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Abstract
Background—Cystic fibrosis (CF) is a common genetic disease in Caucasians. Chronic
pulmonary disease and progressive destruction of the pulmonary parenchyma are one of the major
morbidities, but the relationship between clinical severity of CF and aortopulmonary collateral
blood flow has not been assessed.

Objective—The purpose of this study is to measure changes in aortopulmonary collateral blood
flow by phase-contrast magnetic resonance imaging (MRI) in children with CF across the
spectrum of disease severity as measured by the forced expiratory volume in one second as
percent predicted value (FEV1%).

Materials and methods—Sixteen patients with CF were prospectively evaluated. Eight were
classified as having mild CF lung disease (FEV1 ≥80% predicted) and eight were classified as
having moderate to severe CF lung disease (FEV1 <80% predicted). Seventeen age and gender
matched non-CF subjects without cardiac or lung disease served as controls. Phase-contrast flow
was measured at the ascending aorta, main pulmonary artery and both pulmonary arteries.
Aortopulmonary collateral blood flow was calculated for each subject. The relationship between
collateral flow and FEV1%P was modeled using nonparametric regression. Group differences were
assessed by analysis of variance.
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Results—Aortopulmonary collateral blood flow began to increase as FEV1%P in subjects with
CF fell below 101.5% with significant further increase in the aortopulmonary collateral blood flow
in the subjects with CF with moderate to severe lung disease compared to controls (0.89 vs. 0.20
L/min, (P<0.0001). Aortopulmonary collateral blood flow correlated negatively with FEV1%P (r,
0.70, P=0.0050) confirming its relationship to this established marker of disease severity. There
was no statistically significant difference in results obtained from two independent observers.

Conclusion—These preliminary findings suggest that phase-contrast MRI can be performed
reliably with consistent results and without interobserver variability. While the aortopulmonary
collateral blood flow is within the normal range in subjects with mild CF disease, it begins to
increase even when lung function is still in the normal range. A significant increase in the
aortopulmonary collateral blood flow compared to controls is measured in patients with moderate
to severe CF lung disease. The studies support the notion that aortopulmonary collateral blood
flow may serve as a novel and sensitive biomarker of early pulmonary disease in cystic fibrosis.
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Introduction
Cystic fibrosis (CF) is the most common inherited disease in Caucasians, occurring in one
out of every 3,000 live births in the U.S.[1] CF is characterized by chronic pulmonary
inflammation, bronchiectasis and progressive loss of gas exchange units, ultimately resulting
in respiratory failure. Pulmonary vascular disease in CF typically presents with two distinct
clinical pictures: pulmonary hypertension and hemoptysis [2]. Both are associated with a
high risk of mortality but are the result of different pathological processes. Hemoptysis
occurs due to vascular growth that results in markedly enlarged and tortuous bronchial/
aortopulmonary collateral arteries, while pulmonary hypertension results from remodeling
of pulmonary vessels and a reduction of the arterial tree. Therefore, CF pulmonary vascular
disease is characterized by both vascular regression of the pulmonary vessels and concurrent
systemic vascularization of the lungs by aortopulmonary collaterals.

The contribution of airway hypervascularity to airway disease is an area of research that
remains under-investigated. In patients with asthma, the bronchial submucosa has an
increased number of vessels, occupying a larger percentage of area than in normal subjects
[3, 4], not only in the large, but also in the medium and small airways [5]. Biopsy specimens
from subjects with mild asthma, as compared to healthy controls, have shown that
remodeling of the airway wall involves significant changes of the bronchial vasculature
including an increase in vessel numbers and in tissue vascularity [6] due to angiogenesis
and, in the more acute setting, vasodilatation [7]. Furthermore, the increase in vascularity is
directly proportional to asthma severity [8]. The causal relationship between airway blood
flow and airway obstruction has yet to be confirmed, though in the context of asthma there is
evidence that reduction of bronchial blood flow decreases antigen-induced airway
obstruction [9]. Bronchial vascularity in CF, however, has not been investigated but is
highly relevant due to the high morbidity and mortality associated with pulmonary vascular
disease in this disorder. The primary objective of this study was to test the hypothesis that
the flow through aortopulmonary collateral begins early in the course of CF lung disease and
progresses with worsening lung function. Secondary objectives included determination of
whether APCBF could be reliably measured with phase-contrast MRI, and to determine
whether relationships were present between aortopulmonary collateral blood flow and lung
function in CF.
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Materials and methods
Subjects

Institutional review board approval was obtained prior to the initiation of the study and
informed consent was obtained for all study subjects. The prospective study population
consisted of 16 patients with CF. Inclusion criteria included a CF diagnosis based on sweat
Cl− > 60 mmol/L or two CF-associated mutations in CF transmembrane conductance
regulator with at least one organ system manifestation of CF, age > 6 years, FEV1 > 40%
predicted absence of symptoms of acute pulmonary exacerbation, no antibiotic treatment in
the 2 weeks that preceded the testing and normal glomerular filtration rate (GFR) measured
by cystatin C. Each patient was categorized by lung disease severity based on his/her best
FEV1% predicted in the 6 months prior to enrollment. Each patient was studied at her/his
pulmonary function baseline, defined as an FEV1% predicted not more than 10% below his/
her best value with the 6 months prior to enrollment. Each subject had a pulmonary function
test performed within one month of the MRI. Patients with CF were equally divided into 2
groups; those with FEV1 ≥ 80% predicted and those with FEV1 < 80% predicted based on
accepted standards defining mild and moderate CF.

Control patients were retrospectively selected from an unidentified general clinical cardiac
MRI database. All patients who had undergone outpatient cardiac MRI with flow
measurements in the ascending aorta, main pulmonary artery (MPA), right pulmonary artery
(RPA) and left pulmonary artery (LPA) were selected; patients with congenital heart
disease, abnormal cardiac echocardiogram, history of pulmonary disease, evidence of
vascular shunting or poor imaging (artifacts, incorrect selection of velocity or patient
motion) were then excluded, leaving 17 patients for comparison. The indication for imaging
in the 17 control subjects were cardiomyopathy (6), aortic abnormality (3) and Turner
syndrome (8). Turner syndrome can have partial anomalous pulmonary venous return, which
was carefully excluded during MRI, but was also the reason thorough flow mapping was
available in this group of patients. Additionally, the patients with cardiomyopathy all had
normal echocardiograms.

Design and procedures
The design was a case-control study of patients with CF and historical controls. All MRI
studies were performed without sedation on a 1.5-T imaging system (Signa Excite; GE
Healthcare, Milwaukee, WI) with an 8-channel receive-only phased-array cardiac coil (USA
Instruments, Aurora, OH). Free-breathing ECG-gated (retrospective) flow sensitive through
plane phase-contrast gradient-echo sequences were obtained in the ascending aorta, MPA,
and RPA and LPA (Fig. 1). Typical scan parameters for the phase-contrast images were TR/
TE: 9.8/4.2, FOV: 36 cm, slice thickness: 5mm, matrix 256 × 128, NEX: 3, flip angle: 20°,
views per segment: 2, receiver bandwidth 177.6 Hz/pixel, baseline resolution: 256, phase
resolution: 128, and temporal resolution: 25 ms/frame. The phase-contrast sequence was
performed through a plane perpendicular to each vessel (velocity encoding: 150 cm/sec).
The 2D flow mapping requires approximately 10 min of imaging time.

Flow quantification analysis of the phase-contrast flow sequence data was performed using
QFLOW® version 5.1(Medis Medical Imaging Systems, Leiden, The Netherlands). Each
vessel was contoured semiautomatically by two observers throughout the cardiac cycle, and
then manually adjusted for phase variance and respiratory motion. The observers performed
the contours independently and were blinded to the patient condition and clinical status.
Blood flow in liters per minute was used to calculate the APCBF. Flow measurements in the
ascending aorta were obtained above the coronary artery originations so 5 percent of the
total measured ascending aorta flow was added to account for the coronary artery flow [10].
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In a normal patient, the flow through the aorta and main pulmonary artery should be
equivalent. When aortopulmonary collaterals develop, the flow from the aorta must increase
to supply the blood flowing from the aorta to the pulmonary parenchyma. Therefore, the
aortopulmonary blood flow is equal to the difference of aortic blood flow and pulmonary
blood flow. The following equations were used to calculate APCBF: measured ascending
aorta flow (L/min) × 1.05 – measured flow in the MPA, and measured ascending aorta flow
(L/min) × 1.05 - measured flow (RPA +LPA). Both equations were used for each patient;
the mean of the two values was treated as the observed APCBF. As an internal validation of
flow measurements, the flow in the ascending aorta was compared to the sum of the flows in
the descending aorta and the superior vena cava (SVC), which could easily be measured on
the phase-contrast image of the ascending aorta (Fig. 2).

Statistical analysis
Descriptive analysis was performed with calculation of means, standard deviations, medians
for age, FEV1% predicted and APCBF. Proportion of males across groups was compared
using Fisher exact test. Reliability of APCBF measurements between two observers was
assessed using Bland-Altman analysis [11] and the intraclass correlation coefficient (ICC).
The ICC was defined as the ratio of within-patient variance to the sum of within- and
between-patient variances [12]. Internal validation of flow measurements was performed
using bivariate analysis with Spearman correlations. We compared APCBF for each of the
two groups of patients with CF (mild and moderate/severe) with the control group using
analysis of variance (ANOVA). Pair-wise comparisons of least-squares means were made
using t-tests. Exploratory analysis, including scatterplot smoothing, of the shape of the
relationship between FEV1% predicted and APCBF indicated a curvilinear pattern. To
account for the nonlinearity, FEV1% predicted was modeled as a function of APCBF using
least-squares methods for regression splines [13].

Descriptive statistics, intraclass correlation and ANOVA models were implemented in SAS
9.2 (SAS Institute, Cary, NC). Scatterplot smoothing and least-squares fitting for regression
splines were conducted in R 12.2.0 (The R Foundation for Statistical Computing, Vienna,
Austria). Results are reported as mean ± standard error (SE) or 95% confidence interval
(CI), unless stated otherwise. For this pilot study, p-values less than 0.05 were considered
statistically significant; p-values between 0.05 and 0.10 were considered as demonstrating a
trend toward statistical significance.

Results
Subjects

Table I summarizes the demographic factors for the study population. Sixteen subjects with
CF were enrolled in the study. Half of the study population had FEV1 ≥ 80% predicted and
the otherhalf had FEV1 < 80% predicted. APCBF measurements were obtained in all but
one CF subject with FEV1 <80% predicted due to software failure during scanning. Another
CF subject with FEV1 > 80% predicted had an outlying value of APCBF and was excluded
from all subsequent analyses and the reason for exclusion is explained below.

In the group of patients with mild CF, FEV1 ranged from 90 to 116% predicted and in the
group of patients with moderate/severe CF, FEV1 ranged from 40 to 77% predicted.

Inter-observer agreement
There was no statistically significant difference between the two independent observers in
the measurement of APCBF. Interrater reliability was high (ICC, 0.85). Mean difference
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between raters was not significant based on Bland-Altman limits of agreement (difference,
−0.15 L/min; 95%CI, −0.37 to 0.07; P=0.17).

Internal validation of flow measurements
Ascending aorta flow and SVC combined with descending aorta flow were significantly
correlated (coefficient, 0.75, P=0.0018). Ascending aorta flow was also significantly
correlated with cardiac output as measured by ventricular volume analysis (coefficient, 0.70,
P=0.0034).

Agreement between equations to measure APCBF
There was no statistically significant difference in the APCBF values obtained by using the
MPA flow measurement as opposed to using the sum of the LPA and RPA flow
measurements. Agreement between flow measured in the MPA and (RPA+LPA) was also
high (ICC, 0.92) and was within acceptable limits (difference, 0.03 L/min, −0.20 to 0.25;
P=0.82).

Aortopulmonary collateral blood flow
Subjects with moderate to severe disease had significantly higher APBCF compared to
controls with least-square means difference of 0.69 ± 0.15, P=0.0001 and higher than
subjects with mild disease with least-square means difference of 0.84±0.18, P<0.0001.
These group differences remained statistically significant after adjusting for age, weight,
height, BMI and BMI z-score. None of the covariates approached significance when
included in the model (height: P=0.94, age: P=0.84, weight: P=0.99, BMI: P=0.75, BMI z-
score: P=0.47). Subjects with mild disease had similar mean APCBF as controls with least-
square means of 0.15 ± 0.0.15, P=0.33 (Fig. 3).

APCBF correlated negatively with FEV1% predicted (Spearman correlation: 0.70,
P=0.0050). The observed increase in APCBF was not constant across lung function. The
curvilinear fit based on regression splines was statistically significant for subjects with CF
(R2=0.55, P= 0.0389) (Fig. 4). The regression line showed a point of inflection at FEV1 of
101.5% predicted where APCBF began to increase rapidly in a nearly linear fashion with
worsening lung function (Fig. 4). A sensitivity analysis that included the aforementioned
subject (a 13-year-old girl) with an outlying APCBF measurement showed similar results.
The overall shape of the curve still showed an inflection point at the higher values of
FEV1% predicted, but flow at this inflection point was higher. Aside from APCBF,
statistical results that included data from this subject were similar to findings from the
primary analyses. This child was discovered to have had hemoptysis severe enough to
warrant a CT angiogram 11 months prior to this study. Review of the CT shows extensive
right upper lobe disease with large aortopulmonary collaterals despite a FEV1% predicted of
95%. The discordant result of CT, which was not used as an inclusion/exclusion criterion,
with FEV1% predicted leads us to believe this is a false-negative FEV1%; therefore, we
excluded this patient.

Discussion
In this study, we examined APCBF in a pilot cohort of patients with CF compared with non-
CF historical controls. This included a new non-invasive MR-based approach to assess
aortopulmonary collaterals. The results led to novel findings regarding the course of
systemic vascularization of the lungs in patients with CF. The study identified significant
differences in APCBF in patients with CF with less than normal function (FEV1 % predicted
<80%) compared with non-CF controls, The data also suggests that the process leading to
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increased collateral blood flow begins very early in the course of the disease, before
abnormalities in lung function were detected.

The study uses a new non-invasive MR based approach to estimate aortopulmonary
collaterals leading to novel findings about the course of systemic vascularization of the
lungs in patients with CF. While differences in APCBF significantly exceed the normal
range only in those patients with moderate to severe disease, the data suggest that the
process of increasing collateral flow begins very early in the course of the disease when lung
function is normal.

We demonstrated that measurements of APCBF obtained using phase-contrast MRI are
reproducible, as shown by the consistency between two independent observers. However,
there is no existing reference standard for the measurement of APCBF, but phase-contrast
MRI may provide the least invasive and most reproducible technique. The primary
advantage of CT over MRI to image pulmonary disease in CF is the higher resolution of
lung anatomy that can be correlated to the patients’ clinical course. While MR anatomical
imaging lacks the spatial resolution of CT, it can provide novel functional and physiological
information (without radiation exposure) that may be essential in understanding the
pathophysiology of chronic lung diseases. Specifically, MRI has the capacity to provide
detailed knowledge about the hemodynamic changes of pulmonary and bronchial
circulations [14], the two sources of blood supply to the lungs. In this report, we examined
the role of phase-contrast MRI in measuring APCBF (bronchosystemic shunts) across the
spectrum of severity of CF lung disease.

Our data revealed a significantly higher APCBF in patients with CF with a FEV1%
predicted <80% compared to healthy controls. The magnitude of APCBF we observed in our
study was smaller than that reported by Ley et al. [14] where the flow volumes reached up to
1.3 L/min. This difference may reflect the older average age of the study population in Ley’s
study relative to our population (29 years vs. 16 years). By combining our data with that of
Ley, we can assume that systemic vascularization of the lungs by aortopulmonary collaterals
in CF is not only dependent on disease severity but also on age and body size. In subjects
with FEV1% predicted >80%, APCBF was not significantly different from healthy controls,
but began to accelerate at as lung function fell below 100%. Based on the data presented in
this manuscript, this inflection point was around an FEV1%p of 101.5%p (Fig. 4). This
observation is of major interest because it suggests that the processes that lead to increasing
APCBF may begin well before significant pulmonary damage or systemic hypoxia can be
detected. It is yet to be determined whether the early changes in APCBF are markers of
disease progression in CF or actually contribute to progressive airway obstruction. In the
context of lung transplantation, Sweet et al. [15] reported that the presence of
aortopulmonary collateral vessels increased the risk of early mortality 20-fold post-lung
transplantation. These prognostic APCBF data suggest that indeed collateral flow may serve
as a disease marker and contribute to disease progression. The non-invasive estimation of
aortopulmonary collaterals by MRI might prove to be a valuable parameter of disease
progression before detectable decline in lung function. This may be particularly important in
children (i.e.: in infants and children under age 6, where lung function measurements are
impractical) since this technique can be applied to all ages. It also has the potential to serve
as a future validated tool to investigate disease mechanisms.

There are multiple mechanisms of proliferation of aortopulmonary collateral vessels.
Knowledge gained from animal models indicates that loss of pulmonary blood flow is
associated with increased angiogenesis in the bronchial circulation [16–18]. Further,
restoration of pulmonary blood flow leads to reversal of pathological angiogenesis and
regression of the bronchial vessels [19–22]. In human diseases, such as pulmonary atresia or
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unilateral absence of the pulmonary artery, systemic-to-pulmonary collateral vessels are
universal findings [23]. These observations lead us to the hypothesis that in CF, loss of
pulmonary perfusion leads to the systemic vascularization of the lungs through the bronchial
circulatory system. Inflammation, a central component of the CF lung pathology, is known
to be an important mediator of vascular pathology. Several inflammatory mediators have the
capacity to influence vascular growth. Among these, interleukin-8 is a pro-inflammatory
cytokine that is present in high concentration in CF airway secretions and correlates with CF
lung function. The angiogenic effect of interleukin-8 has been described in the seminal work
described by Koch et al. [24]. It is also a well-described pro-angiogenic factor in other
conditions, Interleukin-8 related angiogenesis has been described in human chronic lung
diseases, such as in idiopathic pulmonary fibrosis [25]. Belperio et al. [26] extended this
knowledge by not only demonstrating that interleukin-8 causes angiogenesis in bronchiolitis
obliterans syndrome, but by also showing that angiogenesis predicted the future
development of fibro-obliteration of the airways. Vascular endothelial growth factor
(another factor that is upregulated in CF) also affects several functional properties of the
endothelium such as nitric oxide and prostacyclin synthesis that can lead to pulmonary
vasodilatation and angiogenesis [27–29]. These and additional signaling molecules in CF
may contribute to the APCBF abnormalities observed, and studies of their angiogenic
properties may provide insight to novel aspects of CF disease pathogenesis.

There are several limitations present in this pilot study that should be noted. First, while
mean ages for the CF and non-CF study groups are similar (adolescence), we did not age
match with the historical control subjects. In addition, as the phase-contrast MRI data for the
control group was retrospectively obtained from a clinical cardiac MRI database, these
patients did not have lung function captured. Because none of the control patients had a
documented history of pulmonary disease, it is reasonable to assume that as a group they
had normal lung function. Second, measurement of pulmonary blood flow was not
confirmed using an independent standard, but phase-contrast velocity encoded imaging is
well accepted in cardiac imaging. We did perform an internal control measuring the flow in
the descending thoracic aorta and the superior vena cava to correlate with the flow of the
ascending aorta. Finally, we did not perform any baseline correction for phase offset errors,
which have been identified as a possible source of error in the current literature [30, 31].
However, few cardiac imagers utilize phantom correction techniques in clinical practice.
Despite these limitations, the results provide preliminary data describing changes in APCBF
early in CF lung disease and support future prospective trials to validate these findings in CF
and non-CF control populations. Based on these results, future examination of APCBF
related to morphological pulmonary CF changes, including comparisons with MRI and
concomitant CT, may be warranted. Larger studies with more patients, longer follow-up and
baseline correction for phase offset errors or 3-D flow measurements simultaneously in all
vessels could optimize technical performance.

Conclusion
Aortopulmonary collateral blood flow in CF is increased in CF patients with FEV1%
predicted of <80%, and this increased flow begins as FEV1% falls below 100%. Phase-
contrast MRI can be performed reliably with consistent results without interobserver
variability. These data provide support for future studies to better define APCBF
abnormalities in CF, both to evaluate its role in disease pathogenesis and as a potential
biomarker of disease.
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Abbreviations

APCBF aortopulmonary collateral blood flow

ANOVA analysis of variance

CF cystic fibrosis

CI 95% confidence interval

FEV1% forced expiratory volume in one second (percent predicted)

FEF25–75% forced expiratory flow25–75% (percent predicted)

FVC forced vital capacity

ICC intraclass correlation coefficient
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Fig. 1.
Axial non-cardiac-gated FIESTA demonstrates the planes of phase-contrast MRI on the
ascending aorta, MPA, RPA and LPA. Two orthogonal planes were used to plan each phase-
contrast sequence to ensure measurements were perpendicular to the direction of flow

Fleck et al. Page 10

Pediatr Radiol. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Phase-contrast anatomy (a) and flow (b) images in the axial plane perpendicular to the
ascending aorta
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Fig. 3.
Aortopulmonary collateral blood flow results in the control group and each of the two CF
groups. The moderate to severe CF group had significantly greater aortopulmonary
collateral flow than the control group and compared to the mild group (P<0.0001)
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Fig. 4.
Aortopulmonary collateral blood (APCBF) flow correlation to FEV1% predicted in CF
patients. Curve represents 15 CF patients fit based on regression splines (adjusted R2 = 0.55,
P=0.0389). Green line represents upper limits of normal collateral flow in the normal
controls, vertical dashed line represents the inflection point at FEV1% predicted = 101.5%.
There is a non-linear relationship of APCBF as the FEV1% predicted decreases

Fleck et al. Page 13

Pediatr Radiol. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Fleck et al. Page 14

Table 1

Patient characteristics based on disease severity. Continuous data expressed as mean ± SD (n)

Controls Mild CF Moderate/severe CF

Male, % 41.1% (7/17) 85.7% (6/7) 37.5% (3/8)

Age (years) 18.6±6.9 (17) 14.8±2.0 (7)^* 18.0±0.8 (8)

FEV1 (% predicted) --- 103.6±10.4 (8)^^‡ 56.6±11.6 (8)

Collateral Flow (L/min) 0.20±0.13 (17) 0.05±0.24 (7)^^‡ 0.89±0.67 (7)^^†

Height (cm) 143.1±21.4 (16) 165.5±13.7 (7)^^* 165.9±8.2 (8)^^†

Weight (kg) 49.1±18.6 (16) 57.7±11.6 (7) 56.3±10.4 (8)

BMI 23.1±4.8 (16) 20.9±1.7 (7) 20.4±2.6 (8)

BMI z-score 0.65±0.90 (9) 0.32±0.60 (7) −0.57±1.07 (8)

BSA (m2) 1.37±0.36 (16) 1.63±0.23 (7)^* 1.62±0.17 (8)^†

Heart rate (beats/min) 84.1±17.8 (17) 75.3±16.5 (6) 90.6±15.1 (8)

^0.05 ≤p <0.010 and ^^p < 0.05 for mild CF versus control (*), moderate/severe versus control (†), mild versus moderate/severe (‡)
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