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Abstract
Blood suppression in the lower extremities using flow-reliant methods such as double inversion
recovery (DIR) may be problematic due to slow blood flow. T2 mapping using fast spin echo
(FSE) acquisition was utilized to quantitate the effectiveness of DIR blood suppression in 13
subjects and showed that 25 ± 12% of perceived vessel wall pixels in the popliteal arteries
contained artifactual blood signal. To overcome this problem, a flow-insensitive T2-prepared
inversion recovery (T2IR) sequence was implemented and optimal timing parameters were
calculated for FSE acquisition. Black blood vessel wall imaging of the popliteal and femoral
arteries was performed using 2D T2IR-FSE in the same 13 subjects. Comparison with 2D DIR-
FSE showed that T2IR-FSE reduced wall-mimicking blood artifacts that inflated DIR-FSE vessel
wall area measurements in the popliteal artery.

Keywords
black blood; vessel wall imaging; T2 prepared inversion recovery; femoral-popliteal artery; flow
artifact; vessel wall thickness

INTRODUCTION
Arterial wall thickening is regarded a surrogate marker of atherosclerosis and wall thickness
has been used to predict the risk of future cardiovascular events (1,2). Ultrasound imaging
can measure the intima-media thickness (3) while magnetic resonance imaging (MRI) has
been utilized for assessment of vessel wall thickness with the added benefits of plaque
characterization and higher spatial resolution (4). Both techniques have been employed in
serial imaging studies to measure wall thickness changes in response to drug therapy (5,6).

Vessel wall MRI requires suppression of blood signal (“black blood” [BB]) to delineate the
vessel wall from the lumen. BB imaging is commonly performed using double inversion
recovery (DIR) preparation (7,8) or spatial saturation (SPSAT) of upstream blood (9,10)
followed by data acquisition such as fast spin echo (FSE) readout. DIR and SPSAT blood
suppression rely on the inflow of blood with nulled signal into the imaging volume. Their
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effectiveness is therefore a function of volume thickness, blood velocity and flow pattern.
These techniques provide excellent blood suppression for 2D imaging of arteries with fast
blood flow such as the aorta, but may be less effective for 3D volumetric imaging and in the
presence of recirculating or slow blood flow such as that observed near the carotid
bifurcation (11) and in the peripheral arteries. To overcome these challenges, several BB
preparation techniques have been recently developed including motion-sensitizing
magnetization preparation (MSPREP) and T2-prepared inversion recovery (T2IR). MSPREP
employs large velocity-encoding gradients to dephase moving blood spins prior to imaging
and has been demonstrated to perform well in the heart (12), the aorta (13), and the carotid
artery (14). Originally developed to suppress background signal in peripheral MR
angiography (15), T2IR preparation has been proposed as a flexible technique to enhance
blood-myocardium contrast in myocardial viability imaging (16) and to provide flow-
insensitive blood suppression for cardiac and carotid BB imaging (17).

Although vessel wall MRI has been applied extensively to the aorta and the carotid artery
(6,11,18), its utility for peripheral artery imaging has been demonstrated in only a handful of
studies (19–23). A unique challenge associated with arterial wall imaging in the lower
extremities is slow-moving and retrograde blood flow (24,25), which can be problematic for
DIR and SPSAT techniques. While this problem is well recognized, the quantitation of slow
blood flow effects on DIR vessel wall imaging has not been addressed. The application of
MSPREP to BB lower extremity imaging may also be problematic because the rather slow
and laminar blood flow requires large gradient switching, potentially leading to low wall
signal due to eddy current effects (26). Flow-insensitive T2IR can be an effective approach
to peripheral wall imaging; however, a clear guideline regarding the optimal selection of
T2IR timing parameters is still lacking.

This work has three objectives: first, to quantify the effect of blood flow on 2D DIR-FSE
images of the femoral and popliteal vessel wall based on the large T2 disparity between
vessel wall and blood; second, to optimize T2IR-FSE timing parameters and investigate the
feasibility of 2D T2IR-FSE for vessel wall imaging in the human lower extremities at 1.5 T;
and third, to compare the signal-to-noise ratio (SNR), wall-to-lumen contrast-to-noise ratio
(CNR), and wall area measurements obtained with DIR-FSE and T2IR-FSE techniques.

METHODS
DIR-FSE Imaging

To investigate the impact of stagnant blood flow on DIR-FSE wall imaging, the FSE product
sequence was modified to enable multi-echo acquisition of images with 10 different
effective TEs, thus permitting wall T2 measurements. Here the effective TE of an image was
defined as the time at which the first echo in the echo train associated with that image was
acquired, ranging from 9.4 ms to 347.8 ms with a step of 37.6 ms (echo spacing [ESP] = 9.4
ms, 4 echoes per effective TE).

A total of 13 volunteers (8 male, 5 female, age mean ± standard deviation [SD] of 37 ± 14
years, age range of 24–61 years) were imaged on a 1.5 T commercial scanner (GE Signa
HDx, maximum gradient amplitude 33 mT/m, slew rate 120 T/m/s; Excite 14M5 software
version; GE Healthcare, Waukesha, WI). This study was approved by our local institutional
review board and written informed consent was obtained from all subjects prior to imaging.
Signal reception was provided by a single-channel circular surface coil (7.5 cm diameter).
Vector electrocardiographic (ECG) gating was used for cardiac synchronization. In each
subject, cross-sectional BB FSE images of the right popliteal artery (at the level of the
inferior condyle) and the right common femoral artery (at the level of the femoral triangle)
were obtained in randomized order.
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For each artery, 2D fast gradient echo images were acquired for vessel localization, followed
by a series of low-resolution 2D DIR-FSE scout images to determine the optimal TI for
blood suppression. The initial TI estimate was calculated automatically by the pulse
sequence given a TR of 2 R-R intervals. This estimate was varied with a step of 100 ms until
the luminal signal was comparable to the background noise (the typical TI was 700–900
ms). High-resolution 2D DIR-FSE images of the femoral and popliteal vessel wall were then
acquired using the optimized TI. The remaining imaging parameters were similar to those
used in recent vessel wall MRI studies (1,21): FOV = 12 cm; acquisition matrix size = 256 ×
256 (interpolated to 512 × 512); TR = 2 R-R; slice thickness = 4 mm; DIR reinversion
thickness = 4 mm; number of signal averages (NEX) = 3; receiver bandwidth = ±31.25 kHz;
total echo train length (ETL) = 40; centric view ordering. A spectrally selective prepulse was
used to suppress the periadventitial lipid signal for improved wall contrast. Parallel imaging
was not used. The scan time was approximately 6.5 minutes for a nominal heart rate of 60
bpm.

Quantitation of DIR blood suppression
Arterial wall contours were determined from the initial echo image (which has the highest
SNR). The well-defined lumen-wall boundary was determined automatically using a k-
means clustering algorithm in ImageJ software (version 1.41; National Institutes of Health;
Bethesda, MD). Due to limited contrast between the arterial wall and the surrounding
tissues, the outer wall boundary was manually traced by an experienced radiologist using
Advantage Workstation software (version 4.2; GE Healthcare, Waukesha, WI).

A semi-automated MATLAB (version 7.5; The Mathworks, Natick, MA) algorithm was
used to classify the arterial wall pixels (identified using the previously obtained wall
contours) as either “unaffected” or “partially affected” by blood signal. This algorithm is
based on the premise that T2 of the media and adventitia vessel wall components measured
in vivo at 1.5 T is approximately 50 ms or less (27). Correspondingly, the algorithm
consisted of the following two steps:

Step 1 – Raw Segmentation—Because arterial wall T2 (approximately 50 ms for media
and 25 ms for adventitia (27)) is much shorter than arterial blood T2 (approximately 290 ms
(28)), an image acquired at an appropriately chosen TE can differentiate unaffected wall
pixels (appearing relatively dark) from those with partial blood content (appearing relatively
bright). The TE must be long enough to allow wall signal to decay to the noise floor
(typically four times the wall T2), while keeping in mind that a shorter TE retains more
blood signal. Consequently, the 7th echo image acquired at effective TE = 234 ms was
selected as the cutoff in this study. The noise threshold was defined as the lumped mean plus
three times the SD of pixel intensities measured from a user-selected region of background
air free of image artifacts. Wall pixels with intensity below this threshold were deemed
“unaffected” by blood, while those with intensity above were considered “partially
affected.”

Step 2 – Refinement—For all wall pixels classified as “unaffected” after the first step, T2
was determined by fitting the signal intensities acquired at ten different effective TEs to a
mono-exponential decay model S = A + B*exp(−TE/T2), where S is measured signal
intensity, A denotes the signal offset, and B is the peak signal intensity. Lumped T2 mean
and SD were calculated for this group of pixels. Of these pixels, only those with T2 less than
the mean plus three times the SD were ultimately classified as “unaffected” while the rest
were deemed outliers and reclassified as “partially affected.” This step prevented pixels with
long T2 and low intensity from being incorrectly classified as vessel wall.
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To further quantify blood and wall species within each pixel, DIR-FSE signal intensities at
ten effective TEs were fit to a bi-exponential decay model S = A + B*[f*exp(−TE/T2wall)
+(1-f)*exp(−TE/T2blood)], where f is the DIR-FSE partial wall content per pixel, T2wall was
obtained from Step 2 above and T2blood was assumed to be 290ms. The corrected DIR-FSE
wall area was defined as the product of the original DIR-FSE wall area and the mean partial
wall content.

Optimization of BB T2IR-FSE Sequence for Vessel Wall Imaging
T2IR magnetization preparation integrates two classic preparation techniques—T2
preparation (29) for enhancing T2 contrast and inversion recovery (30) for enhancing T1
contrast—to provide increased flexibility in contrast manipulation between tissues with
similar T1 but different T2 such as arterial blood and arterial vessel wall (Fig.1). For BB
FSE imaging of the vessel wall, the T2IR timing parameters T2PREP and TI are chosen to
null the blood signal while maximizing wall signal at the beginning of the FSE acquisition.
Given T2PREP, the TI required to null the blood signal and the corresponding longitudinal
magnetization of the wall can be calculated as follows (31,32):

[1]

where TFSE = ETL*ESP is the length of the FSE readout, TD is the time delay between the
center of the last echo in the echo train of the FSE acquisition and the 90x tip-down pulse of
the following T2IR sequence (Fig.1) and F is a scaling factor (see Eq.4 in (32)). To
determine the optimal T2IR timing parameters, Mzwall(TI) is maximized with respect to
T2PREP and TI subject to the constraints Mzblood(TI) = 0. Accordingly, numerical
optimization was performed for a typical range of TR (0.6–3 sec) and TFSE (0–400 ms)
using MATLAB. The following tissue relaxation times were assumed at 1.5 T: T1blood =
1441 ms (28), T2blood = 290 ms (28), T1wall = 908 ms (extrapolated using T1wall at 9.4 T =
1892 ms (33) and T1 ∝ B0

4/10 (34)), T2wall = 48 ms (27). Note that for these T1 values (on
the order of 1000 ms) and typical echo spacing of FSE acquisition (on the order of 10 ms),
the scaling factor F in Eq.[1] is practically unity and thus can be ignored. Polynomial fitting
was used to obtain empirical expressions for the optimal T2PREP and TI as a function of
TR. These expressions were then programmed into the T2IR-FSE pulse sequence to enable
automatic calculation of subject-specific T2PREP and TI for human imaging. The
theoretical wall SNR ratio between the optimized T2IR-FSE and DIR-FSE sequences was
also calculated as the ratio of the respective wall magnetizations at the beginning of the FSE
readout.

T2IR-FSE Imaging
T2IR-FSE femoral and popliteal images were acquired in all volunteers with slice locations
matched to DIR-FSE locations. The initial estimates of TI and T2PREP were calculated
automatically given TR = 2 R-R intervals. A series of low-resolution 2D T2IR-FSE scout
images were used to determine the optimal TI and T2PREP for blood suppression. The
estimated T2PREP was not changed (typically 130 ms) while TI was varied with a step of
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50 ms until the luminal signal was comparable to the background noise (the typical TI was
350–450 ms). High-resolution T2IR-FSE images of the vessel wall were then acquired with
remaining imaging parameters and acquisition time identical to that for the DIR-FSE
acquisition.

DIR-FSE and T2IR-FSE comparison
Vessel wall area was measured on DIR-FSE and T2IR-FSE images by subtracting the lumen
area (measured by k-means clustering) from the outer wall area (measured by manual
outlining). Wall SNR and wall-to-lumen CNR were measured using region-of-interest (ROI)
analysis. The SD of pixel intensities in a large ROI placed in the background air of the
magnitude image (SDRayleigh) was used to calculate the noise SD as SDGaussian =
0.655×SDRayleigh for a single-channel receiver (35).

Flow Measurement
2D phase contrast (PC) imaging was performed with the same FOV, matrix size, slice
thickness, receiver bandwidth and orientation as listed above and the following imaging
parameters: TR = 7 ms; TE = 3.5 ms; flip angle = 30°; NEX = 1; velocity encoding (venc) =
60 cm/s (popliteal), 75 cm/s (femoral); 20 reconstructed cardiac phases. Acquisition time
was approximately 65 sec for a heart rate of 60 bpm. Standard processing of PC data was
carried out using commercial flow quantification software (Flow; version 3.2; Medis
Medical Imaging Systems, Leiden, The Netherlands) to obtain blood flow measurements.

Statistical Analysis
All values are expressed as mean ± SD. Two-tailed paired-sample t-tests were used to assess
the difference in the relative wall area partially affected incomplete DIR blood suppression
between the imaged arterial locations, as well as the differences in wall SNR, wall-to-lumen
CNR and wall area measurements between DIR-FSE and T2IR-FSE at each arterial location.
Bland-Altman analysis (36) was performed to analyze the agreement between lumen and
wall area measurements obtained with DIR-FSE and T2IR-FSE. P values of less than 0.05
were considered statistically significant.

RESULTS
Imaging experiments were completed successfully in all thirteen subjects. Table 1 shows the
average relative wall area affected by incomplete DIR blood suppression identified using the
wall pixel classification algorithm. The proportion of affected wall pixels was inversely
related to blood velocity, with 24.9% observed in the popliteal artery compared to 13.8% in
the femoral artery (P < 0.05); peak blood velocity was 40.7 ± 9.8 cm/s in the femoral artery
and 25.8 ± 6.0 cm/s in the popliteal artery (P < 0.001).

Figure 2a shows the numerically optimized T2IR-FSE timing parameters as a function of
typical TR and TFSE at 1.5 T. As TR increases, the optimal T2PREP changes slowly, while
the optimal TI increases approximately as a negative quadratic function. Compared to DIR-
FSE, the optimized T2IR-FSE sequence is expected to provide approximately 2–4 times less
wall SNR over a typical TR range of 1–2 sec and TFSE range of 0–400 ms (Fig.2b).

T2 values for unaffected wall pixels based on mono-exponential fitting from DIR-FSE
images were 52.5 ± 10.4 ms in the femoral artery wall and 48.1 ± 5.7 ms in the popliteal
artery wall. Figure 3 shows examples of excellent DIR-FSE and T2IR-FSE images of the
femoral and popliteal artery walls, demonstrating good qualitative agreement between the
two techniques.
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In three subjects, prominent blood flow artifacts mimicking thickened wall were observed in
DIR-FSE popliteal images, whereas T2IR-FSE images were artifact-free (Figs.4 and 5).
Figure 4 illustrates a case where blood signal (T2 ~ 290 ms) in DIR-FSE popliteal images
persists in the image acquired at long effective TE of 234 ms, while signals from vessel wall
and surrounding muscles (T2 ~ 50 ms or less) have already decayed. Figure 5 shows an
example of DIR-FSE and T2IR-FSE images of the femoral and popliteal artery wall from
another volunteer, demonstrating the increased presence of blood signal in DIR-FSE
popliteal images compared to femoral images. In the femoral artery, peak blood flow was
39.5 cm/s with 3.3 mL/heartbeat stroke volume. A coherent rim of wall pixels with partial
blood content can be detected in the DIR-FSE image where 11.8% of wall pixels were
affected by blood, indicating adequate blood suppression. Correspondingly, vessel wall area
measurements obtained from DIR-FSE and T2IR-FSE images were within 3% agreement.
Blood flow was reduced in the popliteal artery, where peak velocity was 23.0 cm/s and
stroke volume was 0.9 mL/heartbeat. Note that 50.4% of the wall pixels were affected by
blood in the DIR-FSE image, indicating poor blood suppression. The DIR-FSE wall area
measurement was 21.2% greater than that by T2IR-FSE, which can be attributed to the wall-
mimicking blood artifact (arrowhead in Fig.5). While this artifact was indistinguishable
from the vessel wall in the DIR-FSE image acquired at TE = 9.4 ms (short compared to wall
T2), the artifact was highlighted by the developed wall pixel classification algorithm using
images acquired at longer TEs. The mono-exponential T2 map corresponding to unaffected
pixels showed values within the expected range for vessel wall, while longer T2 values are
seen in the map corresponding to pixels affected by blood signal. Finally, bi-exponential
fitting showed reduced partial wall content in the artifactual region and close to unity partial
wall content elsewhere.

In one femoral and one popliteal case, the k-means clustering algorithm failed to correctly
segment the lumen. In these two cases, the lumen was manually traced in both DIR-FSE and
T2IR-FSE images. Over all subjects (N=13), the lumen was larger in T2IR-FSE images
compared to DIR-FSE images in both the femoral (61.5 ± 21.2 mm2 for T2IR vs. 59.3 ±
20.1 mm2 for DIR, P = 0.01) and popliteal (31.1 ± 9.8 mm2 for T2IR vs. 28.6 ± 8.6 mm2 for
DIR, P < 0.001) arteries (Table 2), suggesting the presence of slow blood flow pixels in DIR
images. In contrast, a negligible difference was observed in DIR-FSE and T2IR-FSE outer
wall area in both femoral (P = 0.15) and popliteal (P = 0.07) arteries. DIR-FSE and T2IR-
FSE were found to provide similar wall area measurements in the femoral artery (P = 0.24),
while the difference in the popliteal artery was marginally significant (P = 0.04). DIR-FSE
partial wall content was 0.97 ± 0.03 and 0.95 ± 0.03 in the femoral and popliteal arteries,
respectively. After correction of DIR-FSE wall areas for partial wall content, both
techniques provided similar vessel wall areas in both femoral (P = 0.85) and popliteal (P =
0.40) arteries. Figure 6 shows the Bland-Altman comparison of lumen and vessel wall areas
obtained with DIR-FSE and T2IR-FSE. Note that T2IR-FSE provided improved blood
suppression at the cost of 32% and 50% lower SNR in the femoral and popliteal artery wall,
respectively (Table 3).

DISCUSSION
Our preliminary results obtained in volunteers with no sign of peripheral arterial disease
(PAD) show that DIR blood suppression was adequate in the femoral artery but less
effective in the popliteal artery. This may be attributed to reduced blood velocity and stroke
volume typical of lower extremity vessels. Although a velocity of only 0.6cm/s is required
for blood to exit a 4mm slice for DIR blood suppression with TI=650ms, blood may be
stagnant near the lumen-wall boundary and may reverse direction during diastole, resulting
in incomplete blood suppression.. In contrast to DIR suppression, which relies on blood
exchange, T2IR-FSE provided flow-insensitive blood suppression. In both femoral and
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popliteal arteries, T2IR-FSE derived lumen area measurements were typically greater than
DIR-FSE derived area measurements, indicating that incomplete DIR blood suppression
gives rise to partial blood signal that may be misinterpreted as vessel wall.

Typical DIR-FSE vessel wall imaging utilizes only the initial echo for diagnosis. However,
the initial echo contains signal from both blood and vessel wall which are difficult to
differentiate given their similar signal intensity. In this work, a multi-echo acquisition was
implemented to characterize DIR blood suppression by exploiting the T2 disparity between
vessel wall and blood. Images at long echo times can be used to identify blood artifacts and
exclude these regions from vessel wall classification. Vessel wall and blood differentiation
is particularly important in the lower extremities where stagnant blood is more pronounced
compared to other vessels such as the aorta. In the popliteal artery, DIR blood suppression
was markedly poor in 3 of 13 subjects where substantial wall-mimicking artifacts such as
those in Figs. 4 and 5 were observed. In other subjects, artifacts were less conspicuous but
still present; on average, 25% of DIR popliteal artery wall pixels were affected by slow
blood flow. It should be noted that due to partial volume effects, this may not translate
directly into increased wall area. Similarly, since high pixel intensity in DIR-FSE images
with long TE was attributed to incomplete blood suppression, it would be reasonable to
assume that T2 values near that of blood (290 ms) would have been observed; however T2
values longer than 200 ms were rarely seen. This suggests partial volume effects resulted
from incomplete DIR blood suppression yielding pixels with a mixture of blood and wall,
and intermediate T2 values near the lumen-wall boundary. These partial volume effects are
evident in Fig. 4, where the longest T2 values typically occur at the perceived wall-lumen
boundary while shorter T2 values are observed in the outer periphery. Partial volume effects
are also demonstrated in Fig. 5 where a region containing high blood content is highlighted
using bi-exponential fitting.

These findings indicate that sophisticated blood suppression techniques such as MSPREP
(12–14) or T2IR-FSE may be better suited for vessel wall imaging in the lower extremities.
MSPREP flow spoiling is becoming more widespread for vessel wall imaging due to its
applicability to 2D multi-slice or 3D acquisitions. However, like DIR, MSPREP relies on
blood movement for effective suppression. In this study, we chose to implement T2IR-FSE
sequence due to its insensitivity to blood velocity. While we have shown 2D T2IR to be a
viable option for lower extremity vessel wall imaging, it is hindered by a long acquisition
time (6.5 mins per slice) making it unsuitable for clinical application where coverage on the
order of 20–30 cm is preferred. Analogous to the DIR acquisition, the long 2D T2IR
acquisition time arises from its substantial idle time and multiple signal averages needed to
boost SNR to resolve the thin artery wall. In contrast to DIR, T2IR blood suppression does
not rely on slice selective pulses and may be readily converted to 3D acquisition which
offers a vast improvement in efficiency. Further SNR gain may be realized using long fast
spin echo readout with variable flip angles (37,38) and a multi-channel receive coil at higher
magnetic field strength. Preliminary work utilizing these advances has produced 3D T2IR-
FSE BB images of a 28 cm segment of the right and left femoral-popliteal artery with 0.7
mm isotropic resolution in approximately 8 mins at 3T using a commercially available 8-
channel cardiac coil (39). Given these promising results, we expect 3D T2IR imaging to be a
clinically useful tool for screening lower extremity vessels in normal patients or those with
PAD.

Contrast enhanced (CE) vessel wall imaging has shown promise to detect atherosclerotic
plaque (40–42). T2IR blood suppression relies on knowledge of wall and blood T1 and T2
relaxation times, which change dynamically after contrast injection. Techniques such as
quadruple inversion recovery that minimizes variation of the magnetization signal using
multiple inversion pulses have been developed to provide T1-insensitive flow suppression
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(43). An analogous approach may be the subject of future work to reduce the T1 sensitivity
of T2IR.

One limitation of the DIR-FSE and T2IR-FSE vessel wall area comparison is that the DIR-
FSE sequence provided higher SNR than T2IR-FSE, which may inherently yield reduced
T2IR-FSE area measurements. However, the wall area disparity between the two methods
was inversely related to blood velocity, suggesting that incomplete DIR blood suppression,
rather than higher SNR, was effectively responsible for inflated DIR-FSE popliteal vessel
wall area measurements. Additionally, improved spatial resolution may reveal more precise
differences in wall area measurements (44), as the true image resolution here (0.47 mm ×
0.47 mm) was similar to the intima-media wall thickness expected in the common femoral
artery (0.74 mm) (3). Note that DIR blood suppression effectiveness is inversely related to
both slice thickness and reinversion slab thickness. In these experiments, a slice thickness of
4 mm was selected as a compromise wherein wall SNR, wall blurring due to artery
curvature, and slice thickness used in previous vessel wall MRI studies were considered.
The reinversion slab thickness was chosen to be the same as the imaging slice thickness to
minimize the effect of slow blood flow. In typical imaging applications where the
reinversion slab thickness is often set to a value 2–3 times larger than the imaging slice
thickness, greater DIR slow blood artifacts than those reported here can be anticipated.

This study has several limitations. First, patients with clinically suspected atherosclerotic
disease were not included. As PAD patients often have reduced blood velocity due to
occlusion (24), we expect DIR blood artifacts to be more pronounced than those reported
here. Therefore, flow insensitive blood suppression techniques such as T2IR may be more
essential for the BB vessel wall imaging in the patient population. A second limitation is the
lack of a reference standard for vessel wall area measurement such as B-mode or
intravascular ultrasound. Thirdly, T1 and T2 of carotid vessel wall were used due to the lack
of information on lower extremity wall. Arterial wall in the lower extremities often has
thicker adventitia layer with shorter T2 than that of media (4). The resulting shorter wall T2
is not likely to affect the image analysis presented in this study. Fourth, manually traced
outer wall contours may introduce variability in vessel wall area measurements. While
automatic k-means clustering worked well for delineation of the wall-lumen boundary,
reduced contrast between the arterial wall and surrounding structures (for example skeletal
muscle and vein) prevented reliable outer wall segmentation. More advanced segmentation
algorithms could be implemented to improve tracing repeatability (45). Finally, the DIR-
FSE classification algorithm operates under the assumption that pixels corresponding to
vessel wall have negligible signal at TEeff of 234 ms. This is a reasonable conjecture for
healthy or diseased (for example calcified, lipid core, or fibrotic) vessel wall, as these
components are thought to have T2 of less than 70 ms at 1.5 T in vivo (27). However, it is
possible that fluid or other long T2 substance could exist outside the vessel wall and
contribute to partial blood pixels reported here.

In conclusion, DIR blood suppression has been quantified using T2-based measurements
that showed DIR blood suppression may be inadequate for vessel wall imaging in the lower
extremities where slow flowing blood is prominent. This inadequate blood suppression may
result wall-mimicking blood artifacts and inflate vessel wall area measurements. As an
alternative, T2IR preparation provides flow insensitive blood suppression required for
imaging in these territories. Optimal T2IR timing parameters were calculated for FSE
acquisition at 1.5T and applied to 13 subjects. These preliminary data were free of blood-
mimicking artifacts and hence T2IR should be considered a feasible method for black blood
imaging of the lower extremity vessel wall.
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Figure 1.
Schematic of the implemented T2IR-FSE sequence for flow-insensitive BB imaging of the
vessel wall. The T2IR magnetization preparation combines two commonly used contrast-
enhancing techniques: T2 preparation (consisting of 90x tip-down, 180y refocusing, and
−90x tip-up RF pulses) for T2 contrast, and inversion recovery (consisting of a 180x
inversion pulse) for T1 contrast. Note that the −90x tip-up of the T2 preparation and the
180x inversion pulse can be conveniently combined into a single 90x pulse as shown. Given
repetition time TR = T2PREP + TI + TFSE + TD, the timing parameters (T2PREP, TI and
TD) are chosen to null the blood signal while maximizing the wall signal at the beginning of
the FSE acquisition (see text for details). Note that all RF pulses are spatially non-selective
and correspondingly the T2IR technique can provide global suppression of blood regardless
of its movement, a major advantage over the conventional DIR technique.
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Figure 2.
Optimal T2PREP and TI as a function of TR and TFSE for BB T2IR-FSE vessel wall
imaging at 1.5 T (a). Corresponding theoretical relative wall SNR between optimized T2IR-
FSE and DIR-FSE is shown in b.
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Figure 3.
Concordant femoral (arrowheads) and popliteal (arrows) vessel wall images obtained with
T2IR-FSE and DIR-FSE. Note the effective arterial blood suppression by both techniques.
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Figure 4.
Blood artifact (arrowhead) at the popliteal wall-lumen border in the DIR-FSE images (top
row). While this artifact is not obvious with effective TE of 9.4 ms, it is conspicuous in
images acquired at longer effective TEs where wall components and surrounding muscles
with short T2s have decayed. The DIR-FSE T2 map shows elevated T2 values along the
wall-lumen interface, indicating the presence of blood signal. These artifacts are absent in
the T2IR-FSE images and corresponding T2 map (bottom row).
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Figure 5.
Representative data set highlighting DIR-FSE popliteal blood artifact. Top row: segmented
T2IR-FSE images at effective TE = 9.4 ms; second row: segmented DIR-FSE images at
effective TE = 9.4 ms; third row: DIR-FSE T2 maps for unaffected vessel wall pixels; fourth
row: DIR-FSE T2 maps for pixels affected by slow flowing blood; fifth row: collective DIR-
FSE T2 maps; sixth row: DIR-FSE partial wall content (PWC) maps; and bottom row: blood
velocity curves. The arrowhead in the DIR-FSE popliteal image indicates an area of
incomplete blood suppression. The scale is indicated in the top row. Corresponding areas (in
mm2) are inset for reference.
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Figure 6.
Bland-Altman plots of wall area (a, b) and lumen area (c, d) measurements obtained with 2D
DIR-FSE and T2IR-FSE imaging. Before DIR-FSE partial wall content correction (solid
circles), agreement was 1.4 ± 2.2 mm2 for the popliteal wall (a) and 0.9 ± 2.7 mm2 for the
femoral wall (b). After DIR-FSE partial wall content correction (open circles), agreement
was 0.6 ± 2.1 mm2 for the popliteal wall and 0.2 ± 2.8 mm2 for the femoral wall. Popliteal
lumen area bias was −2.6 ± 1.8 mm2 (c) while femoral lumen area bias was −2.3 ± 2.8 mm2

(d).
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Table 1

Relative DIR-FSE wall area affected by incomplete blood suppression, blood velocity and stroke volume
measured in the common femoral and popliteal arteries (N = 13).

Ratio of affected and
total wall pixels

Peak blood velocity
(cm/s)

Stroke volume
(mL/heartbeat)

Femoral artery 0.14 ± 0.10 40.7 ± 9.8 6.7 ± 4.3

Popliteal artery 0.25 ± 0.12 25.8 ± 6.0 1.4 ± 1.0

P 0.02 <0.001 <0.001
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