
Journal of Cardiovascular Magnetic Resonance (2007) 9, 77–87
Copyright c© 2007 Informa Healthcare
ISSN: 1097-6647 print / 1532-429X online
DOI: 10.1080/10976640600897351

Ultrafast Time-Resolved Contrast-Enhanced 3D
Pulmonary Venous Cardiovascular Magnetic

Resonance Angiography Using SENSE Combined
with CENTRA-Keyhole

Hermann Körperich, PhD,1 Jürgen Gieseke, MSc,2 Hermann Esdorn, MD,1Andreas Peterschröder, MD,1
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ABSTRACT

Purpose: To evaluate the diagnostic benefit of time-resolved CENTRA-keyhole contrast-
enhanced cardiovascular magnetic resonance angiography (CE-CMRA) for improving arterial-
venous separation of pulmonary vessels. Methods: Twenty-three patients (18 males; age = 58 ±
11y) after radiofrequency pulmonary vein isolation to treat atrial fibrillation were examined using
CENTRA-keyhole based multi-phase 3D CE-CMRA yielding 6 near-isotropic 3D datasets every
1.6 s (50–60 coronal partitions, 1.4 × 1.4 × 1.3 mm, SENSE-factor 3). Results were compared
with conventional non-keyhole CE-CMRA (identical parameters, SENSE-factor 2). Results: Data
acquisition was accelerated by a speedup factor of ∼9 compared with the reference CE-CMRA
(SENSE 1.5∗, keyhole 6∗). No pulmonary venous stenoses were detected by either method,
overall pulmonary venous diameters were 17.1 ± 3.6 mm. Applying Bland-Altman analysis,
vessel diameters differed by a mean of 0.1 mm + 2.1 mm/−2.0 mm (mean ± 2 SD), indicating
close agreement between both techniques. Interobserver variability was higher for CENTRA-
keyhole (mean = 0.1 mm; mean ± 2 SD: +2.5 mm/−2.3 mm) compared to conventional technique
(0.0 mm; +1.6 mm/−1.5 mm), corresponding to a percentual deviation (mean ± 2 SD) of the mean
diameter of approximately ± 15% (keyhole CE-CMRA) and ± 10% (conventional CE-CMRA),
respectively. Using keyhole-based time-resolved CE-CMRA, the contrast between pulmonary
veins versus aorta/pulmonary artery was significantly increased (p < 0.05), which improved
vessel depiction. In 12 cases, the contrast bolus arrival was delayed in one of the pulmonary
veins by 1 dynamic frame (= 1.6 seconds); in 7 cases by 2 frames (= 3.2 seconds) and in
1 subject by 3 frames (= 4.8 seconds). The bolus usually appeared first in the upper right
pulmonary vein whereas a delay occurred most often in the lower left pulmonary vein. Con-
clusions: Conventional CE-CMRA may be advantageous for accurate vessel size measures as
evidenced by superior interobserver reproducibility in this study. Multi-dynamic CE-CMRA us-
ing CENTRA-keyhole with SENSE, however, allows for improved arterio-venous separation of
pulmonary vessels and additional dynamical information on pulmonary venous perfusion, while
maintaining high spatial resolution. Exact bolus timing is no longer needed.
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INTRODUCTION

Noninvasive angiography of thoracic vessels has greatly been
improved with the introduction of contrast-enhanced 3D cardio-
vascular magnetic resonance angiography (CE-CMRA) (1). The
method allowed to overcome the limitations of traditional meth-
ods such as time-of-flight cardiovascular magnetic resonance
angiography (CMRA) and phase-contrast CMRA (2). Over the
past decade, CE-CMRA has evolved as a firmly established
imaging technique in the diagnosis of a variety of pulmonary
vascular pathologies such as pulmonary embolism, sequestra-
tion (3), arterio-venous malformations (4, 5) and pulmonary vein
stenosis (4).

The non-invasive technique has become especially valuable
in diagnosis and postoperative follow-up of patients with con-
genital abnormalities of pulmonary arterial blood supply (7, 8)
and pulmonary venous anomalies (9–11). However, overlay of
thoracic vessels may at times limit the diagnostic value. Separa-
tion of pulmonary and aortic vessels is possible if the scan time
is not longer than the pulmonary transit time of ∼7 s (12). With
a large 3D volume scanned at high-spatial-resolution, this can
only be achieved when using undersampling techniques such as
half-fourier imaging and parallel imaging (13–15). Even so, one
is still left with overlay of pulmonary arteries and veins when
imaging the pulmonary vasculature. This may hamper diagnosis
in clinical conditions with rapid or inhomogenious bolus transit
times (4, 5) or complex pulmonary perfusion pathology such
as with multifocal blood supply in congenital heart disease (7).
To improve on this problem, one would have to reduce scan
times to less than 2 s (16) while maintaining the spatial resolu-
tion and volume coverage. Although a variety of multiphasic 3D
CE-CMRA protocols were recently introduced (16–18), none of
them achieved this request at high-spatial-resolution in a large
volume. The best approach in terms of temporal resolution was
published by Fink et al. and yielded a temporal resolution of
1.48 s at a voxel size of 4.4 × 2 × 5 mm (19), which is, how-
ever, not good enough for precise anatomical diagnoses.

We, therefore, sought to evaluate a novel CE-CMRA tech-
nique using a combination of SENSE and CENTRA-keyhole to
drastically speed up data acquisition at high-spatial-resolution
as proposed by Hoogeveen et al. (20). This may allow for addi-
tional dynamic information on the time course of blood sup-
ply in patients with different pulmonary vascular territories
in only one single breathhold. Potential applications in-
clude visualization of aortopulmonary shunts, partial anoma-
lous pulmonary venous returns, arterio-venous vessel mal-
formations and multifocal blood supply in congenital heart
disease.

We hypothesized that: time-resolved rapid 3D CE-CMRA
scanning offers improved separation between pulmonary ar-
teries and veins without exact bolus timing; and variability in
vessel diameter measurements is comparable to conventional
CE-CMRA.

For validation purpose, the hypotheses were tested in the clin-
ical setting of pulmonary venous angiography in patients who
underwent a radiofrequency ablation to treat atrial fibrillation.

MATERIALS AND METHODS

Study population

A total of 23 patients (5 females) after an electrophysiologi-
cal study using radiofrequency pulmonary vein isolation to treat
atrial fibrillation underwent CMRA to rule out postprocedural
pulmonary venous stenoses by assessing the dimensions of the
pulmonary veins as well as the pulmonary venous architecture.
Mean patient age was 58 ± 11 years. All patients were in func-
tional class NYHA (New York Heart Association) I or II, and
no patients had overt heart failure. Sinus rhythm was present in
20 of 23 patients. The study was approved by the local Ethics
Institutional Review Committee and informed written consent
was obtained from the participants.

Cardiovascular magnetic resonance

All examinations were performed on a clinical 1.5 Tesla
whole body magnetic resonance scanner (ACS-NT, R10, max-
imum gradient performance 30 mT/m, slew rate 150 T/m/s,
Philips Best, the Netherlands). The body coil was used for
signal transmission and a 5 element cardiac phased-array sur-
face coil for signal detection. Plan scans in 3 orthogonal planes
used non ECG-triggered balanced gradient-echo (TR/TE/flip =
2.2 ms/1.1 ms/55◦) to allow positioning of the 3D volume of
the subsequent angiographic scans. A free-breathing SENSE
reference scan (<1 minute scan time) was performed to obtain
sensitivity information necessary for application of the SENSE
technique (13).

A multi-dynamic non-ECG-triggered 3D T1w gradient-echo
with CENTRA technique (21) was combined with keyhole tech-
nique (keyhole CE-CMRA), where only the central part is re-
peated several times and periphery of k-space is completed using
the appropriate data of a subsequent reference dataset (20).

The central sphere (keyhole = central 15% of k-space) was
sampled 6 times in a row every 1.6 s, followed by a 9 s
reference dataset to finally reconstruct a total of six high-
resolution 3D datasets (20). Total imaging time was 18.6 s
(= 6 × 1.6 s + 9 s) which allowed data collection in one single
breathhold. Volume coverage was achieved by 50–60 partitions
using overcontiguous slice in the coronal plane resulting in an
effective partition thickness of 1.3 mm. A field-of-view (FOV)
of 530 mm and matrix of 368 ∗ 368 yielded a near-isotropic
voxel size of 1.4 × 1.4 × 1.3 mm for the reference and for
the previously acquired dynamic frames after k-space comple-
tion. We used TR/TE/flip = 3.2 ms/1.1 ms/30◦ with half-Fourier
acquisition. For keyhole-CE-CMRA a SENSE reduction factor
(SF) of 3 was applied in the left-right phase reduction direction.

These time-resolved keyhole-based CMR angiograms were
compared with conventional CE-CMRA (no keyhole) obtained
with non ECG-triggered 3D T1w gradient-echo technique as
routinely used in our institute for delineation of the pulmonary
venous anatomy. All parameters were kept identical (including
use of the CENTRA technique), except for the use of a SENSE
reduction factor of only 2 (instead of 3), resulting in a scan
duration of 13.8 s.
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A preceeding multi-dynamic single slice T1w gradient-echo
sequence with TR/TE/flip=1.8 ms/0.6 ms/30◦ and a slice thick-
ness of 120 mm, providing low resolution images every 175 ms,
was used to register contrast bolus arrival for proper timing of
the subsequent CE-CMRA scan. CENTRA-keyhole preceeded
conventional CE-CMRA in 10 cases, and vice versa in 13 cases.
Data acquisitions were separated from each other by a time in-
terval of 5 minutes.

Echocardiography

Echocardiography was performed to assess right and left
heart chamber sizes and function as well as to screen for valvular
defects and thrombi.

Contrast agent

For all CE-CMRA protocols, injections at a flow rate of
2.5 mL/s were performed with an automated power injector
(Spectris Solaris, Medrad, Volkach, Germany) using 8 mL of
a gadolinium-based contrast agent (0.5 mol/L MULTIHANCE,
Bracco Altana Pharma GmbH, Konstanz, Germany) followed
by 30 mL of saline flush at 2.5 mL/s flow rate.

MRA data analysis

The image analysis was performed independently by two
experienced CMR radiologists (A.P., H.E.). The quantitative as-
sessment included the determination of the dimensions of the
four pulmonary veins at the smallest size prior to their entrance
into the left atrium (Fig. 1) as well as calculation of the ves-
sel contrast. For this, regions of interest (ROIs) were placed in
each of the following vessels: left pulmonary artery (cross sec-
tion), aortic arch (cross section) and the atrial entrance of each
of the four pulmonary veins. The size of the ROIs was chosen
in order to cover as much of the vascular lumen as possible and
to carefully exclude voxels containing partial volume informa-
tion. The lack of non-filtered image data made it impossible
to obtain accurate noise measurements in air as necessary for
“true” contrast-to-noise calculations. We, therefore, defined im-
age contrast using the following formula:

contrast = |SIA − SIB|/|SIA + SIB| [1]

with SI = signal intensity measured in the ROI of the cor-
responding vessel A and B, respectively (22). To avoid mis-
leading contrast values in case of temporal non-occurrency of
contrast agent in the considered pulmonary vein, only sig-
nal intensity values exceeding half of the signal maximum
(= threshold) found in the time-resolved keyhole CE-CMRA
data were accepted, ensuring sufficient vessel delination (Due
to the formular characteristics—modulus of the enumerator and
denominator—it is theoretically possible that high contrast val-
ues could be achieved if no contrast media is present in the vessel
of interest [= invisible pulmonary veins] but some already in the
pulmonary artery).

Vessel size measurements were performed on: double-
oblique paracoronal maximum intensity projections (MIPs); and

Figure 1. Example diameter measurement in the lower left pul-
monary vein in a 33-year-old female after radiofrequency vein iso-
lation using the forth dynamic frame of the time-resolved method.
(A) Paracoronal maximum intensity projection (MIP) after contrast
media administration to determine the cranial-caudal extension of
the vessel. (B) Axial MIP of the same vessel for assessment of the
anterior-posterior vessel dimension.

axial MIPs with a slab thickness of 5 mm. The smallest possible
extension of the vessel distal to the ostium was defined as diam-
eter in each of the two MIPs, yielding two measures (cranial-
caudal and anterior-posterior direction) per vessel (Fig. 1).

Statistical analysis

Mean values, standard deviation and range were computed
for evaluation of contrast differences between the vessels for
both CE-CMRA techniques. Significance of the observed dif-
ferences was tested with a paired Student t-test. A chi square
test was applied for comparing the differences in bolus arrival
times in the pulmonary veins. A p value of ≤ 0.05 was con-
sidered as statistically significant. The analysis of Bland and
Altman (23) was used to quantify the agreement between con-
ventional and time-resolved keyhole CE-CMRA vessel lumen
measurements and to determine interobserver variability. Min-
imal stenosis detectable with 95% certainty was estimated by
percentage deviation from the calculated mean values of the
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absolute pulmonary vein diameters found by the two observers.
Image quality and vascular delineation were subjectively ana-
lyzed using a three-point scale: I = keyhole CE-CMRA supe-
rior to conventional CE-CMRA; II = comparable quality; and
III = conventional CE-CMRA superior to keyhole CE-CMRA.
Kappa statistics were used to estimate interobserver agreement
with interpretation of the κ-values according to Altman (weak:
≤0.2; fair: 0.2–0.4; moderate: 0.4–0.6; high: 0.6–0.8; very high:
0.8–1.0) (24).

RESULTS

All scans were completed successfully. Image quality was
satisfactory in all patients with both time-resolved keyhole CE-
CMRA and conventional CE-CMRA. No pulmonary venous
stenoses were diagnosed in any of the patients by the two in-
dependent observers using either technique. The dynamic part
of the 3D CMRA data collection was accelerated by a speedup
factor of 9 compared with the reference CE-CMRA protocol.
Figure 2 shows five representative MIPs of time-resolved key-
hole CE-CMRA, compared with the conventional technique.

Keyhole versus conventional CE-CMRA:

Vesssel lumen measures, interobserver test,

subjective image quality

The right upper, right lower and left upper pulmonary veins
had a mean diameter ranging from 16.4 mm to 19.2 mm ap-
plying conventional CE-CMRA and 16.6 mm to 19.4 mm for
CENTRA-keyhole CE-CMRA, respectively. The left lower pul-
monary vein had a mean diameter in anterior-posterior direction

Figure 2. Time-resolved pulmonary 3D-CMRA using CENTRA-keyhole with SENSE (a–e) demonstrating vessel filling. Signal maximum is first
visible in upper left pulmonary vein; (f) conventional CE-CMRA. PA = pulmonary artery, AO = aorta, LUPV = left upper pulmonary vein.

Table 1. Comparison of the mean pulmonary vein diameter ± standard
deviation (maximum; minimum values) applying conventional and
CENTRA-keyhole CE-CMRA, respectively

Conventional CE-CMRA CENTRA-Keyhole CE-CMRA

RUPV
cc 18.5 ± 2.7 (24.0; 12.6) 18.9 ± 2.8 (24.2; 13.0)
ap 17.6 ± 3.0 (23.3; 11.2) 17.6 ± 3.9 (24.5; 10.2)

RLPV
cc 18.3 ± 2.8 (24.3; 13.3) 17.8 ± 2.5 (22.3; 13.1)
ap 16.4 ± 3.3 (26.0; 10.7) 16.6 ± 3.1 (23.8; 9.5)

LUPV
cc 19.2 ± 3.0 (23.0; 13.0) 19.4 ± 2.8 (23.5; 13.2)
ap 17.0 ± 3.3 (23.7; 11.7) 17.4 ± 3.2 (23.7; 11.3)

LLPV
cc 17.3 ± 2.2 (20.9; 13.3) 17.3 ± 2.0 (20.3; 14.2)
ap 11.7 ± 2.7 (17.2; 7.2) 11.7 ± 3.1 (18.2; 7.1)

All values in mm. cc = measures in cranial-caudal direction; ap =
measures in anterior-posterior direction.

of 11.7 mm by either method (Table 1). This would result in
an overall mean pulmonary venous diameter of 17.0 ± 3.6 mm
(mean ± SD) for conventional and 17.1 ± 3.6 mm for CENTRA
keyhole CE-CMRA, respectively.

Bland-Altman statistics demonstrated good agreement be-
tween both angiographic methods for depiction of vessel lumen
measures. Negligible mean differences of 0.1 mm with limits of
agreement (mean ± 2SD) between −2.0 to +2.4 mm were found
by both observers (Fig. 3). Confidence intervals (c.i.) were +2.1
to +2.7 mm and −1.9 to −2.6 mm for observer 1, and +1.9 to
+2.4 mm and −1.7 to −2.2 mm for observer 2, respectively.
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Figure 3. Comparison of vessel lumen dimensions using Bland-
Altman analysis (23) to quantify agreement between conventional
and time-resolved keyhole CE-CMRA. Estimation of precision of
the limits of agreement (defined as mean ± 2 SD) was based on
calculation of 95% confidence intervals (dotted line). (A) Observer
I. (B) Observer II. Observed differences in vessel lumen dimensions
not statistically significant.

Regarding interobserver variability, almost no mean dif-
ferences were observed for conventional (mean = 0.0 mm)
and time-resolved keyhole CE-CMRA (mean = 0.1 mm),
respectively (Fig. 4). However, limits of agreement were higher
(−2.3 to +2.5 mm; c.i.: +2.1 to +2.8 mm and −2.0 to −2.6 mm)
when applying keyhole CE-CMRA as compared to the conven-
tional technique (−1.5 to +1.6 mm; c.i.: +1.4 to +1.8 mm and
−1.3 to −1.7 mm). Accordingly, expressed in percentages, the
mean diameter bias between both observers as calculated by the
Bland-Altman approach was 0% for either technique. Limits of
agreement (mean ± 2SD), however, were only −9.5 to +9.6%
(c.i.: +8.4 to +10.8% and −8.3 to −10.7%) by conventional CE-
CMRA, but −14.6 to +14.9% (c.i.: +12.9 to +16.9% and −12.7
to −16.6%) for CENTRA keyhole CE-CMRA (Fig. 5). Theo-
retically, if these limits of agreement were related to the overall
pulmonary venous mean diameter of 17.0 mm and 17.1 mm, re-
spectively, as calculated above, the total range of 2SD above and
2SD below this mean values would result in a observer variation

Figure 4. Comparison of vessel lumen dimensions using Bland-
Altman analysis (23) to quantify interobserver variability. Estima-
tion of precision of the limits of agreement (defined as mean ± 2
SD) was based on calculation of 95% confidence intervals (dotted
line). (A) Conventional. (B) CENTRA-keyhole CE-CMRA. A higher
scatter was found applying the CENTRA-keyhole technique, but
observed differences in vessel lumen dimensions were not statis-
tically significant.

(4SD) in the order of 29.5% (–14.6% to +14.9%) for keyhole
CE-CMRA, but only 19.1% (−9.5% to +9.6%) for conven-
tional CE-CMRA. All calculated differences were statistically
not significant.

The results of the subjective analysis of the image quality
revealed no obvious image degrading by use of the keyhole
technique with high interobserver agreement (κ = 0.61). With
respect to the succession of the applied CMRA methods (keyhole
prior or after conventional CE-CMRA), no obvious limitation
of the angiographical quality due to the preceding contrast agent
injection was observed for either technique.

Keyhole versus conventional CE-CMRA:

Vessel contrast

Applying keyhole CE-CMRA, we found mean arterial-
venous contrast values between right upper, right lower, left
upper and left lower pulmonary vein and the pulmonary artery
of approximately 0.28 ± 0.11, whereas corresponding contrast

Time-Resolved Pulmonary Venous CE-CMRA 81



Figure 5. Differences of vessel lumen dimensions expressed in
percentage of mean pulmonary vein diameter using Bland-Altman
analysis (23) to quantify interobserver variability. Estimation of pre-
cision of the limits of agreement (defined as mean ± 2 SD) was
based on calculation of 95% confidence intervals (dotted line). (A)
Conventional. (B) CENTRA-keyhole CE-CMRA.

values for conventional CE–CMRA were significantly lower and
ranged between 0.14 ± 0.14 and 0.19 ± 0.16 (p ≤ 0.05) (Fig. 6).
Comparing the four pulmonary veins and the aortic arch, mean
arterial-venous contrast values ranged between 0.38 ± 0.18 and
0.48 ± 0.18 for time-resolved keyhole CE-CMRA, while for
conventional CE-CMRA the contrast was again significantly
lower, ranging between 0.10 ± 0.07 and 0.12 ± 0.10 (p ≤ 0.05).

Additional dynamic information by keyhole

CE-CMRA

In order to estimate any potential differences in vascular fill-
ing characteristics of the pulmonary vasculature, we determined
the respective arrival times of the observed signal maximum
in each of the four pulmonary veins as outlined in Table 2. To
avoid any bias resulting from different onset time points of the
angiographic sequence, a relative comparison was performed. A
simultaneous appearance of the contrast bolus in all pulmonary
veins was found in only 3 of the 23 cases. In 12 cases arrival
was delayed in one of the considered vessels by one dynamic

Figure 6. Comparison of vessel contrast: (A) Aorta and (B) pul-
monary artery, respectively, vs. pulmonary veins applying time-
resolved keyhole CE-CMRA and conventional CE-CMRA. Mean
values ± standard deviation (error bars) are shown; dimension-
less. RUPV = right upper, RLPV = right lower, LUPV = left upper
and LLPV = left lower pulmonary vein.

frame, corresponding to a temporal offset of 1.6 s; in 7 cases by
2 dynamic frames (3.2 s); and in 1 subject by 3 dynamic frames
(4.8 s). Furthermore, Table 2 reveals that in the majority of sub-
jects the contrast bolus arrives first in the upper right pulmonary
vein, whereas in the lower left pulmonary vein contrast agent
appearance seems to be delayed in this study population. The
differences in bolus arrival times were statistically significant for
right upper pulmonary veins (RUPV) vs. both lower pulmonary
veins and for left upper (LUPV) vs. left lower pulmonary veins
(LLPV).

To estimate pulmonary transit times, we determined the max-
imum delay of signal (= bolus) appearance between the pul-
monary artery (reference in time) and bolus arrival in one of the
pulmonary veins. As outlined in Table 2, transit times ranged
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Table 2. Relative arrival time of the signal maximum in each of the 4 pulmonary veins as derived from signal-intensity
vs. time curves

max. PV
No. RUPV RLPV LUPV LLPV delay [s] ECG Echo Transit time [s]

1 1 1 1 2 1.6 SR a 1.6
2 2 2 2 1 1.6 SR a 3.2
3 1 1 2 2 1.6 A. fib. a 1.6
4 1 1 1 2 1.6 SR a 8.0
5 1 2 1 3 3.2 A. fib. b 6.4
6 1 2 1 3 3.2 SR b 3.2
7 1 2 1 3 3.2 SR a 8.0
8 1 3 3 3 3.2 SR b 6.4
9 1 1 2 2 1.6 SR b 6.4

10 1 3 2 2 3.2 SR b 4.8
11 1 1 1 1 0.0 SR b 1.6
12 1 1 1 2 1.6 SR a 6.4
13 1 2 2 1 1.6 SR b 1.6
14 1 2 1 1 1.6 SR b 1.6
15 3 2 1 3 3.2 SR a 4.8
16 1 1 1 2 1.6 SR b 3.2
17 1 1 1 1 0.0 SR b 4.8
18 1 1 1 2 1.6 SR b 3.2
19 1 2 1 1 1.6 A. fib. c 1.6
20 1 1 1 4 4.8 SR b 6.4
21 1 1 1 1 0.0 SR N/A 3.2
22 1 2 2 3 3.2 SR N/A 6.4
23 1 2 1 1 1.6 SR N/A 6.4

Position

1 21 11 16 8
2 1 10 6 8
3 1 2 1 6
4 0 0 0 1

Note: SR = normal sinus rhythmn; A. fib. = arterial fibrillation; a = no further cardiac impairment; b = normal left
ventricular function, atrial dilatation; c = reduced left ventricular function, atrial dilatation; ECG = electrocardiogram;
Echo = echocardiography. RUPV = right upper, RLPV = right lower, LUPV = left upper, LLPV=left lower pulmonary
vein. The value “1” means contrast bolus first of all visible; position “2” means contrast bolus appears delayed by one
frame (= 1.6 s); position “3” means delay of two frames (= 3.2 s) and position “4” means delay of three frames (= 4.8 s).
The sixth column represents the maximum temporal delay between first and latest bolus arrival within the pulmonary
veins, whereas the seventh column shows the maximum delay between the latest bolus arrival in the pulmonary veins
and the left pulmonary artery. In the lower part of the table, the occurrence of the various appearance positions is
displayed, indicating physiological pulmonary differences.

between 1.6 to 8.0 s (mean = 4.4 s) in this study population,
but no correlations with cardiac function and/or cardiac rhythm
were evident.

DISCUSSION

In this study we sought to validate a novel approach to obtain
a series of large near-isotropic 3D contrast-enhanced cardiac
magnetic resonance angiography volumes every 1.6 seconds by
use of SENSE and CENTRA-keyhole. If compared with the
reference CE-CMRA technique without keyhole, the dynamic
part of the 3D CMRA data collection was accelerated by a total
speed-up factor of ∼9.

Independent from the applied angiographic technique, pul-
monary venous diameters ranged between 17.3 to 19.4 mm in
the cranial-caudal and between 11.7 to 17.6 mm in the anterior-
posterior (AP) direction, respectively. These measures are con-

sistent with those found by Syed et al. (AP: 14.1–16.1 mm) in
their study comparing 2D cine CMR with 3D CMRA (27). Re-
garding the results of distance measures, no tendency for over-
or underestimation was found by each of the two readers apply-
ing the CENTRA keyhole method as indicated by the negligible
bias of 0.1 mm.

Differences between time-resolved

CENTRA-keyhole and conventional

CE-CMRA

In contrast to the visual grading of the overall image qual-
ity, where high interobserver agreement (κ = 0.61) was found,
the limits of agreement of the quantitative diameter measure-
ments reveal a higher scatter for keyhole CE-CMRA (−2.3 to
+2.5 mm, as opposed to −1.5 to + 1.6 mm for the conventional
technique). Thus, it should be emphasized that a subjective
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assessment of the image quality is of minor significance for
comparing the two methods compared with the more objective
calculation of the interobserver reproducibility. Furthermore, the
percental interpretation of the scatter reveals that deviations of
less than ±15% for dynamic CE-CMRA and less than ±10% for
conventional CE-CMRA of the mean pulmonary vein diameter
may be introduced by different vessel border interpretation by
independent observers and have to be considered for graduation
of the severity of stenosis. Nevertheless, despite the inferiority
of the CENTRA-keyhole technique in this respect, we regard
this source of error still as acceptable, because only diameter
reductions of more than 25% are generally considered as hemo-
dynamical relevant in the literature (25).

Several reasons may be responsible for the higher interob-
server scatter when applying CENTRA-keyhole CE-CMRA. A
slightly reduced vessel sharpness (blurring) was occasionally
observed, as shown in the original cross-sectional images in
Figure 7. Increased blurring may theoretically be secondary to
two different aspects of the keyhole image acquisition strategy.
Firstly, a rapid contrast decrease when traveling to the periphery
of k-space (reference scan) may induce blurring artifacts be-
cause contrast agent has to be present both in the dynamic and
in the reference part. Secondly, the restricted amount of acquired
data to fill the central part in kykz-space may also contribute to
some blurring although image quality might theoretically benefit
from high temporal resolution using keyhole technique because

Figure 7. Original cross-sectional images from a 33-year-old female at the level of the right upper pulmonary vein (RUPV) illustrating the
reduced vessel sharpness (arrows) which occasionally occurs with time-resolved CE-CMRA. (A) Conventional CE-CMRA. (B) CENTRA-keyhole
CE-CMRA with a matched signal behavior (second dynamic frame) for a better comparison with the conventional technique. (C) CENTRA-keyhole
CE-CMRA. Fourth dynamic frame displaying higher vessel contrast and facilitating vessel border definition. Ao = Aorta, RPA = right pulmonary
artery.

misregistration due to long data sampling periods may be re-
duced (26). Thirdly, the higher SENSE reduction factor of 3 as
used with CENTRA keyhole CE-CMRA may have introduced
increased noise inhomogeneity (13) as compared with conven-
tional CE-CMRA for which a SENSE reduction factor of only
2 was used. Lastly, for evaluation of vessel lumen dimensions,
both observers had a free choice of the utilized dynamic frame,
which might have additionally contributed to the scatter.

In summary we could state that angiograms obtained with
conventional CE-CMRA tend to result in superior vessel sharp-
ness, as reflected by the higher interobserver reproducibilty. The
clinical impact of the higher scatter with keyhole CE-CMRA
for the quantitative assessment of vessel stenoses remains, how-
ever, unclear because such stenoses were not encountered in this
study.

Benefits of CENTRA-keyhole 3D CE-CMRA:

Reduction of arterio-venous overlay

As shown in this study, vessel contrast was significantly in-
creased between pulmonary veins and the pulmonary artery as
well as the aorta when applying dynamic keyhole CE-CMRA.
This is explained by the reduction of arterial-venous overlay sec-
ondary to the phasic nature of time-resolved CE-CMRA tech-
niques (17) as well as the characteristics of the CENTRA tech-
nique (21). Furthermore, due to a temporal resolution of below 2
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Figure 8. Maximum-intensity-projections from a non-study patient (71 yrs, male) with an arterio-venous syrinx (Sy) in the right inferior lobe of the
lung. CENTRA-keyhole CE-CMRA with 9 time frames acquired with a temporal resolution of 1.4 s. (A) Third time frame. (B) Fourth time frame,
displaying the entry (arrow) and the filling of the contrast media into the syrinx. (C) Fifth time frame, showing the onset (arrow head) of contrast
media outflow into the right lower pulmonary vein. (D) Ninth time frame, demonstrating the contrast media flow into the left atrium without arterial
overlay. The syrinx was excised in succession and validated by histology. RUPV = right upper pulmonary veins, SVC = superior vena cava, Ao
= aorta, RPA = right pulmonary artery.

seconds, the keyhole technique guarantees data acquistion at an
adequate time point (optimal contrast bolus) for optimal vessel
filling and thus vessel visualization. As shown in Figure 7, signal
behavior of conventional CE-CMRA corresponds to the second
dynamic frame of CENTRA-keyhole CE-CMRA, whereas a bet-
ter vessel border definition was obtained in a later time frame
of the novel keyhole technique. Theoretically, this should help
to improve the reliability of quantitative measurements com-
pared to the conventional technique, but could not be proven
in this study because a gold standard with “true” vessel mea-
sures is lacking. Additionally, with keyhole CE-CMRA exact
bolus timing is no longer mandatory as compared with mono-
phasic techniques, where inadequate timing results occasionally
in low-quality angiograms and may require repetition of the an-
giography.

Therefore, the clinical implication is mainly that there is
now a novel time-resolved noninvasive angiographic technique
available to assess pulmonary vascular pathologies with inho-
mogenious perfusion times such as with arteriovenous malfor-
mations (4, 5) or congenital abnormalities of pulmonary arterial
blood supply (7). An example is given in Figure 8 demonstrating
clearly the time course of the dynamic blood flow into the pul-
monary arterio-venous malformation, without any need of time
consuming single-slice flow measurements.

Visualization of differential pulmonary

perfusion

Another result from this study is that it was possible to de-
tect different pulmonary contrast bolus transit times for each
of the pulmonary veins by use of the keyhole CMRA protocol
(Table 2). The contrast bolus typically appeared first in the right
upper pulmonary vein but somewhat delayed in the left lower
pulmonary veins. Moreover, we determined pulmonary transit
times with peak signal in the pulmonary artery used as a refer-
ence in time. In all examined patients such transit times were
less than 8 s (mean = 4.4 s). This corresponds roughly to results
observed in healthy volunteers by Shor et al. (12), who found
a mean pulmonary transit time of 7.7 s, but defined as the de-
lay between pulmonary artery and ascending aorta. However,
the value of this approach may be somewhat limited due to the
still restricted temporal resolution of 1.6 s. It was not possi-
ble in this study to correlate prolongation of pulmonary “transit
times” secondary to impaired cardiac function by echocardiogra-
phy and/or presence of persistent atrial fibrillation and left atrial
dilation (Table 2). Moreover, as none of the examined subjects
had relevant pulmonary venous or arterial stenoses, we rather
postulate that the observed delays in arrival times are related to
physiological variability.
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Study limitations

No gold-standard for true accuracy data was available, only
interobserver scatter to make decision over superiority of one of
the two techniques. As this was mainly a validation study per-
formed in patients without relevant stenotic alterations of their
pulmonary venous vasculature although was expected to occur
in this study and without any obvious differences in the contrast
bolus transit times through the various pulmonary territories re-
lated to a specific disease, more sophisticated applications in
pulmonary vascular disease are needed to clearly demonstrate
the clinical benefits of time-resolved 3D CE-CMRA. No gold-
standard for estimation of the pulmonary hemodynamics exists
and, hence, no correlation with other techniques such as flow
measurements to validate the observed different transit times
of the various pulmonary lobes was done in this study. No re-
examination of the patients to address interstudy reproducibility
of the vessel dimensions and thus the minimal stenosis detectable
with contrast-enhanced angiography using interstudy data was
performed.

Recommended application fields

In summary, we would suggest that conventional CE-CMRA
should be applied mainly if high vessel sharpness without need
of any dynamic information is desired such as with delineation of
smaller vessels in the lung parenchyma or if large image volumes
(e.g., whole thorax) need to be acquired in a short breathhold.
The temporal demand of time-resolved CE-CMRA is slightly
higher related to the desired number of dynamic frames in ad-
dition to the reference data set. This may be crucial in some
cases. Otherwise, time-resolved CE-CMRA is advantageous in
those situations where hemodynamical information would be
desirable and/or arterio-venous overlay would limit the diagnos-
tic yield. Examples include pathological arterio-venous connec-
tions, as well as multifocal pulmonary perfusion in congenital
heart disease.

CONCLUSIONS

For pulmonary vein diameters the limits of agreement for in-
terobserver variability increases from 19.1% (mean − 2SD to
mean + 2SD) for conventional CE-CMRA to 29.5% for time-
resolved keyhole CE-CMRA. This lower reproducibility was
not obvious with visual assessment of image quality. Other-
wise, the keyhole technique is advantageous over conventional
CE-CMRA in that vessel contrast is significantly improved and
dynamic information such as differential pulmonary perfusion
data can be generated, which is not possible by conventional
CE-CMRA. In addition, there is no need for accurate bolus tim-
ing with CENTRA-keyhole CE-CMRA. This indicates that the
two angiographic methods should be used according to the clin-
ical question to be answered: for high accuracy (e.g., monitoring
the vessel size over time) conventional CE-CMRA; for hemo-
dynamic information (e.g., assessment of pulmonary vascular
pathology or arterio-venous malformation) keyhole CE-CMRA.
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