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INTRODUCTION

The leading cause of shortened survival in cystic fibrosis (CF) is progressive lung disease 

associated with recurrent pulmonary infections.[1,2] An essential component for the clinical 

management of patients with CF is the capability to longitudinally monitor the progression 

of lung disease and therapeutic efficacy. Unfortunately, current clinical assessments of CF 

lung disease are either invasive (bronchoalveolar lavage, BAL [3,4]), expose patients to 

significant repeated doses of ionizing radiation (X-ray and/or Computed Tomography (CT))

[5–7], or offer limited sensitivity to detect early-stage, regional lung disease (spirometry). 

Therefore, the development of a sensitive, non-invasive, and radiation-free method for 

assessing CF lung disease is the essential next step towards improving health care for 

patients with CF.[8]

Magnetic Resonance Imaging (MRI) is a safe, non-invasive technique that can provide 

quantitative assessments of lung disease without ionizing radiation (as for X-ray and CT).

[9–14] Multiple recent reports suggest that MRI can be used to detect and quantify lung 

disease in patients with CF.[12,15–20] Hyperpolarized (HP) MRI techniques have also been 

shown to detect changes in lung structure/function.[10,21,22] Unfortunately, these HP MRI 

techniques require specialized equipment and inhaled contrast agents and are therefore only 

available on a limited number of MRI scanners. Thanks to advances in MRI hardware and 

acquisitions, conventional proton MRI techniques can now be used to assess lung structure 

and function non-invasively without ionizing radiation or injectable contrast agents. For 

example, our team has recently developed a normalized T1 (nT1) MRI technique to rapidly 

(~5 seconds) detect early-stage lung disease in patients with CF despite no change in 

spirometry.[17] Other MRI studies have shown that pulmonary perfusion as measured by 

Arterial Spin Labeling (ASL) MRI is reduced in patients with CF compared to healthy 

control subjects and that this decrease in perfusion is associated with chronic lung disease 

and declining pulmonary function.[9,16] However, these promising quantitative MRI 

techniques have not been studied side by side in the same cohort of subjects with CF, and 

hence their sensitivity to detect CF lung disease has not been directly compared.

In this initial cross-sectional study, we obtained both normalized T1 and pulmonary 

perfusion in 8 subjects with CF with a range of lung function (FEV1 % predicted = 45 – 

127%) compared to healthy control subjects (n = 6). The imaging data were obtained in a 

single MRI scanning session to ensure accurate image co-registration and the consistency of 

the pathophysiologic status for each subject. A lobe-by-lobe analysis of each subject’s left 

and right lungs was performed to compare the sensitivity of each technique to detect 

regional changes in lung structure/function.

MATERIALS AND METHODS

Study Population

Eight adult cystic fibrosis patients with a range of pulmonary function were recruited from 

the CF center at University Hospitals/Rainbow Babies and Children’s Hospital. All subjects 

with CF were scanned at baseline with no symptoms of acute pulmonary exacerbation. 

Spirometry assessments were obtained for each subject immediately prior to or following the 
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MRI scan. Young adult healthy volunteers with no prior history of chronic lung disease were 

recruited as controls from the student population at our institution. All MRI scans and 

spirometry assessments were performed according to approved Institutional Review Board 

(IRB) protocols.

Quantitative MRI Acquisitions

All subjects were scanned in a supine position using a Siemens Espree 1.5T MRI scanner 

(Siemens Medical Systems, Erlangen, Germany). To maximize image uniformity, spine 

array (posterior) and body array (anterior) coils were positioned over each subject’s lungs. 

Initial localizer and proton density-weighted HASTE images (Half-Fourier Acquisition 

Single-shot Turbo spin Echo, respiratory triggered, TR/TE = 1000/24 ms, slice thickness = 

15 mm, 10 slices, FOV = 400 mm × 400 mm, partial Fourier factor 5/8, 1 average) were first 

acquired to obtain the anatomic image of both the left and right lungs and to position the 

slices for the nT1 and ASL MRI acquisitions.

A rapid Look-Locker acquisition was used to generate dynamic T1-weighted images in 

order to calculate quantitative T1 maps of each subject’s lungs [17] (TR/TE = 1.8 ms/0.84 

ms, FOV= 400 mm × 400 mm, matrix size = 64 × 128, flip angle = 8°, slice thickness = 

15mm, 40 images following the initial inversion). Prior to image reconstruction, the acquired 

imaging data were first zero padded to 128 × 128 matrix for isotropic resolution. 

Importantly, the Look-Locker acquisition was applied with a 5-second voluntary breath hold 

for each imaging slice to limit respiratory motion artifacts. The nT1 acquisition was repeated 

over 4–6 slices to enable a thorough sampling of each subject’s left and right lungs. 

Absolute T1 relaxation time maps (in milliseconds) were calculated for each imaging slice 

using previously established models. [26] Normalized T1 maps were calculated by dividing 

the absolute T1 maps by the mean T1 value in the central region of each subject’s lungs as 

described previously.[17]

The ASL MRI data for each subject were acquired using a ASL-FISP (ASL Fast Imaging 

with Steady-State Free Precession) method that combines a conventional flow-sensitive 

alternating inversion recover (FAIR) ASL preparation with a centrically-encoded FISP 

readout to limit image banding artifacts [23] (TR/TE = 3.0 ms/1.5 ms, FOV = 400 mm × 400 

mm, matrix size = 128 × 128, flip angle = 60°, slice thickness = 15 mm). A hyperbolic 

recant adiabatic inversion pulse was used to ensure the uniformity of inversion pulse 

enabling accurate and precise quantification of tissue perfusion. The ASL data were 

obtained at the same sagittal imaging slices as for the nT1 assessments described above to 

accurately compare these MRI methods. The ASL acquisition included three sequential 

scans: 1) a flow-insensitive image acquired with a nonselective inversion pulse; 2) a flow-

sensitive image acquired with a slice-selective inversion pulse, and 3) a reference image with 

no inversion preparation. The thickness of the slice selective inversion pulse was set to 45 

mm (i.e., three times that of the imaging slice) to ensure uniform inversion over the imaging 

slice. A delay of 1.3 seconds was applied immediately following the inversion pulses. An 

additional 5-second delay was added between the ASL averages to allow the magnetization 

to fully relax back to equilibrium. Prospective and retrospective gating were also used to 

obtain multiple ASL signal averages (n=30) with minimal motion artifacts and a high signal-
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to-noise ratio to enable accurate perfusion quantification. Quantitative ASL-based perfusion 

maps (in ml/min/100g of tissue) were calculated using established methods. [24,25]

Image and Statistical Analysis

All MRI images were exported for processing offline in Matlab (The Mathworks, Natick, 

MA). The sagittal normalized T1 (nT1) and perfusion (ASL) maps were analyzed by two 

separate raters to identify the individual lobes (left lung: upper and posterior; right lung: 

upper, anterior, and posterior). These regions-of-interest (ROIs) were then used to calculate 

mean nT1 and perfusion values in each lobe for each subject.

Two-tailed unpaired Student’s t-tests were performed on the mean lobe-by-lobe imaging 

data to compare the imaging findings between the subjects with CF and healthy control 

subjects. Two-tailed unpaired Student’s t-tests were also utilized to compare the results 

among different lobes within the CF and healthy control cohorts, respectively. In addition, 

mean nT1 and pulmonary perfusion values in the left (two) and right (three) lobes were 

plotted against spirometry results (FEV1% predicted) for all subjects. Scatterplots of mean 

nT1 verses perfusion were also generated for each lobe for all subjects to determine the 

association between the MRI results. Pearson correlation coefficients (R) were determined 

for these analyses using a least squared error fit to a linear model. A p-value of less than 

0.05 was considered statistically significant for the means comparisons and the correlations.

RESULTS

Study Population

A total of 8 subjects with CF and 6 healthy control subjects were enrolled in this study. Of 

the eight subjects with CF (5 male, 3 female; age = 18–49), four of them showed essentially 

normal lung function by spirometry (FEV1 % predicted range = 91%–127%); three subjects 

were observed with mildly to moderately impaired lung function (FEV1 % predicted range = 

54%–79%) and one patient was found to have more severely impaired lung function 

(FEV1 % predicted = 45%). The healthy control subjects (4 male, 2 female, age range = 18–

45) had no prior history of lung disease or tobacco use, and had spirometry results within the 

normal range (FEV1 % predicted range = 95% – 131%).

Example ROI’s were drawn to delineate the upper (U) and posterior (P) lobes of the left lung 

as well as the upper (U), anterior (A), and posterior (P) lobes of the right lung (Figure 1). 

High resolution sagittal anatomic images (Figure 1, 1st column) were used as a guide to help 

distinguish the lobes in the nT1 and ASL-based perfusion maps for each subject. Figure 2 

shows representative nT1 and ASL-based perfusion maps in the left and right lungs from a 

healthy control subject (top row) and a subject with CF lung disease (FEV1 % predicted = 

45%, bottom row). As expected, the nT1 and perfusion maps for the healthy control subject 

were relatively homogenous across the entire left and right lung. In contrast, the maps for 

the subject with CF showed visible decreases in nT1 and perfusion values, especially in the 

upper lobes.

The mean nT1 values in the lobes of the left lung (2 lobes) and right lung (3 lobes) were 

determined for each subject in order to compare the cohorts of CF subjects with healthy 
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control subjects (Fig. 3). Mean nT1 values for the subjects with CF were significantly 

reduced in comparison to healthy controls in the upper lobe of left lung (Fig. 3A, 0.859 vs. 

0.977, p = 0.00008) as well as in the upper and anterior lobes of the right lung (Fig. 3B, 

0.896 vs. 0.996, p = 0.0009; 0.888 vs. 0.993, p = 0.0002, respectively). Within the CF 

cohort, mean nT1 values were significantly reduced in the upper lobe of the left lung (Fig. 

3A, 0.894 vs. 0.9630, p = 0.0002) and upper and anterior lobes of the right lung (Fig. 3B, U 

vs. P, p = 0.0006; A vs. P lobe, p = 0.0005) in comparison to the respective left and right 

posterior lobes. Significantly lower mean perfusion values were also observed in the upper 

right lobe of CF subjects in comparison to the healthy controls (Fig. 4B, 968 vs. 1275 

ml/min/100g of tissue, p=0.02). The perfusion assessments also demonstrated that the upper 

right lobes of the subjects with CF were significantly reduced compared to the perfusion in 

their right posterior lobes (968 vs. 1287 ml/min/100g of tissue, p=0.02) (Fig. 4B). No 

statistically significant differences in perfusion were observed in the left lungs.

Mean values for nT1 and pulmonary perfusion in the upper lobes plotted against the 

corresponding spirometry results for each subject are shown in Figure 5. The upper left lobe 

demonstrated a significant correlation between nT1 and spirometry (Fig. 5A, R = 0.68, p = 

0.008). However, although there appears to be a trend, the right upper lobe’s normalized T1 

values were not significantly correlated with lung function assessments by spirometry (Fig. 

5B, R = 0.46, p = 0.1). A significant correlation was observed between perfusion in the left 

and right upper lobes and spirometry (Fig. 5C, R = 0.55, p = 0.05; Fig. 5D, R = 0.64, p = 

0.01). The anterior lobe in the right lung and posterior lobes of the left and right lungs were 

found to have no significant correlation with either nT1 or perfusion (data not shown).

The scatterplot comparing nT1 and perfusion for the upper left and right lobes of all subjects 

are shown in Figure 6. A significant correlation was observed between nT1 and perfusion in 

both the left and right upper lobes of patients with CF (Fig. 6A, R = 0.56, p = 0.05; Fig. 6B, 

R = 0.71, p = 0.005, respectively). No significant correlation was observed in any other lobes 

of the left and right lungs.

DISCUSSION

In this pilot study, we evaluated the sensitivity of the nT1 and ASL MRI techniques to detect 

lobular changes in subjects with CF compared to healthy control subjects. We found that 

both MRI methods were able to detect significant reductions in nT1 and pulmonary 

perfusion in regions of the left and right lungs for the cohort of subjects with CF compared 

to healthy control subjects (Figure 3). More specifically, the nT1 results revealed significant 

decreases in the upper and anterior lobes of the right lungs as well in the upper lobe of the 

left lung for subjects with CF in comparison to healthy control subjects. Similar lobular 

reductions in nT1 were observed within the CF cohort in comparison to the posterior lobes. 

By comparison, the ASL-based perfusion results showed a significant decrease in pulmonary 

perfusion in the upper right lobes of the subjects with CF in comparison to healthy control 

subjects as well as between the upper and posterior lobes within the CF cohort (Figure 4). 

Overall, these initial cross-sectional imaging results suggest that both MRI metrics can 

detect and quantify regional lung disease in CF subjects. Importantly, these results suggest 

that nT1 may provide a more sensitive detection of regional lung disease in CF patients. It is 
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also important to note that these nT1 and perfusion changes were detected in the upper lobe 

of the right lungs of subjects with CF where CF lung disease is thought to often originate. 

[5]

The nT1 technique has some inherent advantages over the ASL-based perfusion 

methodology. As described previously, the nT1 normalization process limits the impact of 

individual anatomic variation in lung vasculature. [17] This reduction in variation improved 

the sensitivity of the nT1 methodology to detect early-stage lung disease in subjects with CF 

with essentially “normal” spirometry. In addition, the nT1 data are acquired in a single ~5-

second breath hold. Therefore, the nT1 technique provides an opportunity to effectively scan 

both lungs of young patients in as short as 5–10 minutes. In comparison, ASL techniques 

typically require multiple signal averages acquired over multiple breath-holds and/or 

breathing cycles (~5 minutes/imaging slice). In this implementation, the ASL images were 

acquired with both prospective and retrospective gating to acquire 30 averages to provide 

accurate quantification of pulmonary perfusion. As a result, the reduced variation provided 

by the nT1 methodology provided additional significant reductions in the anterior lobe of the 

right lung and the upper lobe of the left lung in subjects with CF in comparison to control 

subjects despite no statistical differences in perfusion (Figures 3 and 4). Improvements to the 

ASL methodology may provide the opportunity to acquire the perfusion data in a single 

breath-hold similar to the nT1 technique. [29] However, future studies will be needed to 

determine if improved ASL imaging strategies would then be capable of detecting 

reductions in the anterior lobes of patients with CF similar to the nT1 methodology.

While the nT1 assessment appears to be associated with pulmonary perfusion (Figure 6); the 

improved sensitivity of the nT1 technique to detect additional changes in the left and right 

lungs of CF patients may also be due in part to the specific (patho)physiologic features 

detected by these two MRI methods. As a methodology, ASL specifically detects the rate of 

pulmonary perfusion to the lungs and can be impacted by pulmonary blood volume, cardiac 

output, and regional vascular permeability. [13,26,27] On the other hand, the nT1 maps are 

largely reflective of blood volume independent of cardiac output. [17,28] While these 

subjects with CF were known to be at their usual baseline health status, it may be possible 

that the nT1 technique detected residual, sub-clinical edema in some subjects. Regardless, a 

larger cohort of subjects with CF will need to be studied in order to more thoroughly 

understand the differential pathophysiologic sensitivities of these two related, but 

complementary, imaging methodologies.

The nT1 and pulmonary perfusion results in the upper lobes of the left and right lungs were 

also compared to spirometry to determine if these imaging metrics correlated with 

pulmonary function. As shown in Figure 5, mean nT1 and perfusion in the upper lobe of the 

left lung both resulted in a significant correlation with spirometry. In contrast, only perfusion 

resulted in a significant correlation with spirometry in the upper right lobe. Prior published 

studies have also shown a significant correlation of nT1 with lung function in early-stage 

subjects with CF [17], suggesting that increasing the number of subjects with CF in this 

study will likely result in significant correlations for nT1 with lung function. Overall, these 

results are consistent with prior reports that both nT1 and perfusion MRI assessments are 

associated with declining pulmonary function in CF patients. [9,16, 17]
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In general, the two MRI metrics described herein offer multiple advantages as a measure of 

CF lung disease. The MRI assessments are obtained non-invasively with no injectable 

contrast agent or ionizing radiation. These attributes make these imaging techniques 

inherently safe for longitudinal imaging assessments in both pediatric and adult patients with 

CF. In addition, this study demonstrates that these methods are sensitive to regional lung 

differences. Further, both of the clinically-viable MRI techniques are either already available 

(perfusion) or capable of being easily implemented (nT1) on virtually any modern MRI 

scanner. Therefore, these two MRI methods may provide safe, widely-available, and 

objective assessments for regional lung disease in CF patients.

A number of future studies must be conducted to further verify the utility of the nT1 and/or 

ASL MRI techniques for patients with CF. First, the CF cohorts must be expanded to include 

infant and young pediatric patients with early-stage lung disease. As described above, prior 

efforts suggest that nT1 can detect CF lung disease more sensitively than spirometry. 

However, few MRI studies have been conducted in infants with CF where emergent 

therapies will be most effective. In addition, each of these imaging techniques must also be 

evaluated in longitudinal imaging studies to i) establish the sensitivity of these methods to 

detect CF lung disease progression; and ii) determine the effect of acute pulmonary 

exacerbations on the imaging results. However, the preliminary results shown here suggest 

that nT1 and ASL MRI can provide a sensitive assessment of regional CF lung disease. 

Additional studies must be conducted to determine the association between these 

quantitative MRI assessments and other observable features of CF lung disease including 

bronchiectasis.

In conclusion, this initial study confirmed that both nT1 and ASL MRI can sensitively detect 

regional lung disease in patients with CF. However, additional nT1 reductions observed 

within the CF cohort suggest that nT1 may provide a more sensitive assessment of CF lung 

disease. Altogether, these results suggest that 1) nT1 and ASL can detect regional CF lung 

disease; 2) pulmonary perfusion and nT1 are significantly correlated with lung function; and 

3) nT1 may be more sensitive than ASL-based perfusion to detect subtle CF lung disease. As 

these methods continue to be improved, our next goal is to gain a better understanding of the 

underlying pathophysiology of CF lung disease that will open new avenues for targeted 

therapeutics and early stage treatments that prevent irreversible lung damage in patients with 

CF.
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Figure 1. 
Lung Region-of-Interest (ROI) Selection. Top row: Representative sagittal MRI image of the 

left lung of a healthy volunteer and the same image with overlaid ROI’s delineating the two 

lobes (Upper = U, Posterior = P). Bottom row: Similar sagittal MRI images and 

corresponding ROI’s for the right lung of a healthy volunteer (Upper = U, Anterior = A, 

Posterior = P).

Donnola et al. Page 10

J Cyst Fibros. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Representative normalized T1 and perfusion maps for the left and right lungs of a healthy 

volunteer (top row) and a CF patient (bottom row). The maps for the subjects with CF show 

regions of visible decreases in normalized T1 and pulmonary perfusion (in ml/min/100g of 

tissue).
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Figure 3. 
Lobe-by-lobe analysis of normalized T1 (nT1) MRI Results. Mean nT1 values for A) the left 

lung regions (2 lobes); and B) right lung regions (3 lobes) for both the CF cohort (in blue, n 

= 8) and the healthy volunteers (in orange, n = 6). The CF cohort exhibited significant 

decreases in nT1 in the upper lobe of the left lung (p = 0.00008) as well as in the upper (p = 

0.0009) and anterior lobes (p = 0.0002) of the right lung in comparison to healthy control 

subjects. Similar reductions in nT1 were observed in the upper and anterior lung regions of 

the left and right lungs within the CF cohort (left upper, p = 0.0002; right upper, p = 0.0006; 

right anterior, p = 0.0005) in comparison to the respective posterior lobes.
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Figure 4. 
Lobe-by-lobe analysis of ASL-based perfusion MRI Results. Mean pulmonary values for A) 

the left lung regions (2 lobes); and B) right lung regions (3 lobes) for both the CF cohort (in 

blue, n=8) and the healthy volunteers (in orange, n=6). The CF cohort exhibited no 

significant reduction in the left lung (p > 0.1). In the right lung, the mean pulmonary 

perfusion in upper lobe of the CF patients was significantly reduced in comparison to the 

upper lobe of healthy volunteers (p = 0.02) as well as in comparison to the posterior lobe of 

CF patients (p =0.02).
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Figure 5. 
Scatterplots of normalized T1 (top row) and pulmonary perfusion (bottom row) in the upper 

lobes of the left and right lungs for all subjects (CF patients and healthy volunteers) as a 

function of spirometry (FEV1 % predicted). Linear regression lines and Pearson Correlation 

coefficients are shown in each plot. Significant correlations were observed between nT1 and 

perfusion in the upper left lung regions. Only perfusion correlated significantly with lung 

function in the upper lobe of the right lung.
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Figure 6. 
Scatterplots of normalized T1 vs. perfusion in the upper lobes of the left and right lungs for 

the CF patients and healthy volunteers. A linear regression line and Pearson Correlation 

coefficient are shown for each plot. Significant correlations were observed for both the left 

(p = 0.05) and right lungs (p=0.005). No other lobes showed a significant correlation 

between the two MRI metrics
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