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Pulmonary arteries (PAs) distend to accommodate increases in
cardiac output. PA distensibility protects the right ventricle (RV)
from excessive increases in pressure. Loss of PA distensibility
plays a critical role in the fatal progression of pulmonary arterial
hypertension (PAH) toward RV failure. However, it is unclear
how PA distensibility is distributed across the generations of PA
branches, mainly because of the lack of appropriate in vivo methods to measure distensibility of vessels other than the large,
conduit PAs. In this study, we propose a novel approach to assess
the distensibility of individual PA branches. The metric of PA
distensibility we used is the slope of the stretch ratio–pressure
relationship. To measure distensibility, we combined invasive
measurements of mean PA pressure with angiographic imaging of
the PA network of six healthy female dogs. Stacks of 2D images of
the PAs, obtained from either contrast enhanced magnetic resonance angiography (CE-MRA) or computed tomography digital
subtraction angiography (CT-DSA), were used to reconstruct 3D
surface models of the PA network, from the first bifurcation down
to the sixth generation of branches. For each branch of the PA,
we calculated radial and longitudinal stretch between baseline
and a pressurized state obtained via acute embolization of the pulmonary vasculature. Our results indicated that large and intermediate PA branches have a radial distensibility consistently close
to 2%/mmHg. Our axial distensibility data, albeit affected by
larger variability, suggested that the PAs distal to the first generation may not significantly elongate in vivo, presumably due to spatial constraints. Results from both angiographic techniques were
comparable to data from established phase-contrast (PC) magnetic resonance imaging (MRI) and ex vivo mechanical tests,
which can only be used in the first branch generation. Our novel
method can be used to characterize PA distensibility in PAH
patients undergoing clinical right heart catheterization (RHC) in
combination with MRI. [DOI: 10.1115/1.4029578]

PAH is an incurable disease of the distal pulmonary vasculature. Progressive narrowing and obliteration of the small PAs is
responsible for increased resistance to blood flow and subsequent
elevation in PA pressure. A hallmark of PAH is the progressive
loss of compliance of the proximal PAs [1–3], which along with
the increased resistance contributes to aggravate right ventricular
(RV) afterload [2,4–7], eventually leading to RV failure.
Loss of compliance of the PAs has been assessed via either total
PA compliance [2] or area strain of the main PA [4,8]. These metrics of PA stiffness have strong prognostic value in patients with
PAH [4,8], suggesting PA stiffness is an important contributor to
the pulsatile component of RV workload [9,10]. However, with
the exception of the first generation of PA branches (left and right
extralobar PAs), which only contribute to 20% of total PA compliance [11], distensibility of individual branches of the PAs cannot
currently be assessed in vivo. Differences in PA distensibility
among generations of PA branches may have clinical relevance
and be important to mechanisms of PAH progression.
A common metric of local distensibility is the slope a of the
stretch ratio–pressure relationship for a given PA. If PA distensibility is assumed to be constant throughout the PAs [12], a single
value of a for the entire PA network can be obtained based on
interpolation of multipoint pressure-flow data [13–16]. This global
a is about 2%/mmHg in healthy subjects independent of age
[16,17]. In patients with PAH, a decrease in global PA distensibility was negatively correlated with PA pulse pressure [13], which
in turn is responsible for endothelial cell dysfunction and further
arterial stiffening [7,18]. Global PA distensibility a was significantly decreased in healthy carriers of the BMPR-2 mutation, a
precursor of PAH [19], thus suggesting a sensitivity of a to early
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Fig. 1 Flow chart of the process used to assess radial and axial distensibility from angiographic images. Stacks of 2D
images, obtained with either CT-DSA or CE-MRA, were segmented to reconstruct 3D surface models of the PA network. Radial
and axial distensibility were calculated for the first six branch generations. Note that in the text the branches R1 and L1 indicate the extralobar RPA and LPA, respectively.

pathological changes in PAH [20,21]. Whether differences in
local a exist within the pulmonary network in healthy or diseased
states remains unknown, largely because techniques to measure
PA branch a in vivo do not exist.
In this study, we propose a novel method to evaluate the distensibility of individual PA branches in vivo. Under the assumption
that the stretch ratio–pressure relationship is approximately linear
in the physiological range of PA pressures, the slope a can be estimated for each branch of the PA if strain and pressure are known
at two different stretch levels. Our method combines measurements of PA pressure from RHC and geometry of individual PA
branches from either computed tomography angiography or
magnetic resonance angiography. In six healthy female dogs, we
performed these measurements at baseline and after acute embolization of the PA to calculate radial and axial distensibility of the
PAs. We compared our in vivo radial distensibility data with ex
vivo measurements from mechanical tests.

Methods
RHC. In vivo and ex vivo data were collected from six female
beagles. The animals were approximately 1 year of age and their
body weight was 8.3 6 2.4 (mean 6 standard deviation). Under
general anesthesia and 100% oxygen ventilation, the animals
underwent MRI, computed tomography angiography, and RHC
twice, first to obtain PA hemodynamic and morphometric data at
baseline (PRE) and second to measure the same parameters after
acute elevation of PA pressure via embolization (POST). Surgical
procedures are described in more detail elsewhere [22]. Briefly,
the external jugular vein was catheterized to place a fluid-filled
pressure catheter for measuring PA pressure and cardiac output
via thermodilution. The same access was used to repeatedly inject
polyvinyl alcohol microbeads (Contour SE Microspheres, Boston
Scientific, Natick, MA) into the right atrium. PA pressure was
measured intermittently and bead injection was continued until
mean PA pressure was greater than 30 mmHg. Dogs were euthanized after the POST tests. All the procedures were approved by
the Institutional Animal Care and Use Committee (IACUC) of the
University of Wisconsin-Madison. After euthanasia, extralobar
PAs were harvested for mechanical testing.
CT-DSA. Flat-detector computed tomography angiography
[23,24] was performed on a C-arm flat-panel detector scanner
(Artis Zeego, Siemens, Germany). The acquisition included a
mask run (no contrast) and a fill run (contrast-enhanced). The contrast agent (60 ml of Imeron 400) was injected into the right
atrium at 5 ml/s, followed by 60 ml of saline flush. Acquisition parameters were: acquisition time 20 s/run, 70 kV, 512  512 matrix,
projection on 30  40 cm flat panel size, 200 deg total angle,
0.4 deg/frame, 496 frames total, dose 1.2 lGy/frame. The fill run
acquisition was triggered to the detection of the arrival of the
044501-2 / Vol. 137, APRIL 2015

contrast bolus. A dedicated program (DynaCT, Siemens, Germany) was used to acquire and postprocess the angiographic data.
Postprocessing included reconstruction of both mask run and fill
run. Digital subtraction was performed to obtain CT-like projections (8-mm thickness, 1-mm spacing) to visualize the pulmonary
vasculature. Ventilation was suspended during the scan (breath
hold) to prevent respiration-induced motion artifacts.
CE-MRA. CE-MRA was performed on a clinical 3.0 T scanner
(MR750, GE Healthcare, Waukesha, WI) with gradients operating
in Zoom mode (40 mT/m gradient strength, 150-mT/m/ms slew
rate). Intravenous contrast (0.10 mmol/kg of gadobenate dimeglumine) was administered at 2 ml/s, followed by 25 ml of saline
flush. Acquisition was performed during the steady state after the
administration of contrast. Parameters were adjusted to optimize
spatial resolution, acquisition duration and vascular contrast-tonoise-ratio. CE-MRA parameters were: 34  30  27.2 cm field of
view, 256  200  180 matrix, 6 83.3 kHz bandwidth, TR/TE
¼ 3.4/1.1 ms (fractional echo), and flip angle of 25 deg, for a true
spatial resolution of 1.3  1.5  1.5 mm. Autocalibrating reconstruction for Cartesian acquisition with an acceleration factor of
3.75 was used to reduce the acquisition time. CE-MRA was
performed during end expiration.
Radial and Axial Distensibility. Stacks of 2D images of the
pulmonary vasculature (from CT-DSA or CE-MRA) were analyzed using Mimics 15 (Materialise, Leuven, Belgium) to reconstruct 3D surface models of the PA network. The image analysis
is summarized in Fig. 1. Image thresholding was performed to
segment the PA network. Segmentation threshold was selected
manually for each dataset to include as many PA branches as possible while still allowing the PAs to be isolated from veins. The
3D model was further refined to isolate the PAs using standard
editing tools. The principal left and right arterial pathways were
identified and centerlines were calculated by using an algorithm
available in the MedCAD Mimics module. Major branching
points were chosen to divide each pathway into arterial segments.
Starting the bifurcation distal to the main PA, segments were
selected down to the sixth generation for each pathway. For each
generation, branch length and average best-fit diameters were calculated for the PRE and POST data. Radial distensibility arad was
calculated dividing the radial strain by the increase in mean PA
pressure as follows:
arad ¼

DPOST  DPRE
DPRE ðPPOST  PPRE Þ

(1)

where DPRE and DPOST are the average best-fit diameter of the PA
branch at baseline and after embolization, respectively, and PPRE
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and PPOST are the corresponding values of mean PA pressure.
Similarly, the axial distensibility aax was calculated as
aax ¼

‘POST  ‘PRE
‘PRE ðPPOST  PPRE Þ

(2)

where ‘PRE and ‘POST are the length of the PA branch at baseline
and after embolization, respectively.
PC MRI. MRI studies were performed on a clinical 3 T scanner
(MR750, GE Healthcare, Waukesha, WI) using an eight-channel
cardiac coil and vector electrocardiographic (ECG) gating. 2D PC
images were acquired in double oblique planes through the left
PA (LPA) and right PA (RPA). Image parameters for 2D PC
imaging were: 35  26 cm field of view, 256  160 matrix, 7 mm
slice, 6 62.5 kHz bandwidth, 150 cm/s velocity encode (“venc”),
TR/TE ¼ 5.5/2.6 ms (full echo), and segmentation factor of 8, for
a true temporal resolution of 44 ms. Twenty interpolated time
frames were reconstructed. One slice was acquired while suspending ventilation for approximately 15–17 s.
In order to measure cross-sectional area of the LPA and RPA,
the 2D PC images were analyzed using the CV Flow analysis tool
(Medis, Leiden, The Netherlands). The LPA and RPA contours
were segmented manually on the magnitude images over the
entire cardiac cycle to evaluate the cross-sectional area A. For
each phase of p
theﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cardiac
cycle, the branch diameter was calcuﬃ
lated as D ¼ 4A=p. The cycle-average diameters DPRE and
DPOST were used to calculate arad with Eq. (1).
Mechanical Tests. After euthanasia, the intact large proximal
PAs were harvested and any connective tissue was removed
before a photograph was taken of the intact PAs to measure PA
length ex vivo. Next, a short ring from each PA (LPA and RPA)
was cut and opened, and its cross section was photographed for
measuring the geometry of the artery at its stress-free state. The
cut-open ring was taken as the circumferentially oriented
specimen for uniaxial testing. The specimen was clamped by selfaligning grips on each end in an Instron 5548 MicroTester tensile
testing system (Instron, Norwood, MA), equipped with a 10 N
load cell. The tissue specimen was immersed in phosphatebuffered saline (PBS) at 37  C in an environmental chamber
throughout the test.
For each specimen, the stress–stretch curve was used to evaluate an equivalent ex vivo radial distensibility a to be compared
with the in vivo data (arad). The in vivo circumferential stress r
 measured in vivo was
corresponding to the mean PA pressure (P)
calculated using the law of Laplace, as follows:
r¼

P  D
2h

(3)

where D and h are, respectively, the inner diameter and thickness
 While the inner diameter (D) was
of the PA branch at pressure P.
obtained from in vivo CT-DSA measurements, the wall thickness
(h) was calculated with the incompressibility condition using the
PA geometry at the stress-free state, the in vivo inner diameter,
and the in vivo axial stretch. The in vivo axial stretch of each PA
(LPA and RPA) at baseline or after embolization was calculated as
the ratio of the in vivo PA length measured from CT-DSA at baseline or after embolization to the reference PA length measured
from ex vivo photograph. With the in vivo circumferential stress
calculated by Eq. (3), the corresponding circumferential stretch
was found from the stress–stretch curve obtained from mechanical
testing. The radial distensibility from ex vivo mechanical data was
calculated using the following equation (equivalent to Eq. (1)):

arad ¼

kPOST  kPRE
kPRE ðPPOST  PPRE Þ
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(4)

where kPRE and kPOST are the radial stretches obtained from the
stress–stretch curve at baseline pressure (PPRE ) and after embolization (PPOST ), respectively.
Statistical Analysis. For both angiographic techniques, one set
of distensibility measurements was obtained from each animal.
Statistical analysis was performed on these six datasets. All results
are presented as mean 6 standard error (SE). The relative difference between the two methods is calculated as the absolute value
of the difference divided by the value obtained from CE-MRA.
Changes in a along the six PA generations included in this study
were analyzed using a linear mixed-effect model with repeated
measures (generalized least squares). An autoregressive correlation structure was assumed between repeated measurements.
Tukey’s honestly significant differences were used as a posthoc
test of significance. Comparison between data obtained from
CT-DSA and CE-MRA was performed using a two-tailed paired
Student’s t-test. The same test was used to compare PA diameters
from either angiographic technique with data from 2D PC MRI,
and to compare distensibility data in vivo with data from ex vivo
mechanical tests. A probability value p < 0.05 was considered
evidence of statistical difference.

Results
PA Distensibility In Vivo. Measurements of PA diameter at
baseline (PRE) and radial distensibility arad for each branch generation from both CT-DSA and CE-MRA are shown in Table 1. For
the RPA, the average values of arad ranged between 1.47% and
2.63%/mmHg when calculated from CT-DSA data, and between
1.81% and 2.29%/mmHg when calculated from CE-MRA data.
For the LPA, the average arad ranged between 1.49% and 2.17%/
mmHg (CT-DSA) and between 1.99% and 3.33%/mmHg (CEMRA). None of the branches from second to sixth generation had
distensibility significantly different from the first branch generation (both RPA and LPA). We found no statistical differences
between the results from the two angiographic techniques, with
the only exception of the third branch generation of the LPA,
where CE-MRA-based arad was significantly larger than CT-DSA.
Table 2 reports the values of PA branch length at baseline
(PRE) and axial distensibility aax for all branch generations. Average aax for both LPA and RPA ranged between slightly negative
values to positive values, consistently lower than arad. Axial distensibility was generally lower in generations 2–6 compared to
the first generation, although the trend was significant only in the
LPA (from CT-DSA data) and in few isolated cases. We found no
significant difference between aax estimated from CT-DSA and
CE-MRA.
Comparison With PC MRI. We compared the radial distensibility arad calculated from CT-DSA and CE-MRA with calculations from PC MRI data. Only first branch generation data (LPA
and RPA) were available from PC MRI. Radial distensibility values from PC MRI tended to be smaller than those obtained from
either angiographic technique, but we found no significant differences among imaging methods (Table 3).
Comparison With Ex Vivo Mechanical Tests. We also
compared the radial distensibility arad calculated from ex vivo
mechanical tests with those obtained from angiographic and PC
MRI methods; again, only first branch generation data (LPA and
RPA) were available from ex vivo tests. Ex vivo estimates of arad
tended to be lower than in vivo angiographic measurements, and
in one case (CT-DSA-based estimate of arad for the RPA) the difference was statistically significant (Table 3).
Resolution Limits. In order to be captured by the in vivo
approach proposed here, changes in length or diameter of the PA
branches should be larger than the spatial resolution limits of the
APRIL 2015, Vol. 137 / 044501-3

Table 1 PA branch average diameter at baseline (PRE) and radial distensibility for the six generations of RPA and LPA branches,
estimated from CT-DSA and CE-MRA data. For each branch generation of RPA and LPA, the relative difference in arad between the
two methods is included.
Radial distensibility
1

2

3

4

5

6

8.71 60.42
7.81 60.29
2.42 60.42
2.29 60.40
0.53 60.20

7.52 6 0.45†
6.99 6 0.29†
2.63 60.56
2.23 60.41
0.66 60.53

6.95 6 0.27†
6.57 6 0.26†
1.56 60.30
1.81 60.35
0.30 60.08

5.35 6 0.28†
5.40 6 0.38†
1.47 60.31
1.84 60.44
0.56 6022

4.02 60.31†
4.41 6 0.49†
1.76 60.39
2.10 60.54
0.35 6 0.08

2.43 60.21†
3.29 60.55†
2.1060.48
2.1160.62
0.64 60.11

8.05 60.30
6.85 6 0.28*
2.17 60.31
2.30 60.43
0.33 60.09

7.35 6 0.35†
6.55 60.20
2.1460.45
2.1560.47
0.62 60.39

7.24 6 0.54†
5.92 6 0.12†
1.79 60.64
2.34 6 0.59*
0.31 60.12

5.67 6 0.29†
5.28 6 0.26†
1.61 60.42
1.99 60.38
0.54 60.12

4.29 6 0.32†
3.76 6 0.36†
1.49 60.38
2.51 60.62
0.43 60.09

2.61 60.37†
2.66 6 0.37†
1.91 60.62
3.33 60.90
0.63 60.08

Branch generation

DPRE (mm)
arad ð%mmHgÞ

DPRE (mm)
arad ð%mmHgÞ

RPA
CT-DSA
CE-MRA
CT-DSA
CE-MRA
Darad =arad;CEMRA
LPA
CT-DSA
CE-MRA
CT-DSA
CE-MRA
Darad =arad;CEMRA

Values are expressed as mean 6 SE.
*
p < 0.05, compared to CT-DSA;
†
p < 0.05, compared to the first branch generation.
Table 2 PA branch length at baseline (PRE) and axial distensibility for the six generations of RPA and LPA branches, estimated
from CT-DSA and CE-MRA data. For each branch generation of RPA and LPA, the relative difference in aax between the two methods
is included.
Axial distensibility
Branch generation

LPRE (mm)
aax(%/mmHg)

LPRE (mm)
aax (%/mmHg)

RPA
CT-DSA
CE-MRA
CT-DSA
CE-MRA
Daax/aax,CE-MRA
LPA
CT-DSA
CE-MRA
CT-DSA
CE-MRA
Daax/aax,CE-MRA

1

2

3

4

5

6

14.33 6 0.95
9.75 61.56
1.11 60.58
1.88 60.49
0.65 60.19

31.19 6 1.07†
25.35 6 2.66†
0.29 6 0.29†
0.42 60.63
2.04 60.67

44.97 6 2.04†
38.61 6 3.35†
0.32 60.12
0.13 60.17†
2.04 60.98

62.23 6 3.02†
50.85 6 5.37†
0.06 6 0.05
0.04 60.06
1.97 60.37

83.25 6 3.80
67.18 6 7.37†
0.11 60.04
0.21 60.15
1.08 60.33

112.68 6 3.82†
104.95 6 2.42†
0.07 60.12†
0.74 60.92
0.95 6024

6.22 60.60
5.26 61.47
1.54 60.33
0.57 60.56
1.38 60.64

15.55 6 2.27†
14.42 6 3.26†
0.01 6 0.27†
1.30 60.27*
0.95 60.23

22.32 6 0.96†
20.13 6 0.96†
0.33 6 0.30†
0.27 60.50
1.67 60.99

35.86 6 1.67†
33.88 6 2.98†
0.00 6 0.13†
0.35 60.19
1.61 6038

53.94 6 3.74†
48.08 6 3.84†
0.43 6 0.27†
0.06 60.10
2.53 60.64

82.83 6 1.87†
81.08 64.71†
0.33 6 0.28†
0.28 60.32
0.85 6037

Values are expressed as mean 6 SE.
*
p < 0.05, compared to CT-DSA;
†
p < 0.05, compared to the first branch generation.

imaging technique. We compared the average dilatation (Fig. 2)
and elongation (Fig. 3) of each branch of LPA and RPA with the
resolution limit of CE-MRA, which is the technique with the
poorer spatial resolution (1.5 mm). Figure 2 illustrates that the
acute pressure increase resulted in values of PA branch dilatation
above the resolution limit, with the exception of the sixth branch
Table 3 Radial distensibility for RPA and LPA (first branch generation), measured in vivo (CT-DSA, CE-MRA, PC MRI) and ex
vivo (mechanical tests).
Radial distensibility, arad (%/mmHg)
Branch
CT-DSA
CE-MRA
PC MRI
Mechanical tests

RPA

LPA

2.42 6 0.42†
2.29 6 0.40
1.59 6 0.50
1.64 6 0.22

2.17 6 0.31
2.30 6 0.43
1.89 6 0.62
1.74 6 0.29

Values are expressed as mean 6 SE.
*
p < 0.05, compared to PC MRI;
†
p < 0.05, compared to mechanical tests.
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Fig. 2 Change in average diameter of the six branch generations of RPA (solid line) and LPA (dashed line) from PRE to
POST. Error bars show the SE. The straight dotted line represents the spatial resolution limit of CE-MRA (1.5 mm).
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Fig. 3 Change in length of the six branch generations of RPA
(solid line) and LPA (dashed line) from PRE to POST. Error bars
show the SE. The straight dotted line represents the spatial resolution limit of CE-MRA (1.5 mm).

generation, whose dilatation is of the same order of the resolution
limit. Branch elongation data are also generally above the resolution limit, with the exception of the first generation of LPA and
fourth generation of RPA (Fig. 3).

Discussion
In this study we present a novel in vivo approach to estimate
distensibility of individual branches of the PA network. To the
best of our knowledge, this is the first method that allows for
in vivo assessment of compliance properties of arterial branches
distal to the first generation (LPA and RPA). Additionally, our
method can be used to assess both radial and axial distensibility.
Combining invasive PA pressure measurements with angiographic imaging of the pulmonary vasculature has potential clinical application. CT-DSA can be performed during RHC [25], so
that hemodynamic and structural data can be obtained simultaneously. In contrast, methods based on simultaneous MRI and RHC
have only been used in pilot studies and are not yet established
clinical research tools [26–29].
To assess PA distensibility from the slope of the diameter–pressure relationship, our approach requires that data be obtained at
two different PA stretch levels. In our preclinical study, we used
acute embolization to alter the mean pressure in the PAs. In future
clinical applications of our method, an acute increase in PA pressure can be obtained via physical exercise, taking advantage of
the positive relationship between cardiac output and PA pressure
[30]. Alternatively, PA pressure can be temporarily increased via
dobutamine infusion, which is often done clinically for stress testing [31,32].
Previous studies, based on the distensibility model proposed by
Linehan [12], determined that the radial distensibility of the PA
network measured globally, and assumed constant throughout, is
approximately 2%/mmHg [16,17]. Unlike Linehan’s method,
our approach measures the distensibility of individual branches of
the PA network. According to our results, each PA branches down
to the sixth generation has radial distensibility close to  2%/
mmHg, thus supporting the Linehan model. However, whether the
decrease in PA network distensibility observed in patients with
PAH [13] is consistent in all the PAs down to 1–2 mm diameter
(the spatial resolution limit of our angiographic methods) remains
unknown. Future clinical application of our method will address
this knowledge gap. In addition, our approach can be used to
investigate the contribution of individual arterial branches to
sex-related difference in PA distensibility observed in healthy
subjects [33].
This study was the first to assess axial distensibility in the pulmonary vasculature. Axial distensibility was markedly lower than
radial distensibility, with the significant exception of the first
Journal of Biomechanical Engineering

branch generation (LPA and RPA), which distended comparably
in both radial and axial directions. We speculate that PA branches
distal to the first generation had limited ability to distend axially
due to the effects of tethering forces, spatial constraints in the
chest cavity and external pressure from inflated alveoli.
Both CT-DSA and CE-MRA can be used clinically to obtain a
spatially resolved time-averaged representation of the pulmonary
vasculature. Our results indicate that the two imaging methods
provide comparable radial and axial distensibilities. In addition,
the two methods similarly tended to overestimate radial distensibility in the first branch generation (LPA and RPA), where a comparison was possible with PC MRI and with ex vivo mechanical
tests. Therefore, accuracy should not be a deciding factor when
selecting the angiographic method to assess PA distensibility. The
main advantage of CE-MRA is the absence of ionizing radiation,
whereas CT-DSA can be performed simultaneously with RHC.
Several limitations in this study must be acknowledged. The
spatial resolution of both angiographic methods used here was
approximately 1 mm, which limited the scope of our analysis to
the first six branch generations. For these branch generations, in
our experimental model the pressure increase induced changes in
arterial diameter and length above the spatial resolution limit of
the imaging techniques. This is not a limitation intrinsic to our
method and future extension of distensibility measurements to
smaller arteries (via improved imaging resolution) may have important clinical implications because of the significant contribution of smaller PAs to the total arterial distensibility [11]. We
used the same value of pressure, measured invasively in the main
PA only (zeroth generation), for all the branches included in our
analysis, therefore neglecting possible spatial variations in pressure. Also, to calculate distensibility, we assumed a linear relationship between PA diameter (normalized to baseline) and
pressure. Since the relationship is slightly curvilinear [30], future
clinical applications of our method should include measurements
at more than two pressure levels, either via incremental exercise
or via progressive increase in dobutamine dosage. Finally, our
uniaxial mechanical tests are an approximation of the actual biaxial loading experienced by the PAs in vivo. Inflation–extension
tests are a more realistic representation of the physiological loading [34] and would provide a better validation of our in vivo
measurements.

Conclusions
We presented an in vivo method to assess both axial and radial
distensibility in the large and intermediate PAs. For the first time,
this method allows for measuring mechanical properties of individual branches distal to the first generation. Our results indicate
that large and intermediate PA branches have comparable radial
distensibility, close to the 2%/mmHg value previously estimated
for the entire PA network. Computed tomography angiography
and magnetic resonance angiography provide comparable results.
Established in vivo and ex vivo methods, which can only be used
in the first branch generation, provided a preliminary validation of
our novel approach.
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