 )

of the lung parenchyma (�0.7–0.8 msec at 3T).5,6 Despite

these inherent difficulties, advances have been made in eval-

uating structural and functional pulmonary information

with the development of faster and more sensitive 1H MRI

techniques such as ultrashort echo-time (UTE) and Fourier

decomposition methods.7–11 Structural lung information

can be assessed through radial or spiral k-space acquisition,

reducing the echo-time (TE) to as low as 100 microseconds

and minimizing the parenchyma signal decay due to short

T �2 .12

Recent pulmonary UTE MRI studies have demon-

strated this technique’s ability at quantifying parenchymal

lung-signal as a function of lung inflation level and/or the

presence of emphysema in human subjects and murine

models.13–19 Notably, one study demonstrated that the sig-

nal of the lung parenchyma can be used to assess human

lung density with sensitivity to lung inflation and gravita-

tional dependence.13 A more recent study focused on

human COPD subjects and demonstrated that UTE MRI

lung-signal intensity correlated with CT lung density meas-

urements and pulmonary function test (PFT) results.14 A

separate study demonstrated that T �2 maps correlated with

CT measurements of smoking-related pulmonary function,

providing the ability to differentiate between the clinical

stages of COPD.15 Additionally, several pulmonary UTE

MRI studies using murine models demonstrated this techni-

que’s ability to assess the change in signal intensity as a

function of lung inflation level,16 the reduced signal inten-

sity of emphysematous lung compared to healthy lung,17

and the progression of emphysema.18

Fourier decomposition, a noncontrast and nongating

technique, has been utilized in measuring functional lung

information such as regional pulmonary ventilation and per-

fusion but without quantification until recently.19–21 This

technique has demonstrated its clinically acceptable reprodu-

cibility and has potential for respiratory disease follow-up.

Inhaled hyperpolarized nobles gases, such as 3He and 129Xe,

have been utilized as MRI contrast media for measuring

pulmonary functional biomarkers, which include lung venti-

lation, quantification of airway microstructures, and gas

exchange.22–25 However, the high cost and shortage of 3He,

historically lower polarization in 129Xe, along with the need

for polarizers and specialized hardware limit this technique

to certain research institutions.26 Overall, pulmonary imag-

ing via MRI is continuously evolving and gaining footing as

a possible imaging surrogate for CT.

In our present work we imaged adult subjects clinically

diagnosed with COPD and age-matched healthy controls

via UTE MRI. The purpose of this study was to further val-

idate a UTE MRI protocol in assessing emphysematous

lung in COPD patients and demonstrate its potential as an

alternative imaging modality to CT. Importantly, we sought

to develop a UTE MRI emphysema index (EI) comparable

to the well-validated CT emphysema index.27–29 A validated

MRI-based EI could potentially lead to increased surveil-

lance of emphysema progression in COPD patients without

increased exposure to ionizing radiation.

Materials and Methods

Patient Study
This study was approved by the Institutional Review Board at Cin-

cinnati Children’s Hospital Medical Center (IRB approval number

2013-4847) and the University of Cincinnati. Informed consent

was obtained from all participants and the subjects were imaged

from July 26, 2013 to April 22, 2015. Ten medically stable sub-

jects with clinically diagnosed COPD, as per diagnosis and CT evi-

dence of emphysema (5M/5F, mean 6 SD age 62.6 6 8.5 years;

range: 51–77 years) were recruited.30 Eight healthy subjects (2M/

6F, age 54.0 6 18.1 years; range: 28–78 years), with clinically indi-

cated thoracic CT with negative pathology and no current history

of smoking within 3 months or recent pulmonary infection were

enrolled and imaged via UTE MRI. Two additional control group

sets were added to this analysis: 10 healthy subjects (3M/7F, age

47.3 6 6.34 years; range: 41–62 years) with existing CT and per-

cent predicted forced expiratory volume in 1 second (FEV1% pre-

dicted), and two healthy subjects (2F, age 28.5 6 0.71 years; range:

28–29 years) with UTE MRI and FEV1% predicted.

CT Examination
Each subject’s most recent clinically indicated chest CT was

reviewed; the average time between CT and MRI of all subjects

was 9.4 6 20 months. The CT images used for evaluation were

acquired at each subject’s corresponding medical center. Inspiratory

CT data from various manufacturers were used: Siemens (Erlangen,

Germany, Sensation 64, Somatom Definition), Philips (Best, Neth-

erlands, iCT 256), Toshiba (Tustin, CA, Aquilion), GE (Milwau-

kee, WI, LightSpeed VCT). CT images were acquired with the

following general parameters: coached breath-hold at inspiration,

axial orientation, slice thickness ranged from of 0.7 to 5 mm, a

medium convolution kernel (B31f, B30f, FC07, or Standard), and

an in-plane resolution which varied from 0.55 3 0.55 mm2 to

0.78 3 0.78 mm2. Expiratory CT images were not uniformly

acquired and hence were excluded from analysis.

Clinical Testing
If subjects had no recent clinically acquired PFTs within 6 months

of MRI, subjects performed a same-day spirometry test using a
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handheld portable spirometer (Koko, nSpire, Longmont, CO)

according to ATS/ERS guidelines.

1H UTE MRI Protocols
All MRIs were performed with a commercially available 3T MR

unit (Achieva; Philips Healthcare) with a 32-channel cardiac

phased-array coil. Axial quantitative lung images were acquired

during free breathing using an ultrashort-TE 3D stack-of-stars

sequence, which entails 2D radial sampling in the transverse plane

and Cartesian encoding along the longitudinal plane. The follow-

ing parameters of the UTE sequence acquisition were: TR/TE 2.7/

0.17 msec; flip angle (FA) 58; selective radiofrequency (RF) pulse;

matrix size 288 3 288; field of view (FOV) 400 3 400 mm; slice

thickness 4.0 mm; and voxel size 1.39 3 1.39 3 4.0 mm. Subjects

were asked to breathe normally at a tidal volume during image

acquisition. An echo navigator was positioned on the lung–liver

interface and image acquisition was gated during expiration to cap-

ture lung-signal at functional residual capacity (FRC). UTE MR

images were acquired during free breathing with RF excitation and

signal acquisition limited to a gated acquisition window to yield

heavily spin-density weighted lung images. Regional saturation

technique (REST) slabs were placed above and below the imaging

slab to minimize aliasing artifacts. Two hundred lines of k-space

were acquired per gating window and scan time ranged from 12–

15 minutes, depending on the breathing rate of the subject. The

total time in the scanner including patient positioning, localizer

scan, and UTE scan was �20 minutes. Scan time restraints limited

the number of slices acquired to �40, which captured the majority

of the lungs but sometimes clipped the most apical and basal sec-

tions of the lungs (<20% of the lung volume).

Automated Quantitative Analysis
Lung segmentation was performed using a commercially available

software program (Amira, Hillsboro, OR). For CT images, both

lungs were individually segmented from the body and large lung

vessels using a threshold of <–500 Hounsfield units (HU). The

average HU of the left and right lung (<HU>) was measured

along with the respective lung volumes (VL), which were quantified

by summing the voxels within the lungs. Based on the <HU> of

each lung, mean lung densities (<qCT>) of both left and right

lungs were determined via Eq. (1):

hqCT i5
10001hHU i

1000

� �
(1)

Low attenuation areas or emphysematous lung was defined as lung

with an x-ray attenuation value at inspiration of <–950 HU and

was segmented from healthy lung tissue at total lung capacity.27–29

An emphysema index (EI),2 defined as the percentage or volume-

fraction of emphysematous lung volume (EVL) over the total lung

volume (TVL), was determined for each subject.

EI5
EVL

TVL
x 100 (2)

In the automated quantitative analysis of the UTE MR images, all

but the two most basal and apical slices were used due to signal

dropoff caused by REST slabs. For UTE MR images, the lungs

were segmented from the soft body tissue and vessels using an ini-

tial threshold value of <70% of the mean thoracic soft-tissue signal

with user oversight. Using this threshold value the large lung vascu-

lature was excluded from our analysis of the lung. A threshold

value of <10% of the mean thoracic soft-tissue signal was used to

segment the lower-signal regions from healthy lung in our proton-

density-weighted regime. While this threshold value was chosen

empirically to maximize the contrast of emphysematous lung

between the COPD subjects and controls, we note that it corre-

sponds to an approximate CT value of –900 HU, which is close to

a reasonable emphysema density threshold for functional residual

capacity (where the MRI is obtained). Additional threshold values

were investigated and summary of results are supplied in the online

supplement. The mean lung-signal intensity, which is defined as

SL, was normalized to the mean thoracic soft-tissue signal, SM, to

quantify relative lung-signal densities of both the right and left

lung, <qMRI>:

hqMRI i5
sL
sM

x100 (3)

The EVL and TVL were determined for each subject so that an MRI

emphysema index similar to the CT emphysema index, as defined

above in Eq. (2), could be quantified. Additionally, the signal-to-

noise ratio (SNR) was computed as the ratio of the mean lung-signal

intensity divided by the standard deviation of the image background

signal intensity. In our small-flip-angle (proton-density-weighted)

regime UTE MR images are still slightly T1- and T2-weighted, so

<qMRI> represents signal density rather than mass density.

Regional Analysis
A regional lung analysis of the MR images was performed to assess

the robustness of our automated quantitative analysis in utilizing

the mean thoracic soft-body tissue to normalize the lung-signal in

quantifying lung-signal density. Four bronchopulmonary slices were

chosen at the level of the aortic arch, carina, a slice above the top

of the diaphragm, and an intermediate slice equal distance between

carina and top of the diaphragm. A total of 12 regions of interest

(ROIs) (of similar area) were chosen per bronchopulmonary slice.

ROIs were placed in both the anterior, mid, and posterior portions

of the left and right lung, capturing few to no vessels, along with

six ROIs placed in muscle juxtaposed to the respective lung ROI.

Mean surface area of the ROIs was 305 mm2 6 22 (SD). Each

lung ROI was then normalized to its corresponding muscle ROI to

determine the regional relative lung-signal density. For CT images

a similar regional lung analysis was performed. A total of six ROIs

(of similar area) were drawn per bronchopulmonary axial slice.

ROIs were placed in both the anterior, mid, and posterior portions

of the left and right lungs, and captured few to no vessels. The

mean HU of each ROI was measured to assess regional lung den-

sities and compared to regional MR lung-signal densities.

Statistical Analysis
Lung densities and volume percentages of emphysematous lung (EI)

are each summarized as mean 6 SD. Comparison of these percen-

tages and lung densities quantified for both COPD subjects and

healthy controls via CT and UTE MRI was performed using a non-

parametric unpaired t-test. P-values less than 0.05 (two-sided) were
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considered statistically significant. To assess the agreement between

CT and UTE MRI, Bland–Altman plots were generated. The mean

of the normalized difference, the SD of the normalized difference,

and the upper and lower limits of agreement (LOAs) were deter-

mined. Bias was estimated as the mean difference between the CT

and MRI measurements for each measure, and Bland–Altman plots

include corresponding 95% LOA. Extent of agreement was deter-

mined by whether the difference is significant or systematic bias

exists in plots. Linear regressions were carried out for both CT and

UTE MRI with EI as an outcome and FEV1% predicted as a pre-

dictor.31 Correlation results based on linear regression analyses are

reported as R2, and a Fisher Z transformation was used to compare

the strengths of the correlations. Confidence intervals for regression

parameters related to FEV1% predicted were computed to indicate

agreement between those two measures in assessing EI.

Results

Table 1 displays subject demographic data for both COPD

subjects and healthy controls. There was no significant differ-

ence in the average age, weight, or height between COPD

and ControlGroup1 subjects. Representative axial CT and

UTE MR images of a COPD subject and healthy control are

displayed in Fig. 1. Despite the difference in lung inflation,

near identical lung structures can be identified in both the

CT and MR images. Little to no atelectasis formation was

observed in the UTE MR images of either the control or

COPD subjects. The average SNR measured in lung paren-

chyma from the UTE MR images of all subjects was

31.9 6 10.8 (the SNR of COPD and controls subjects was

30.2 6 9.4 and 33.5 6 12.3, respectively). Figure 1 also dis-

plays representative examples of the segmentation method

used for both CT and UTE MR images in the automated

quantitative analysis of emphysematous lung. The average

SNR measured in emphysematous lung (all thresholded vox-

els) from the UTE MR images of all subjects was 6.6 6 2.7.

Regional lung analysis assessed the CT lung density

and MR lung-signal density of gravitationally dependent

TABLE 1. Subject Demographics

Group Height (cm) Weight (kg) BMI Sex Age (Y)

COPD 168.8 6 10.6 66.4 6 12.5 23.4 6 4.5 5M/5F 62.6 6 8.5

ControlGroup1
(t-test vs. COPD)

163.8 6 7.1
(P 5 0.26)

75.8 6 10.0
(P 5 0.09)

28.5 6 3.8
(P 5 0.02)

2M/6F 54.0 6 18.1
(P 5 0.24)

ControlGroup2 – MRI
Only (t-test vs. COPD)

160.5 6 0.7
(P 5 0.04)

70.4 6 14.0
(0.76)

27.3 6 5.2
(P 5 0.43)

2F 28.5 6 0.7
(P< 0.001)

ControlGroup3 – CT
Only (t-test vs. COPD)

163.6 6 25.2
(P 5 0.53)

80.7 6 14.9
(P 5 0.03)

29.1 6 1.3
(P 5 0.06)

3M/7F 47.3 6 6.3
(P< 0.001)

All Controls
(t-test vs. COPD)

163.3 6 18.3
(P 5 0.32)

77.7 6 12.8
(P 5 0.03)

30.5 6 11.3
(P 5 0.02)

5M/15F 48.1 6 14.0
(P 5 0.002)

ControlGroup1 has CT and UTE MRI, ControlGroup2 has only UTE MRI, and ControlGroup3 has only CT.

FIGURE 1: Displays the segmentation technique used on CT (a,b) and UTE MR (c,d) images of a COPD subject along with CT (e,f)
and UTE MR (g,h) images of a healthy control subject. The segmented lower CT lung density and MR lung-signal density high-
lighted in the red mask is indicative of low density (emphysematous) lung.
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(posterior ROI) and independent (anterior ROI) lung

regions of the control subjects, with dependent regions hav-

ing significantly greater density than the gravitationally inde-

pendent regions (P < 0.001, both). There was no

significant difference (P > 0.11) in lung density or signal

density between the dependent and independent lung

regions measured via CT or MRI of the COPD subjects.

Regional lung analysis of CT images of the control subjects

measured slightly lower lung densities (control

0.139 6 0.039, COPD 0.114 6 0.028) compared to the

densities measured via the automated analysis of the whole-

lung (control 0.149 6 0.043 P 5 0.0001, COPD

0.119 6 0.031 P 5 0.32), with slightly worse group differen-

tiation (P 5 0.057 vs. P 5 0.043). For MR images there was

no significant difference in signal densities measured via

regional analysis (COPD 0.277 6 0.094, Control

0.405 6 0.053) compared to the signal densities measured

via the whole-lung automated analysis (COPD

0.296 6 0.067 P 5 0.15, Control 0.390 6 0.049 P 5 0.35).

Results of the CT lung densities and MRI signal den-

sity and EI for both CT and UTE MRI are summarized in

Table 2, along with FEV1% predicted. The CT lung density

and MR signal density quantified in the controls via CT

and UTE MRI was 0.149 6 0.043 and 0.390 6 0.049,

respectively; in the COPD subjects it was 0.119 6 0.031

(P 5 0.043) and 0.296 6 0.067 (P 5 0.0025), respectively.

Figure 2 displays a moderate correlation (R2 5 0.44, P <
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FIGURE 2: (a) UTE MRI lung-signal density plotted as a function
of the CT lung density. (b) Bland–Altman plot of the agreement
analysis of CT lung density and MR lung-signal density. Mean
difference (CT, UTE MRI) 5 –0.19, 95% limits of agreement 5 –
0.079 to –0.31.
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0.001) between the whole-lung signal density quantified

from UTE MRI and the actual lung density determined

from CT. The mean difference and 95% LOA for COPD

subjects and healthy controls was –0.19 (–0.079 to –0.31).

The EI quantified in controls via CT and UTE MRI was

0.23 6 0.78% and 2.40 6 1.50%, respectively; in the

COPD subjects it was 13.3 6 14.9% (P 5 0.021) and

12.0 6 9.8% (P 5 0.013), respectively. A nonparametric

paired t-test (P 5 0.97) determined that there was no differ-

ence between the EI quantified via UTE MRI and CT. Fig-

ure 3 displays a high correlation (R2 5 0.79, P < 0.0001)

between the EI determined from CT and UTE MR images.

The mean difference and 95% LOA for COPD subjects

and healthy controls was 0.06 (12.50 to –12.38).

There was not a significant elapsed timeframe (P >

0.05) between the date of the spirometry test and CT scan

(11.3 6 21.1 months) or MRI scan (0.57 6 0.80 months).

The FEV1% predicted of each subject is plotted as a func-

tion of the EI determined by both CT and UTE MRI; these

are displayed in Fig. 4. From linear regression analysis it

was determined that there is moderate correlation between

the decrease in FEV1% predicted and the increase in both

the UTE MRI EI (R2 5 0.65, P < 0.0001) and CT EI

(R2 5 0.49, P < 0.0001). UTE MRI EI demonstrated a

slightly higher correlation with FEV1% predicted compared

to CT EI; however, a Fisher Z transformation determined

that there was no significant difference in the strengths of

these the correlations (Z 5 0.80, P 5 0.42). The overlapped

confidence intervals for UTE MRI and CT were (–0.34, –

0.17) and (–0.34, –0.15), respectively, which suggests agree-

ment between both imaging modalities in assessing EI.

Discussion

Previous pulmonary UTE MRI studies have demonstrated

correlation between CT lung density and MRI signal inten-

sity measurements in COPD subjects.14,15 A recent study

also assessed quality using the same scanner and sequence.13

The goal of this study was to further validate the ability of

UTE MRI to quantify lung density and emphysema extent

in subjects with COPD and illustrate its potential use as an

imaging surrogate for CT. Importantly, we also sought to

develop a quantitative UTE MRI emphysema index (EI)

that is comparable to the well-validated CT emphysema

index. Our UTE MRI protocol is sensitive to changes in

lung density and is a viable candidate for evaluating emphy-

sema both regionally and globally. Differences in lung den-

sity were visually apparent from subjects with varying

degrees of emphysema. Despite the difference in lung infla-

tion, near identical lung structures can be identified in the

CT and MR images. Through our regional and automated

quantitative analysis it was determined that there was a stat-

istically significant and moderate correlation between the

lung density quantified via CT and signal density quantified

FIGURE 3: (a) CT EI plotted as a function of UTE MRI EI for sub-
jects with both CT and UTE MR images. (b) Bland–Altman plot
of the agreement analysis of emphysematous lung volume per-
centages for CT and UTE MRI. Mean difference (CT, UTE
MRI) 5 0.06, 95% limits of agreement 5 12.50 to –12.38.

FIGURE 4: FEV1% predicted plotted as a function of EI of (a)
CT and (b) UTE MRI.
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via UTE MR images of both the ControlGroup1 and

COPD subjects. The measured CT lung density and MR

signal density was lower in the COPD subjects compared to

the controls. Regional lung analysis of CT lung density and

MR signal density supports the results of our automated

analysis of the whole lung. Furthermore, our automated

quantitative analysis assessed the average lung and soft tissue

signal over the entire volume imaged in order to minimize

any spatial variations due to receiver coil sensitivity. We

therefore believe that our quantification of signal density is

quite robust, for any reasonable B1 homogeneity in a typical

coil used for chest imaging.

Based on the clinical CT EI routinely used for quantify-

ing emphysema extent,27–29 we defined, in an attempt to

generate an emphysema MRI biomarker, a similar index for

UTE MR lung images. The threshold, fixed to <10% of the

mean thoracic soft-tissue signal, proved to correlate well with

the CT EI. Additional threshold values for UTE MR images

were evaluated; however, the differences between the calcu-

lated CT EI and UTE MRI EI become more statistically sig-

nificant above and below the 10% threshold. The question of

precise sensitivity to early emphysema or change over time

must be assessed in a subsequent longitudinal study. In this

cross-sectional study there was a higher correlation between

the FEV1% predicted and UTE MRI EI compared to CT

EI, but no significant difference between the strengths of

these correlations. These results demonstrate that our UTE

MRI protocol is able to assess emphysematous lung with

strong correlation to CT and moderate correlation to FEV1%.

UTE MRI acquisitions of the lung at 3T have previ-

ously demonstrated sensitivity to lung tissue density induced

by lung inflation and gravity dependence.13 In this study, a

similar imaging protocol including respiratory gating at

FRC was used in order to yield heavily spin-density

weighted lung images. The UTE MRI is acquired during

free breathing and the RF excitation of the longitudinal

magnetization and signal acquisition are limited to a gated

acquisition window. One consequence of this gated acquisi-

tion is that a large portion of the longitudinal magnetization

is recovered. The T1 of the whole lung at 3T is around 1.4

seconds and with an effective repetition time of 3–4 seconds

between subsequent triggering events; thus, during a typical

breathing period, the recovered longitudinal magnetization

between each gated acquisition is �88% to 94%.32 Recent

studies have determined that the T1 of COPD lung tissue is

significantly shorter (�950 msec at 1.5T) than that of

healthy lung tissue (�1050 msec at 1.5T).33,34 Thus, the

lung tissue of COPD patients is expected to recover addi-

tional longitudinal magnetization and have greater signal

per alveolus compared to the controls. However, this is a

small effect and in our study the signal in COPD was still

well below control values. Although the echo time of this

sequence is ultrashort compared to conventional MRI

sequences, there is a portion of transverse magnetization lost

prior to signal acquisition. At 3T the T �2 of the lungs is

0.74 msec; with an echo time of 0.17 msec this translates

into a 21% decrease in the signal of the lungs compared to

an echo time of zero.35

One major difference between the CT and UTE MR

images for all subjects is the lung volumes at which the

images were acquired for each imaging modality. CT images

were acquired during a static inspiratory breath-hold near

total lung capacity (TLC). UTE MR images were acquired

during a dynamic free-breathing session with gated acquisi-

tion at FRC. The difference in lung volume translates into a

higher relative density of the lung parenchyma measured via

the UTE MR images compared to CT. Additionally, as the

UTE MR images were acquired at FRC, these images cap-

tured both emphysema and air trapping, and as such the

UTE MR images are not a perfect comparison to the inspira-

tory CT images. Our threshold of 10% of the soft-tissue sig-

nal (corresponding to approximately –900 HU) reflects the

lower lung volume and increased signal at FRC compared to

TLC. Since this sequence is gated to capture lung-signal at

FRC, the length of the scan depended on the individual sub-

ject’s breathing pattern. The more irregular and variable

breathing patterns became, the longer the scanning sessions

became. In order to decrease scanning time for this validation

study the volume of lung coverage (�160 mm in the

through-plane) selected included the majority of the lungs,

but sometimes clipped the most apical and basal sections of

the lungs. This incomplete coverage of the lungs across all

subjects did not adversely affect the quantification the MR

lung-signal density or the implementation of an MRI-based

EI. However, due to the heterogeneous nature of COPD, it

is probable that a complete coverage of the lungs would lead

to a more accurate quantification of EI in any individual

patient.

Compared to conventional MRI, this UTE sequence

captures more of the lung parenchyma signal; however, its

resolution (0.72 pixels/mm) is comparatively lower than CT

(1.28 pixels/mm). Another limitation of this study in assess-

ing EI in COPD patients is that CT and MRI were acquired

at different timepoints; average elapsed time between modal-

ities was 9.4 6 20 months. However, a recent study by Bha-

vani et al measured a 10.46% per year increase in EI in a

cohort of COPD subjects.36 Therefore, in these clinically sta-

ble patients we expect little to very mild progression of

COPD severity in the time between modalities. In the case

with particularly high EI, UTE MRI underestimates EI com-

pared to CT, potentially as a result of some imperfect gating

and motion of the chest wall. Future work will focus on con-

tinuous image acquisition in the steady-state regime during

free breathing and implementing retrospective gating to sepa-

rate inspiration from expiration.37
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In conclusion, this pilot study assessed our ability to

generate and use an MRI-based EI in COPD patients. Previ-

ously, lung MRI has been envisioned as a complementary or

alternative diagnostic approach to CT for lung disease in

cases of increased tissue density and higher MRI signal inten-

sity. This study demonstrates that UTE MRI can also be

employed to quantify tissue losses in COPD patients via the

EI, which is particularly useful in longitudinal studies and in

patients who are vulnerable or sensitive to ionizing radiation.

Furthermore, these results demonstrate that UTE MRI may

serve as a biomarker for COPD extent and severity.
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