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Quantification of morphologic and hemodynamic severity of
coarctation of the aorta by magnetic resonance imaging
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Abstract (bjective: As the morpholgic severity of coarctation of the aorta is difficult to assess, especially after pre-
vious repair, the value of the technique of multiplanar reconstruction of magnetic resonance imaging data to
achieve a 3-dimensional reconstruction of the aortic arch was evaluated and compared to hemodynamic meas-
urements. Methods and Results: We performed 30 examinations in 27 patients aged from 6 to 54 years, with a
mean of 21 years, by magnetic resonance imaging using a 1.5Tesla scanner with a standard body coil.
Measurements of flow across the coarctation were performed using phase shift velocity mapping, and peak veloc-
ity was calculated at the site of stenosis. Aortic cross-sectional area before, at, and beyond the stenosis was recon-
structed 3-dimensionally to calculate a percentage degree of stenosis. Morphologic severity of stenosis was
correlated to invasively assessed hemodynamic gradients and morphologic data from biplane angiography in 23
patients. Among the 30 examinations, 24 patients had been previously treated by either surgery, in 17 patients,
or balloon dilation, while 6 had native coarctation. 3-dimensional reconstruction was possible in all and better
delineated the anatomy concerning the hemodynamic relevance of stenoses even as compared with biplane
angiography. The correlation between severity of narrowing assessed by diameter measurements in the biplane
angiography and 2-dimensional magnetic resonance imaging was r = 0.94, and multiplanar reformation
with 2-dimensional magnetic resonance imaging was r = 0.87 with a tendency of higher grading with the
3-dimensional technique (p = 0.0001). The correlation of 2-dimensional magnetic resonance imaging with
invasively measured hemodynamic gradients was r = 0.67 versus r = 0.74 for the areas assessed by multiplanar
reformation, indicating that the hemodynamic relevance of a morphological approach to evaluate the degree of a
stenosis should better be assessed 3-dimensionally. Conclusions: The 3-dimensional reconstruction of the mor-
phologic severity of coarctation offers additonal information over conventional imaging especially in patients
with kinking, complex geometry, or collaterals, in whom hemodynamic measurements can become unreliable.
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ARCTATION OF THE AORTA IS A COMPLEX
congenital lesion which, in older patients,
difficult to diagnose with non-invasive
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imaging. Echocardiographic visualization is not
always possible and, in the presence of collaterals, sim-
ple hemodynamic measurements like assessment of
peripheral blood pressure in all four limbs, or Doppler
flow assessment in the descending aorta, frequently
do not reflect the anatomic severity of coarctation.'™
Because of these known limitations of non-invasive
imaging, invasive measurements with catheters and
angiography are considered to represent the golden
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standard of diagnosis of native or recurrent coarctation
of the aorta. The technique of 3-dimensional recon-
struction of magnetic resonance imaging data, with
the use of multiplanar reconstruction, has the poten-
tial for grading of the anatomic severity of stenosis.
The aim of this study was, firstly, to quantitate cross-
sectional areas of the pre- and poststenotic as well as
the coarcted segment of the aorta and, secondly, to
correlate these data with invasively obtained morpho-
logic and hemodynamic measurements.

Material and methods

Selection of patients

We examined 27 patients aged a mean of 21 years,
with a range from 6 to 54 years, who underwent
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30 examinations. Of these patients, 24 had previ-
ously been treated, with 7 undergoing balloon
dilation and 17 submitted to surgery. All had sus-
pected recoarctation, while six had native coarctation
(Table 1). Of the patients with native coarctation,
three were examined before and two days to three
months after treatment by balloon dilation in two,
and surgery in the other. The other three patients
with native coarctation had no magnetic resonance
imaging follow-up. The patients had been corrected
by conduit reconstruction in 8 cases, resection and
end-to-end anastomosis in four, patch aortoplasty
in three, and subclavian flap aortoplasty in two
patients. The examinations had been performed at a
mean time of 6.9 years after treatment, with a range
from 0.01 to 28 years.

Table 1. Complete table of all examined patients with the values for the estimated and invasively measured peak gradients by magnetic res-
onance imaging and cardiac catheter (CC) at the site of stenosis or restenosis. Furthermore, the percentage diameter (2D-MRI and 2D-CC)
as well as the percentage area stenosis (3D-MRI) are indicated. Patient 14, 25 and 27 were examined before and after treatment. Therefore,
the pre-treatment examinations are labelled 14’, 25’ and 27’, the post-treatment 147, 25” and 27”.

Gradient (mm Hg) Percent
Patient no. Age  Sex Procedure  Collaterals MRI CC Geometry 2DMRI 2DCC 3D MRI
1 40 M 11 No 12 - Short Kinking 48 - 54
2 17 M 1I No 25 15 Long Kinking 47 50 68
3 21 F I Yes 25 30 Short Kinking 50 45 68
4 8 M \% Yes 21 20 Long /Tubular 59 56 72
5 12 F VI No 25 - Short /Tubular 39 - 28
6 14 M 111 Yes 49 40 Long Kinking 72 77 71
7 10 M A% Yes 13 10 Short /Tubular 30 47 63
8 35 F VI Yes 81 100 Short /Fileform 70 77 93
9 10 M \% No 8 5 Short [Fileform 43 40 35
10 14 M I No 36 20 Short [Fileform 50 42 58
11 18 M v No 29 30 Long /Tubular 33 40 43
12 38 M v No 0 3 Short /Tubular 6 0 14
13 22 M I No 18 20 Short Kinking 39 35 49
14 53 M VI Yes - 70 Short /Fileform 76 71 95
147 54 M v No 4 5 Long /Tubular -7 0 6
15 14 M v No 23 30 Long Kinking 53 40 63
16 18 M I No 16 - Long /Tubular 38 - 42
17 12 M 111 Yes 36 35 Short Kinking 66 56 64
18 50 F v No 34 - Short [Fileform 46 - 75
19 26 F VI No 36 - Short Kinking 52 - 75
20 19 M 11 No 39 - Short /Fileform 39 - 39
21 8 F 11/v Yes 49 65 Short Kinking 64 50 85
22 16 M VI Yes 52 50 Short /Fileform 63 55 74
23 19 F v No 16 - Long /Aneurysm 48 - 44
24 18 M IVN No 40 40 Short /Fileform 67 63 68
25 6 M v Yes 61 80 Short /Fileform 58 59 72
25” 6 M A% Yes 16 25 Short /Fileform 36 40 58
26 23 M v No 36 40 Short Kinking 52 45 56
27 21 F VI Yes 64 40 Short [Fileform 69 64 85
277 21 F \Y% Yes 36 20 Short [Fileform 56 55 70
Mean 21.4 Collaterals 31.0 34.5 48.7 48.1 59.6
SD 13.0 n=13 18.8 249 18.2 19.2 21.3

Abbreviations: M: male; F: female; Procedure — I: resection and end-to-end anastomosis; II: patch aortoplasty; III: subclavian flap aortoplasty;
IV: conduit reconstruction; V: balloon dilation; VI: native coarctation; MRI: magnetic resonance imaging; CC: cardiac catheter; 2D: 2-dimensional;

3D: 3-dimensional
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Magnetic resonance imaging

The magnetic resonance examinations were per-
formed with a 1.5 Tesla Gyroscan ACS-NT scanner
(Philips, Best, Netherlands) using a standard body coil.
The 2-dimensional measurements were made using
an electrocardiographically-triggered turbo spin-echo
sequence in an angulated parasagittal plane appro-
ximating to the left anterior oblique equivalent
through the aortic arch with the following parame-
ters: repetition time = 571 ms, echo time = mean
40 ms, turbo factor = 8, Matrix = 256:256, field
of view = 250-350 mm, slice thickness: 2—4 mm.
The 2-dimensional diameter measurements were
performed at the site of stenosis using the smallest
diameter to calculate the percentage stenosis in com-
parison to the diameter of the descending aorta at the
diaphragm and compared with the results of the

Cardiology in the Young

September 2001

biplane-angiography diameter measurements, which
were available in 23 patients.*> For 3-dimensional
reconstruction, an electrocardiographically-trigg ered
2-dimensional non-contrast enhanced “in-flow”
magnetic resonance angiography with transverse
orientation, and an inverse prepulse with the follow-
ing parameters was used: repetition time = 11 ms,
echo time = 5.7 ms, flip-angle = 70°, effective slice
thickness was 2mm (4 mm, 2 mm overlap), matrix
128:256, field of view 250-350 mm, mean trigger
delay depending on heart rate 260 ms. The calcula-
tion of the pre- and poststenotic cross-sectional areas
were done initially by simple threshold segmentation
of data from the in-flow magnetic resonance angio-
graphy (Fig. 1a—c) to 3-dimensionally reconstruct the
aortic lumen (Fig. 2a, b, d). Within this 3-dimensional
space, after multiplanar reconstruction, a flight path
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Figure 1.
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(a) T hree-d imensional (3D) reconstruction of the aortic lumen from a two-dimensional (2D) mag netic resonance angiog raphy (MRA) data ser
from the right lateral view with a residual stenosis at the site of operation in the descend ing aorta and a collateral distal of the stenotic area.
(b) Shows the flight path through the aortic lumen with the planes perpendicular to the vessel course of the reconstructed aorta pre- and
intrastenotic in the same patient. (¢) Resulting cross-sectional area after multiplanar reconstruction (MPR) shows a 64% area stenosis.
(d) Patient with a high grade 94% fileform area stenosis (arrow) distal of the origin of the enlarged left subclavian artery from a left cranio-
dorso-lateral view in a patient with native coarctation. T he post-stenotic plane of the multiplanar reconstruction shows a centrally located
signal void due to poststenotic turbulent flow. (¢) Show s the resulting diagram for the changes in cross sectional area of the stenotic site in the

epessa3me pagint. b toral distance bemween the locatipns 1515 on the x-axis was 30 mm.
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was defined, following the course of the vessel. This
was done by the user simply clicking onto the object
surface and adjusting the spline point within the
orthogonal reformations displayed. Along this path,
two different representation modes were calculated:
surfaces (virtual angioscopy — Fig. 2b) and refor-
matted image planes perpendicular to the vessel
course (Fig. 2¢c). With the images representing the
cross sectional area of the vessel, the lumen can
be calculated at any point of the path. Thus, the
percentage stenosis of the aorta is derived. The per-
centage stenosis of the aorta was derived using the
smallest area at the site of stenosis compared with
the cross-sectional area of the descending aorta at the
diaphragm. Measurements of flow were performed
with a flow-sensitive gradient echo sequence using
phase shift velocity mapping to calculate peak velocity
at the site of a stenosis. The gradient echo sequence
used had the following parameters: repetition
time = 20 ms, echo time = 2.4 ms, flip-angle = 30°,
slice-thickness 3—6 mm, matrix = 96:128, retrospec-
tive gating, 12-32 phases per heart cycle.
Measurements were first performed “in-plane”,
parallel to the vessel course, and afterwards “through-
plane” perpendicular to the course of the main flow-
vector at the site of suspected stenosis or resteno-
sis.” The maximum pressure gradient at the stenosis
was estimated using the Bernoulli-equation from
the measured peak velocity and compared with
cardiac catheter (23 patients) data (Table 1). If the
prestenotic peak velocity in the ascending or
descending aorta was above 1 m /s as evaluated by the
“in-plane” measurement, it was taken into account

and the extended modified Bernoulli-equation was
used.®’

Biplane- Angiography and invasive assessment of
pressure gradient

Biplane Angiography of the thoracic aorta was per-
formed on a Philips system Integris or Polydiagnost
using the posterior-anterior and left anterior oblique
(60°) projections with 25 frames/sec with a 47 french
pigtail catheter. The 2-dimensional diameters were
measured at the site of stenosis using the smallest
diameter of the two planes to calculate the percent-
age stenosis in comparison to the diameter of the
descending aorta at the diaphragm.*> Furthermore,
the invasively measured peak gradients at the site
of stenosis were compared with the instantaneous
peak gradients estimated by magnetic resonance
flow measurements. Standard fluid filled catheters
were used coupled to a Steatham transducer for
assessment of peak-to-peak gradient across the
coarcted site. The gradient was measured by pull-
back of the catheter from the ascending to descend-
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Statistical analysis

The correlation between the invasively measured
peak-to-peak gradient and anatomic severity of
stenosis by magnetic resonance imaging and biplane
angiography measurements, the 2-dimensional cal-
culations of percentage stenosis and the area derived
from 3-dimensional reconstruction were assessed
using a linear regression analysis. Furthermore, limits
of agreement between invasive and non-invasive flow,
2-dimensional- and 3-dimensional-measurements
were assessed as described by Bland and Altmann.®
Statistical analyses were performed using the
Wilcoxon-signed-rank-Test for paired data. A statis-
tical significance was stated with a p-value <0.05.
For the analysis the software StatView® version 4.02
(Abacus Concepts) was used.

Results

3-dimensional reconstruction versus 2-dimensional
imaging

The 2-dimensional- and 3-dimensional-reconstruction
could be performed in all examinations. Nevertheless,
a fully automatic threshold segmentation from the
magnetic resonance angiography data for the 3-dimen-
sional reconstruction was not possible in 20 of the 30
cases at the area of stenosis due to signal loss by turbu-
lences or accelerated flow (Fig. 2d). The comparison
of the percentage diameter stenosis calculated by
2-dimensional magnetic resonance imaging with the
results of the measurements by biplane angiography
showed a good correlation (Fig. 3a), with an r-value of
0.94 for the data available from 23 patients, and a
slight but non-significant tendency to higher graded
stenosis by magnetic resonance imaging. The mean
percentage stenosis was graded 2% higher, with a stan-
dard deviation of 7%, as compared to 2-dimensional
evaluation by biplane angiography (Fig. 3b). The com-
parison of the percentage diameter stenosis calculated
by 2-dimensional magnetic resonance imaging with
the results of the percentage area stenosis calculated
by 3-dimensional magnetic resonance imaging
(Fig. 3¢, d) also showed a good correlation, with
an r-value of 0.87 for measurements in all 27 patients.
A significantly higher grading of stenosis, with a
p-value <0.0001, was obtained when compared to
2-dimensional magnetic resonance imaging or the
calculations achieved from biplane angiography.
Nevertheless, the linear regression analysis of 2-
dimensional evaluation by biplane angiography with
3-dimensional magnetic resonance imaging showed
a good correlation, with an r-value of 0.92, but the
mean percentage area of stenosis calculated with multi-
planar reconstruction was 14% higher, with a stan-
dard deviation of 8%, as compared to the proportional
stenosis calculated from biplane angiography.
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Figure 3.

(a) Linear regression analy sis of the two-d imensionally (2D-CC) calculated percentage diameter stenosis from biplane angiography (cardiac
catheter — CC) with the two-d imensionally (2D-MRI) calculated percentage d iameter stenosis from the mag netic resonance spin-echo images in
23 patients show s a good correlation with an r-value of 0.94. T he regression equationwasY = 1.673 + 0.997X; 12 = 0.886. (b) To assess
the “limits for agreement” (8) the deviation of the difference of the 2D-MRI and 2D-CC diameter measurement from the mean of all
measurements was calculated. The mean percentage stenosis graded by 2D-MRI was (SD) 2 (7)% higher as compared to the 2D-CC
measurements. T hat means the limits for ag reement of the diameter stenosis measurements were —5% to0 9%. T he circles for each patient in this
diagram are labelled by their patient number inTable 1. (¢) The comparison (30 patients) of the box-plots of the 2D-MRI calaulations for
percentage d iameter stenosis versus 3D-MRI calaulations for percentage area stenosis show a significant (p = 0.0001) higher grading by 3D-
MRI of stenosis with a mean value of (stand ard deviation) 59.6 (21.3)% as compared o a mean value of (stand ard deviation) 48.7 (18.2)%
for 2D-MRI. (d) Nevertheless, the linear regression analysis of 2D-MRI calaulation of the percentage diameter stenosis versus 3D-MRI
calculation of the percentage area stenosis show a good correlation with an r-value of 0.87.

Measurements of flow r-value of 0.89 (Fig. 4a—). The mean difference
In 2 of the 27 patients with severe and untreated between both methods was calculated as zero, but
stenosis, with a gradient greater than 80 mmHg, with a standard deviation of 11 mmHg (Fig. 4c).

magnetic resonance flow measurements highly
underestimated the stenosis, or failed to quantify it

due to turbulent flow. In general, the estimated Comparison of f]ay—meawrements and anatomical
instantaneous pressure gradients calculated by mag- assessment of severity of stenosis by both methads

netic resonance imaging showed a good correlation In 13 of 30 examinations, collaterals partially bypass-
as compared to invasively measured peak gradients ing the coarcted aortic segment could be demon-
by cardiac catheter achieved in 22 patients, with an strated by magnetic resonance imaging. In 11 of the
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examinations, a severe stenosis, with a reduction in
cross-sectional area greater than 70% (Table 1),
could be detected by multiplanar reformation.
Of these 11 patients with severe coarctation, 9 had
already developed collaterals. Of these 9, 5 were
postoperative and for postinterventional patients. The
geometry of the stenoses showed short fileform
stenoses in 2, and kinking in 3. Four of the patients
with severe stenoses and collaterals showed an inva-
sively measured gradient below 40 mmHg (Table 1).

The presence of collaterals influenced the correla-
tion between the morphologic grading of stenosis
with 3-dimensional -reconstruction and the invasive
hemodynamic assessment. The correlation between
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measu rements.

2-dimensional magnetic resonance imaging and
hemodynamic severity evaluation (r = 0.67, Fig. 5a)
was less good than the one with 3-dimensional
reconstruction (r = 0.74, Fig. 5b).

Acquisition time and time for post-processing

The average time for the total examination, includ-
ing turbo spin-echo sequence, flow-measurements
in two-planes and “in-flow” magnetic resonance
angiography, was about 45 minutes. The average post-
processing time, including flow-measurement and
multiplanar reconstruction of the aortic arch was
about 30 minutes.
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Discussion

Our data shows that the technique of 3-dimensional
reconstruction of the aortic arch by resonance imaging
using multiplanar reconstruction can offer additional
clinically relevant information over conventional
2-dimensional techniques, as it allows better assess-
ment of anatomic severity, even as compared to

biplane angiography.

Diagnostic acauracy of detection of coa retation

The golden standard for diagnosis of coarctation or
restenosis after treatment has been invasive hemody-
namic measurement and biplane angiography during
cardiac catheterization.! Whereas cross-sectional, in
combination with Doppler, echocardiography yields
acceptable results in newborns, infants, and young
children, it may fail to detect coarctation in up to
half of older patients, especially those with a recoarc-
tation.”” Transoesophageal echocardiography in
combination with transthoracic Doppler improves
the rate of detection, but is invasive and may not be
tolerated by every patient. 19 The simple method of
measuring a gradient in pressure between arms and
legs is, unfortunately, not reliable for diagnosis of
the presence of native coarctation or recoarcation in
older patients.” The correlation between peripheral
measurements of blood pressure and the anatomic
severity of coarctation is poor, as many patients with
recoarction have developed collateral vessels.!!~!?
Doppler echocardiography in the descending and
abdominal aorta has been found useful in diagnosing
the presence of coarctation, but does not yield infor-
mation about its location, and has limitations in the
assessment of the severity. It may occasionally fail in
older patients with extensive flow through collateral
vessels.! 4710
As an alternative non-invasive method of evalua-
tion of the aortic arch, resonance imaging is widely
used nowadays, and is already considered to repre-
sent the golden standard of non-invasive assessment
of coarctation and recoarctation of the aorta.!”~"?
Measurements of flow, in combination with imaging
of anatomy, have further expanded the clinical use of
the technique.?’ Cine-magnetic resonance has been
proven to be superior to s fln echo technlques in the
detection of coarctation.” As the coarctation can
sometimes be complex, single imaging planes are
frequently inadequate for detection of coarctation.*?
The logical development of magnetic resonance
imaging has thus been the development of tech-
niques which enable 3-dimensional reconstruction.
Initial work had required the use of gadolinium as
contrast agent. %3 The advantage of the method used
in this study is that no contrast is required, with the
disadvantage that, due to the lower signal-to-noise
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ratio, an automatic threshold segmentation was
often not possible. Acquisition of data, therefore,
takes more time. Furthermore, young children are
often not able to perform breath-hold techniques,
which is usually necessary for contrast enhanced
magnetic resonance angiography. Our data show
that the method of 3-dimensional reconstruction
and multiplanar reformation of the aortic arch and
the coarctation offers clinically useful information,
especially in patients with severe coarctation and
collaterals, which make the clinical assessment of
coarctation difficult. The grading of the anatomic
severity by measurement of effective areas of orifice
of the aorta before, at, and beyond the coarcted seg-
ment has a much better correlation with hemody-
namic measurements, and thus much better reflects
the true severity of the lesion. This is independent of
the fact whether or not collaterals are present.

Almost one-third of the patients examined in this
study were considered to have severe stenosis in
3-dimensional reconstruction. They showed, in the
majority, collaterals as an indicator for hemodynam-
ically relevant severe stenoses. The majority of these
patients with severe stenoses and collaterals were
postoperative and/or postinterventional examined
patients with restenosis who might have devel oped a
stenosis with complex geometry due to the operative
or interventional procedure, and changes during
growth of the child or young adult. Almost half of
these patients with severe stenosis and collaterals
had an invasively measured peak gradient below
40 mmHg, indicating that, even with invasive pro-
cedures, the hemodynamic assessment by calculat-
ing or measuring would not be reliable in the setting
of severe stenosis.

Although we have not formally studied the assess-
ment of mild versus moderate or severe narrow-
ing, we submit that, especially in milder forms of
coarctation in whom clinical decision making is fre-
quently difficult, the method will yield important
new information, since it is the true hemodynamic
severity of the coarctation which is being assessed.
Nevertheless, in severe stenosis, signal void becomes
a problem. But it can be identified in the images
after multiplanar reconstruction, and corrected by
manually outlining the contours of the vessel.” In
older patients, who are able to hold their breath,
contrast enhanced resonance angiography should be
performed. Multiplanar reconstruction using auto-
matic contour detection might be successful and less
time consuming. But we could show in this study
that, even with suboptimal images from an “in-
flow” angiography data set, the technique of multi-
planar reconstruction was able to provide additional
information about the hemodynamic severity of
coarctation or re-coarctation.
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Limitations of the studys

We have not formally compared the reconstructions
with measurements obtained at surgery or autopsy.
Furthermore, the comparison of “instantaneous”
pressure gradients with invasively achieved “peak-to-
peak” gradients is problematic, especially in patients
with high-grade stenosis, because it is not a compar-
ison of like with like. Nevertheless, this study like
others,®* could demonstrate magnetic resonance
imaging measurements of flow are reliable in esti-
mating pressure gradients for mild to moderate
stenoses. As with all studies involving magnetic res-
onance imaging, metal material such as vascular cliﬁ)s
near a site of repair limits its use in some patients.!”
The examination is still rather long, and some
younger patients may require sedation. At present,
the times needed for off-line reconstructions are also
long, which currently limits this new method to
well-staffed academic centres. Improvements in soft-
ware and hardware, nonetheless, will rapidly over-
come these limitations.

Conclusion

We conclude that the technique of 3-dimensional
reconstruction yields important information on the
anatomic severity of coarctation. This may aid in
decision making regarding interventional proce-
dures, suggesting further clinical applications for
the technique.
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