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ABSTRACT New measures are needed to rapidly assess emerging treatments for cystic fibrosis (CF) lung

disease. Using an imaging approach, we evaluated the absorptive clearance of the radiolabeled small

molecule probe diethylene triamine penta-acetic acid (DTPA) as an in vivo indicator of changes in airway

liquid absorption.

DTPA absorption and mucociliary clearance rates were measured in 21 patients with CF (12 adults and

nine children) and nine adult controls using nuclear imaging. The effect of hypertonic saline on DTPA

absorption was also studied. In addition, in vitro studies were conducted to identify the determinants of

transepithelial DTPA absorption.

CF patients had significantly increased rates of DTPA absorption compared with control subjects but had

similar mucociliary clearance rates. Treatment with hypertonic saline resulted in a decrease in DTPA

absorption and an increase in mucociliary clearance in 11 out of 11 adult CF patients compared with

treatment with isotonic saline. In vitro studies revealed that ,50% of DTPA absorption can be attributed to

transepithelial fluid transport. Apically applied mucus impedes liquid and DTPA absorption. However,

mucus effects become negligible in the presence of an osmotic stimulus.

Functional imaging of DTPA absorption provides a quantifiable marker of immediate response to

treatments that promote airway surface liquid hydration.
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Introduction
Cystic fibrosis (CF) is a life-shortening autosomal recessive disease that affects .70 000 people worldwide. It

is caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which

encodes a protein that functions as a chloride channel found in several organs. Alterations in the CFTR gene

markedly impair ion conductance at the epithelial surface, which causes airway surface liquid (ASL) volume

depletion and subsequent mucociliary clearance (MCC) dysfunction, infection and premature respiratory

failure [1]. Recently, therapies that pharmacologically correct CFTR function within specific genotype-

based patient subgroups have emerged [2, 3]. However, quantitative methods for assessing basic lung

disease pathophysiology are needed to fully support the development and dissemination of these therapies.

Currently available outcome measures track the downstream effects of CF lung disease and, as such, do not

provide a rapid indication of therapeutic response. Biomarkers such as nasal potential difference [4] and

sweat chloride concentration can be useful for evaluating the basic efficacy of new treatments, but results

obtained from these tests may not correlate with changes occurring in the lung. Pulmonary imaging

methods can accelerate therapeutic development by mediating the rapid screening of new therapies and

therapy combinations as well as dosing regimens in limited patient populations.

Liquid hyperabsorption is a key element of CF lung pathophysiology that cannot be measured directly

through any currently available in vivo method. Aerosol-based pulmonary imaging methods have been

developed to measure absorption through the airway epithelium [5] and MCC, the latter of which has been

used to demonstrate the efficacy of inhaled osmotic therapies such as hypertonic saline in CF subjects [6, 7].

The present investigation considers the use of a soluble, hydrophilic probe (diethylene triamine penta-acetic

acid (DTPA)) as a surrogate marker of liquid absorption in the airways. In vivo, DTPA clearance includes

both absorptive and mucociliary components. The latter can be estimated based on the clearance of a

nonabsorbable, radiolabelled particle, and DTPA absorption then calculated. The clearance rate of the

particle provides an independent measurement of MCC in the lung, a useful second outcome measurement.

The rationale for our approach derives from cell culture studies showing that CF human bronchial epithelial

(HBE) cells absorb liquid more rapidly than non-CF cells [8, 9]. Previous in vitro results from our

laboratory have shown that the absorption rate of radiolabelled DTPA is: 1) increased in CF HBE cell

cultures compared with non-CF cell cultures; 2) well correlated with the ASL absorption rate; and

3) influenced by transepithelial osmotic gradients [10]. In vivo, we have previously shown that the

absorptive clearance of DTPA is increased in the lungs of CF subjects compared with healthy volunteers

[11]. Taken together, these results support the hypothesis that DTPA absorption correlates with

transepithelial liquid absorption. The purpose of this study was to measure the absorptive lung clearance of

DTPA in adult and paediatric CF and adult control subjects, and to assess DTPA absorption response in

vivo following treatment with nebulised hypertonic saline.

Methods
Detailed description of materials and methods can be found in the online supplementary material.

Subjects
Imaging was performed in adult CF (n520), adult control (n510) and paediatric CF (n510) patients. In a

pre-determined, randomised order, the adult CF subjects received hypertonic saline (7% sodium chloride)

or isotonic saline (0.9% sodium chloride) on separate study days. The paediatric CF and control groups

performed only one study day (isotonic saline treatment). The study was not blinded. Written informed

consent was obtained from all subjects. This study was approved by the University of Pittsburgh

Institutional Review Board (IRB) (Pittsburgh, PA, USA). This study is registered at www.clinicaltrial.gov

with identifier numbers NCT01223183 and NCT01486199.

Inhalation of radiopharmaceuticals
Radioaerosol delivery was achieved with a DeVilbiss 646 jet nebuliser (DeVilbiss Healthcare, Somerset, PA,

USA) containing 55.5 MBq indium-111–DTPA and 296 MBq technetium-99m–sulfur colloid (SC) in

3–4 mL normal saline with breathing patterns and delivery techniques shown to provide predominantly

airway deposition [12, 13].

Imaging protocol
An 80-min image acquisition (1 min per frame) was initiated immediately after aerosol delivery. At the start

of the 11th frame (10 min) subjects inhaled either isotonic or hypertonic saline for 10 min. Independent

energy windows were used to image technetium-99m and indium-111. The 80-min imaging period

included a 10-min baseline measurement, 10 min imaging during saline delivery and then 60 min

continuous imaging. The 60-min imaging period is similar to previous measurements of MCC [14, 15].
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Image data analysis
Right lung retention curves corrected for decay, background and isotope cross-talk contamination were

image-derived for each radioisotope using a semiautomated software program written in house in MATLAB

(Mathworks, Natick, MA, USA), which calculated the per cent clearance at 80 min of 99mTc-SC (referred to

as MCC) and 111In-DTPA. The difference between MCC and total DTPA clearance is our estimate of DTPA

clearance by absorption (ABS). These measures were also obtained from central lung zone retention curves.

Additionally, the area above the whole-lung retention curve (AAC) was calculated for 99mTc-SC (AACTc)

and 111In-DTPA (AACIn) by integration over all 80 frames. The difference between AACTc and AACIn is our

estimate of the AAC for DTPA absorption (AACABS). The study analyst was not blinded but the

opportunity for operator bias was negligible due to the automated nature of the analysis software.

Primary HBE cell culture studies
Primary HBE cells were isolated from excess lung airway tissue removed for transplantation under protocols

approved by the University of Pittsburgh IRB as previously described [16].

Effects of transepithelial fluid flow
To determine the relative contributions of diffusion and convection on DTPA transport across the

epithelium in CF HBE cell cultures, liquid absorption was blocked through the apical delivery of DTPA in a

salt-free, iso-osmolar solution of mannitol in water. Unlike salt, HBE cells are unable to actively transport

mannitol across their membranes [17], effectively impeding absorption of the liquid bolus. Using three

different CF cell lines (six filters per line), radioactive counts and ASL volume [18] were measured over a

10-h period starting at 2 h after the apical addition of 10 mL radiolabelled DTPA in either normal saline or

osmolarity-matched mannitol in water.

Effects of mucus
Excessive mucus accumulation is a signature of CF lung disease and previous studies have described DTPA

binding to mucus [19]. To study its effects, radioactive counts and ASL volume were measured over 12 h

following the addition of 10 mL radiolabelled DTPA in normal saline to CF HBE cell cultures with or

without added apical mucus. These measurements were repeated in the presence of a strong transepithelial

fluid flow mediated by a hyperosmotic basolateral media (600 mOsm?L-1). Two CF lines were tested (six

filters per line).

Statistical analysis
In vivo statistical analysis
Central to peripheral deposition ratio (C/P), MCC, total DTPA clearance, ABS, and AACTc, AACIn and the

difference between them were compared between patient groups by t-tests. A paired t-test was used to assess

changes between the isotonic and hypertonic saline treatment study days. A series of independent linear

regressions was performed to compare image-derived measurements with clinical variables.

In vitro statistical analysis
ASL volume and DTPA absorption rate measurements were compared by t-tests. The Mann–Whitney rank-

sum test was used to compare baseline rates of ASL volume and DTPA absorption to rates measured in the

presence of mucus, hyperosmotic basolateral media or the combination of both. Sigma-Stat v2.0 (SPSS,

Inc., Chicago, IL, USA) was used for all statistical testing.

Results
Subject characteristics
Age and lung function data from the three study groups are presented in table 1. 20 adult CF subjects were

enrolled. Four early subjects were excluded due to low deposited doses (technetium-99m ,500 counts per

min above background). The dosing period was increased at the midpoint of the study and all subsequent

deliveries provided sufficient dosing. Two additional adult CF subjects were excluded due to nebuliser or

camera malfunctions. Two adult CF patients were G551D heterozygous and on ivacaftor therapy. Because

this new therapy is believed to have significant effects on lung physiology, their data are presented but not

included in statistical comparisons. Therefore, data from 12 adult CF subjects were included in the primary

study analysis with 11 subjects completing both hypertonic and isotonic saline treatment days. 10 of the 12

subjects were homozygous for the F508del mutation, one subject was heterozygous for the G551D mutation

(not on ivacaftor) and one subject had multiple polymorphisms (7T/M470V-5T/M470V). 10 paediatric CF

subjects and 10 healthy adult control subjects were also enrolled. One subject from each group was excluded

due to inadequate lung deposition. Eight of the nine paediatric CF patients were homozygous for the
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F508del mutation and one patient was heterozygous for the nonsense mutation R1162X. More specific data

on subject genotype and age are included in the online supplementary material.

Composite retention data
Mean normalised retention curves of indium-111 and technetium-99m in the whole right lung for each

study group are shown in figure 1. Qualitatively, the adult CF patients (fig. 1a) demonstrated similar

baseline MCC, total DTPA clearance and ABS to that of paediatric CF patients (fig. 1b). Inhaled hypertonic

saline treatment increased MCC and total DTPA clearance in the adult CF cohort (fig. 1c) and decreased

ABS to a value similar to that observed in control subjects (fig. 1d). Although not statistically significant, a

gradually increasing difference in mean normalised 99mTc-SC clearance over 80 min was seen between the

control and adult CF group (fig. 2).

Image-derived measurements
The average MCC in the adult CF, paediatric CF and control group was 23.6¡10.3%, 23.0¡13.9% and

31.4¡13.1%, respectively (nonsignificant by individual t-test between all groups) (fig. 3a). The mean¡SEM

TABLE 1 Subject pulmonary function and age

Adult CF Paediatric CF Controls

Subjects n 14 9 9
FEV1 % pred 67.6¡16.8 (43–98) 90.1¡14.5 (62–106) 99.2¡8.8 (83–113)
FVC % pred 81.7¡18.9 (56–120) 97.6¡8.1 (81–110) 102.9¡6.4 (94–114)
FEF25–75% % pred 43.3¡17.3 (20–70) 79.8¡28.9 (45–134) 86.7¡18.3 (60–117)
Age years mean¡SD 23.9¡5.5 10.7¡1.5 32.2¡15.5

Data are presented as mean¡SD (range) unless otherwise stated. CF: cystic fibrosis; FEV1: forced expiratory volume in 1 s; % pred: % predicted;
FVC: forced vital capacity; FEF25–75%: forced expiratory flow rate at 25–75% of FVC.
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FIGURE 1 Normalised right lung retention of technicium-99m–sulfur colloid (SC) and indium-111– diethylene triamine
penta-acetic acid (DTPA) plotted against time for the a) adult cystic fibrosis (CF) group (n512), b) paediatric CF group
(n59), c) adult CF group with hypertonic saline treatment (n511) and d) control group (n59). Data are presented as
mean¡SEM.
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total DTPA clearance in the adult CF, paediatric CF and control group was 55.4¡12.3%, 56.6¡16.5% and

49.1¡13.6%, respectively (nonsignificant between all groups) (fig. 3b). The absorptive component of
111In-DTPA clearance is calculated for each subject by subtracting the 99mTc-SC clearance from the total
111In-DTPA clearance. The average ABS for the adult CF, paediatric CF and control group was

32.0¡13.9%, 33.6¡9.7% and 17.7¡6.9%, respectively (adult CF versus control: p50.010; paediatric CF

versus control: p50.002; adult CF versus paediatric CF: nonsignificant) (fig. 3c). The two subjects with

a G551D mutation on ivacaftor therapy had MCC values of 34.3% and 27.2%, and ABS values of 15.7

and 11.2%.

Central lung zone (large airway) measurements are reported in table 2. Similar to whole-lung analysis, the

average MCC and total DTPA clearance were not statistically different between any of the three subject

groups. Central lung zone ABS was significantly higher in the adult and paediatric CF groups compared

with the control group (adult CF versus control: p50.014; paediatric CF versus control: p50.003; adult CF

versus paediatric CF: nonsignificant), which mirrored the findings of whole-lung analysis. AAC analysis

(table 2) revealed no significant differences in AACTc or AACIn between any of the subject groups. However,

AACABS was significantly higher in the adult and paediatric CF groups compared with the control group

(adult CF versus control: p50.010; paediatric CF versus control: p50.006; adult CF versus paediatric

CF: nonsignificant).

Mean C/P in the CF adult, CF paediatric and control groups was 2.2¡0.5, 2.1¡0.4 and 2.4¡0.3,

respectively (p50.18 by ANOVA), providing an indication of predominantly bronchial airway deposition

and uniformity of deposition pattern across all groups.

Response to osmotic therapy in CF adults
All 11 adult CF subjects showed a decrease in ABS and an increase in MCC following inhalation of

hypertonic saline compared with isotonic saline treatment (ABS: 32.0¡13.9% versus 22.2¡12.8%,

p,0.001; MCC: 23.6¡10.3% versus 42.4¡18.2%, p50.003) (fig. 4a and b). Six out of 11 subjects showed
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an increase in total DTPA clearance with hypertonic saline treatment (p50.118) (fig. 4c). AAC analysis

showed that AACTc and AACIn were significantly increased (p50.001 and p50.04, respectively), and

AACABS was significantly decreased (p50.008) following hypertonic saline treatment. Baseline deposition

pattern (C/P) did not differ between treatment days (2.4¡0.5 versus 2.3¡0.5; p50.69) and there was no

correlation between the per cent change in ABS and per cent change in MCC between treatment days.

Baseline MCC values were increased and ABS values were decreased in the two adult ivacaftor subjects

compared with average values in the adult CF group. Following hypertonic saline treatment, one ivacaftor

subject showed a strong increase in MCC while the other showed a moderate decrease. Both subjects

showed a moderate decrease in ABS with hypertonic saline treatment.

Relationship of image-derived measurements to clinical variables and deposition pattern
Image-derived retention measurements were compared to pulmonary function data and other clinical

variables using linear regression analysis. For all subject groups, neither ABS or AACABS correlated with forced

expiratory volume in 1 s (FEV1), forced expiratory flow at 25–75% of forced vital capacity (FEF25–75%),

age or sweat chloride concentration with the exception that in the paediatric CF group, ABS and AACABS

increased significantly with age (p50.03 and p50.05, respectively). Age did not correlate with MCC in the

paediatric CF group but MCC did increase with FEV1 (p50.05) and FEF25–75% (p50.05). No correlations

were found between MCC or AACTc and pulmonary function variables in the adult subject groups.

In all groups combined, MCC correlated with total DTPA clearance (p50.01) demonstrating the effect of

MCC on the small molecule probe. There were no correlations between C/P and ABS, MCC or total DTPA

clearance, or with the AAC values for these variables. Initial indium dose did not correlate with MCC, ABS

or total DTPA clearance. Similarly, there were no correlations between initial technetium dose and any

clearance parameters.

TABLE 2 Central lung zone and area above the curve analysis

Controls Paediatric CF Adult CF

IS HS

Central MCC % 36.2¡18.0 35.2¡18.0 32.7¡13.5 45.7¡23.7
Central DTPA % 45.4¡16.6 57.1¡20.6 56.0¡19.0 62.8¡21.7
Central ABS % 9.2¡10.0 21.9¡5.0** 23.3¡13.0* 17.1¡12.2#

AACTc 18.6¡9.4 14.5¡8.8 14.3¡6.3 26.8¡10.8##

AACIn 25.9¡9.6 30.6¡11.4 30.5¡10.3 38.8¡7.7#

AACABS 7.3¡3.5 16.1¡7.7** 16.2¡8.8** 12.0¡6.8##

Data are presented as mean¡SD. CF: cystic fibrosis; IS: isotonic saline; HS: hypertonic saline; MCC: mucociliary clearance; DTPA: diethylene
triamine penta-acetic acid; ABS: DTPA absorption; AACTc: area above the technetium-99m–sulfur colloid retention curve; AACIn: area above the
111In-DTPA retention curve; AACABS: area above the ABS curve. *: p,0.05 versus controls; **: p,0.01 versus controls; #: p,0.05 versus adult CF
subjects with IS treatment; ##: p,0.01 versus adult CF subjects with IS treatment.
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The contribution of transepithelial fluid flow to DTPA absorption
As shown in figure 5a, there was continual liquid absorption from 2 to 12 h following the bolus addition of

10 mL isotonic saline, absorbing at a rate of 20.1¡3.6% per 10 h. Conversely, a static ASL volume was

observed after the apical addition of the mannitol solution, with a net absorption of -1.2¡4.4% per 10 h

(p,0.001) (fig. 5b). DTPA was absorbed at a rate of 23.1¡2.6% per 10 h when delivered in normal saline

and 10.4¡1.7% per 10 h when delivered in the iso-osmolar solution of mannitol in water (p,0.001)

(fig. 5c), indicating that approximately one-half of DTPA absorption is associated with transepithelial fluid

transport with the remainder presumably being associated with diffusion.

The effect of accumulated mucus on ASL volume and DTPA absorption
As shown in figure 6a, the rate of ASL volume absorption was significantly decreased when exogenous

mucus was applied to the apical cell surface (8.6¡3.8% versus 35.3¡2.4% per 12 h for control, p,0.001)

and significantly increased by a transepithelial osmotic gradient generated by basolateral mannitol

(54.4¡2.6% per 12 h, p,0.001 versus control). In the presence of both exogenous mucus and the

transepithelial osmotic gradient, the rate of ASL volume absorption remained significantly elevated

(49.3¡1.5% per 12 h, p,0.03 versus control). DTPA absorption mirrored the response of ASL volume

absorption for each of the conditions described above. The rate of DTPA absorption was significantly

decreased by exogenous mucus (13.3¡3.1% versus 37.7¡2.6% per 12 h, p,0.001) and was significantly

increased by the transepithelial osmotic gradient (93.7¡0.6% per 12 h, p,0.001 versus control). DTPA

absorption in the presence of both mucus and the osmotic gradient was 90.6¡1.2% per 12 h (p,0.03

versus control). These data reveal that the impeding effects of apical mucus on the rates of both DTPA and

ASL volume absorption become negligible in the presence of an osmotic gradient.
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Discussion
Airway liquid hyperabsorption is a key contributor to the impairment of MCC in CF. Measuring changes in

airway liquid absorption through functional imaging methods may allow for rapid screening of medications

designed to restore ASL volume, such as inhaled osmotics, sodium channel blockers, and CFTR correctors

and potentiators. In the current study, MCC and DTPA absorption were measured in vivo using dual-

isotope (99mTc-SC and 111In-DTPA) imaging. While statistically significant differences in baseline MCC

were not detected between study groups, DTPA absorption was found to be increased in CF patients,

consistent with our previous in vivo [11] and in vitro [10] results. These findings were similar in central zone

measurements and when data were analysed using the AAC. Interestingly, the majority of paediatric CF

patients who demonstrated airway hyperabsorption of DTPA had well-maintained pulmonary function,

implying that DTPA absorption is linked to a basic defect of CF lung disease that precedes the decline in

FEV1. We also demonstrated the acute effects of inhaled hypertonic saline by showing that it significantly

increases MCC and decreases DTPA absorption in adult CF patients, a result consistent with its mechanism

of action of hydrating the airway surface.

The underlying mechanisms contributing to airway DTPA absorption rates probably involve the net

transport of sodium across the epithelium mediated by the epithelial sodium channel (ENaC) [16, 20]. In

CF, ENaC becomes dysregulated, leading to the hyperabsorption of sodium [20]. The transepithelial

movement of water that occurs in response to the skewed sodium gradient is a likely driving force for the

heightened DTPA absorption measurement in our CF cohorts. Future studies could investigate changes in

DTPA absorption with direct pharmacological blockers of ENaC to begin to probe this mechanism.

Baseline DTPA absorption measurements in adult CF subjects demonstrated significant intersubject

variability compared with paediatric CF subjects and healthy controls. In light of previous work that showed

that mucus possesses binding sites for 99mTc-DTPA [19], we posited that the variability observed in the

adult subjects may be partially attributable to different volumes of accumulated mucus between subjects.

This is supported by the finding that apical mucus reduced the rate of ASL and DTPA absorption in

cultured primary HBE cells. However, the rate of ASL volume and DTPA absorption increased in response

to a basolateral osmotic gradient in the presence or absence of apical mucus. This finding argues against

DTPA binding to mucus, instead favouring a mechanism whereby mucus acts as a resistor to transepithelial

fluid flow. We conclude that the intersubject variability in baseline DTPA absorption among the adult CF

subjects may be at least partly attributable to differential amounts of accumulated mucus.

While the two-dimensional planar imaging used in this study is able to provide high temporal resolution, it

does not allow for discrimination between airway and alveolar compartments. In the peripheral lung, DTPA

clearance is highly sensitive to changes in permeability mediated by inflammatory stimuli such as cigarette

smoke [21]. In CF, lung disease typically progresses from the airways; however, inflammation in alveoli has

been described [22], as have CFTR-related differences in alveolar fluid transport [23]. Measurements of

absorption made in this study will probably include some contribution from alveoli; however, we do not

anticipate that these effects will dominate the measurement due to the delivery techniques used to target

aerosol deposition to the airways. The high C/P dose ratios and MCC rates measured here indicate general

success in this strategy.

DTPA absorption measurements will probably be a function of both transepithelial liquid transport and

paracellular permeability associated with physical properties of airway epithelial cells. Our in vitro studies

demonstrated that liquid absorbing through the epithelium accounted for about half of the total DTPA

absorbed, with simple diffusion probably accounting for the rest (fig. 5). It has been previously documented

that CF HBE cell cultures exhibited lower transepithelial resistance (TER) values, a measurement related to

paracellular permeability [24]. However, studies performed in our laboratory demonstrated no relationship

between TER values and DTPA absorption rates in CF and non-CF HBE cell cultures [10]. While we cannot

exclude the possibility that differences in baseline absorption between CF and non-CF subjects may be the

result of differences in airway epithelial integrity [25, 26], the consistent and significant effects of osmotic

therapies on DTPA absorption demonstrated both in vitro and in vivo favour a mechanism linked to

liquid transport.

Some previous imaging studies have shown significant differences in whole-lung MCC between CF and

non-CF subjects [15, 27], while others have not [6]. Our results showed that baseline MCC in CF subjects

was not significantly decreased compared with control subjects. It is possible that the aerosol distribution

pattern may not be optimised to expose MCC deficiencies between non-CF and CF subjects during

nonexacerbation periods, or that the duration of the measurement was too short to detect a difference.

Additionally, our study was powered primarily to detect therapy-associated changes in measured values

through paired comparisons. We estimate that we could detect an ,8% therapy-associated change in

MCC with 12 subjects, for example. However, our study was probably not sufficiently powered to
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detect a difference between baseline measurements of MCC through unpaired comparisons between

the CF and non-CF groups. We estimate that only baseline differences o17% would be detectable with

12 subjects.

Three CF patients with the G551D mutation were included in our study, two of whom were on ivacaftor

therapy. DTPA absorption rates in the treated subjects were substantially lower than the CF average, while

the untreated subject demonstrated absorption above the mean rate of the CF group (52.9% per 80 min).

The rate of MCC in the untreated subject was within 2% of the average of the CF group, while the treated

subjects had MCC rates substantially higher than the CF average (34.3% and 27.2% per 80 min). While this

observation is interesting, it is impossible to link ivacaftor treatment with DTPA absorption response

without establishing a baseline and studying more subjects.

In conclusion, DTPA absorption provides a quantifiable marker of immediate response to treatments that

influence airway hydration in CF patients and may accelerate CF therapy development. DTPA absorption

was increased in paediatric CF patients with normal spirometry values, suggesting that our imaging test

elucidates the basic defect in airway hydration prior to the development of abnormal spirometry. We also

demonstrated significant decreases in DTPA absorption rate after treatment with inhaled hypertonic saline.

Though multiple factors may affect DTPA absorption across airway epithelia, our in vitro and in vivo results

demonstrate a significant dependence on transepithelial fluid movement.
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