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Abstract

Rationale and Objectives—Contrast-enhanced angiographic evaluation by magnetic 

resonance imaging (MRI) and computed tomography (CT) is the reference standard for assessing 

peripheral artery disease (PAD). However, because PAD and diabetes often coexist, the prevalence 

of renal insufficiency is a major challenge to contrast-based angiography. The objective of this 

work is to describe and demonstrate a new application of three-dimensional double-echo steady-

state (3D DESS) as a noncontrast vascular MRI method for evaluating peripheral atherosclerosis at 

3 Tesla (3T).

Materials and Methods—A water-selective 3D DESS pulse sequence was designed to 

simultaneously collect two steady-state free-precession signals (free induction decay and Echo) 

yielding “black blood” (BB) and “gray blood” (GB) images. For completeness Bloch equation, 

simulations were performed to characterize DESS signals of various tissues including blood at 

different velocities and to assess two healthy subjects for the purpose of pulse sequence 

optimization. Exploratory studies were performed as an add-on protocol to an existing study 
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involving patients with PAD. To evaluate the method’s specificity for detecting calcification, 

images from select patients were compared against CT angiography.

Results—Simulations agreed qualitatively with in vivo images supporting DESS’ potential for 

generating distinct lumen contrast (GB vs BB). Lesions representing calcium were easily 

identifiable on the basis of signal void occurring on both image types and were confirmed by CT 

angiography. Further, BB allowed visualization of stent restenosis, and data suggest its ability to 

visualize acute thrombus by virtue of T2 weighting.

Conclusion—Preliminary investigation and results suggest noncontrast 3D DESS to have the 

potential to improve diagnosis of PAD patients by providing detailed structural assessment of 

vessel-wall architecture.
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INTRODUCTION

Peripheral artery disease (PAD) is a common manifestation of systemic atherosclerosis 

affecting 8–12 million individuals in the United States. Patients with PAD have a fivefold 

and a two- to threefold greater risk of heart attack and stroke, respectively, and higher 

mortality rate relative to those without PAD (1). Among subjects aged 50 years and older 

with diabetes mellitus and a history of smoking, the prevalence of PAD can be as high as 

30% (2). The most common clinical symptom is intermittent claudication or cramp-like pain 

in the legs and buttocks induced by exercise, which contributes to a poor quality of life and a 

high rate of depression (3,4). The progression of the disease can lead to critical limb 

ischemia where blood flow is severely impaired to the lower limbs due to stenosis.

Maximum intensity projections of contrast-based angiography can rapidly provide a 

“roadmap” of large vascular segments for the assessment of severity and extent of PAD. 

Typical spatial resolution of contrast-enhanced magnetic resonance angiography (CE-MRA) 

is limited to 1 mm, and the luminal images cannot provide tissue information such as vessel-

wall thickening and calcification. Computed tomographic angiography (CTA) is often 

preferred for speed and high-isotropic resolution, allowing reformation in any direction. 

However, diffuse calcification can confound diagnosis, particularly in smaller infrapopliteal 

arteries, which are common sites of PAD in diabetics (5,6). The gold standard for evaluating 

vascular diseases is catheter-based digital subtraction angiography (DSA), often utilized for 

planning surgical revascularization and angioplasty. Both CTA and DSA expose patients to 

ionization radiation. The greatest challenge of contrast-based angiography occurs in patients 

with compromised renal function, where prevalence is estimated at 27–36% (7) because 

PAD and diabetes often coexist (8). Paradoxically, this is the patient population most 

indicated for angiographic examination, but these patients have a greater risk of contrast-

induced acute renal failure, a source of significant morbidity and mortality.

One of the most promising noncontrast or unenhanced MRA techniques is nonsubtractive, 

cardiac-gated, “quiescent interval single-shot” (QISS) (9). Unlike the conventional time-of-
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flight (TOF) MRA (10), full inflow refreshment is achieved for each slice even at flow 

velocities as low as 1 cm/s due to the long quiescent interval (~230 ms). At 1.5T QISS 

compared favorably with both CE-MRA and DSA in terms of identifying significant 

stenoses (11). However, at 3T B1 inhomogeneity leads to signal loss in the proximal right 

femoral artery as a result of symmetric B1 field minima on the anterior medial side of the 

right leg and the posterior medial side of the left leg (12). Further, the signal loss in the 

presence of a stent results in nondiagnostic images precluding assessment of stent patency 

(9).

Angiography, which is based on luminal imaging techniques, do not provide information on 

arterial wall remodeling, or distinguish plaque from focal arterial thrombus. Further, diffuse 

calcification can confound X-ray-based arteriograms in smaller runoff arteries. The detection 

of calcification is important for the planning of intervention to avoid adverse events, which 

include severe dissections, vessel perforations, and atheroembolization (13). In the presence 

of heavy calcification, the results of balloon angioplasty are often suboptimal (14). The 

limitations mentioned can be overcome with spatially registered gray-blood (GB) and black-

blood (BB) images (15). The calcification will appear as signal void on GB and BB images 

due to submillisecond T2 (16). However, on GB images, the lumen signal intensity will be 

moderate, therefore, calcium can be identified readily by inspecting GB and BB images 

together (15). Lastly, better visualization of plaque morphology from BB images provides 

more accurate estimation of stenosis severity.

In this work, we present a simple approach to simultaneously acquire spatially registered GB 

and BB images for evaluating plaque burden, which entails visualization of vessel-wall 

remodeling and identification of calcium and focal arterial thrombus in patients with PAD, 

using a water-selective three-dimensional double-echo steady-state (3D DESS) pulse 

sequence. Previously, DESS has been applied for structural (17) and diffusion-weighted (18) 

imaging of knee cartilage. DESS collects two unbalanced steady-state free precession 

(SSFP) signals, commonly known as SSFP-free induction decay (FID) and SSFP-Echo (19), 

which are inherently flow sensitive because steady state cannot be attained for spins moving 

along a magnetic field gradient. The simultaneous acquisition of GB and BB images 

achieves automatic spatial registration and reduction in acquisition time by almost 50%. 

Here, the difference in the flow sensitivity of FID and Echo is evaluated with Bloch equation 

simulations of the DESS signal with and without bulk flow. Further, a new application of the 

3D DESS sequence is demonstrated on both healthy subjects and selected patients with 

PAD.

METHODS

Blood Signal Attenuation in 3D DESS

The 3D DESS, which collects SSFP-FID and SSFP-Echo signals used in this work, is shown 

in Figure 1. Fat attenuation is achieved with a 1–1 binomial pulse so as to restore the 

magnetization of the fat CH2 protons along the z axis, which requires the 2nd radio 

frequency (RF) pulse to be applied after one half-period of the fat–water chemical shift 

difference at 3T. The structure of the pulse sequence is identical to the implementation in 

Bieri et al (18) except that a unipolar crusher gradient pulse is applied along the slice 
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direction (craniocaudal) to achieve maximum flow sensitivity while minimizing muscle 

tissue signal loss via diffusion. Also, the absence of rephase and prephase lobes for the FID 

and Echo readout, respectively, leads to flow sensitivity in the readout direction (left to right) 

as well; with net zeroth gradient moment of 32.38 mT × ms/m, sufficient to impart 

dephasing of 2π across 0.7 mm. The essential feature of the DESS sequence is the 

separation of FID and Echo (2nd readout) in k-space, achieved by dephasing of 4π (20) 

across the voxel along the slice-encoding direction. The Echo signal has some T2* 

weighting because the actual echo (partially refocused FID from the previous pulse cycle) 

occurs at repetition time (2TR). The FID was read out at larger bandwidth to minimize TR 

(at some loss of signal-to-noise ratio [SNR], of course), thereby optimizing the Echo signal 

and minimizing chemical shift artifact, as the water selectivity of the 1–1 binomial pulse is 

somewhat less effective for the FID (See Results section).

The main contribution to the FID signal is the newly tipped transverse magnetization (no 

phase history) because the readout occurs before the application of the crusher gradient. In 

2D imaging, the FID signal further benefits from inflow enhancement. However, in a large 

slab, 3D acquisition with TR< < T2 the spins of blood water will experience many RF pulses 

before exiting the slab, therefore causing signal attenuation from saturation. Also, the 

number of magnetization components will grow rapidly as every RF pulse splits each 

component into three. Further, the phases of the components accumulate quadratically in 

pulse cycle number n in the presence of the unbalanced crusher gradient along the flow 

direction, . The phase increment ϕo = γmovoTR, where γ is the 

gyromagnetic ratio of proton, mo is the zeroth moment of the unbalanced gradient, vo is the 

flow speed of the proton along the magnetic field gradient and TR is the repetition time. The 

superposition of these components tends to be destructive, thereby significantly attenuating 

the blood signal (21). The SSFP-Echo signal, also formed from superposition of numerous 

magnetization components generated from each RF pulse, is lower than the FID signal 

because the primary signal is the partially refocused FID from the previous pulse cycle. The 

refocused signal is further reduced for the spins that move along the direction of the 

unbalanced gradient whose effect is equivalent to motion sensitizing (bipolar gradients) 

separated by TR.

Numerical Simulation

Bloch equation simulations were first performed to determine the optimum flip angle of the 

DESS sequence to optimize the SSFP-Echo signal of muscle tissue for T1/T2/TR = 

1450/30/10.6 ms. The flow sensitivity of FID and Echo was evaluated for a range of constant 

velocities (0.1–10 cm/s), as well as the performance of fat attenuation with the 1–1 binomial 

pulse in the presence of static field inhomogeneity. In the simulations, it was assumed that 

the spins are within the slab at all times from the initial magnetization Mz,o = 1, and T2 /T1 

= 200/1700 ms and 100/400 ms were used for arterial blood and subcutaneous fat (chemical 

shift at −418 Hz), respectively. The inflow enhancement at the proximal edge can be 

assessed based on the number of pulse cycles required to achieve steady-state blood signal.
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In Vivo Study

3D in vivo images of the femoropopliteal and infra-popliteal arteries of two young healthy 

volunteers (average age 29 years) were acquired with the 3D DESS pulse sequence of Figure 

1 using the spine and two body matrix coils or spine with peripheral arteries (PA) matrix 

coils at 3T (Siemens TIM Trio). In healthy young controls, patent arterial lumina are 

expected, allowing evaluation of 3D DESS images for stenosis-mimicking artifacts and for 

effectiveness of blood suppression as well as attenuation of fat signal; two subjects suffice 

for this purpose. To evaluate 3D DESS for visualizing a wide range of lesion and calcium 

severity, images of femoropopliteal arteries were acquired on 20 patients with PAD as an 

add-on protocol to an existing study (22). One of the patients with diffuse calcification 

underwent CTA 3 months after the magnetic resonance imaging (MRI) study, and in five 

patients, there was enough time to perform QISS MRA. Both water-selective 3D DESS and 

QISS were implemented in SequenceTree (23). In five patients, infra-popliteal arteries were 

imaged to assess visualization of smaller runoff arteries and to show that the proposed 

method is not confounded by diffuse calcification. Femoropopliteal arteries were imaged 

with the following parameters: flip angle 8° + 8°, TEFID/TEecho/TR = 2.2/7.8/10.6 ms, 

bandwidth = 744 Hz/voxel (FID), 223 Hz/voxel (Echo), field-of-view (FOV) = 352 × 192 × 

360 mm3, spatial resolution = 0.78 × 0.78 × 3 mm3, NEX = 1, acquisition time (TA) = 5.2 

min. Smaller FOV and higher spatial resolution were used for infrapopliteal arteries, FOV = 

288 × 128 × 360 mm3, spatial resolution = 0.64 × 0.64 × 3 mm3 (TA = 4.4 min) but the 

remaining parameters were kept the same. Images were zero padded to 0.39 × 0.39 × 1.5 

mm3 or 0.32 × 0.32 × 1.5 mm3. Imaging parameters of QISS MRA: FOV 320 × 192 mm2, 

5/8 partial Fourier centric acquisition, spatial resolution 1 mm2, slice thickness 4 mm with 1 

mm overlap (65 slices/station), trigger delay 100 ms, quiescent interval 180 ms, TE/TR = 

2.05/4.1 ms and flip angle was limited to 50°–82° due to specific absorption rate (SAR). 

Written informed consent was obtained before all examinations following an institutional 

review board-approved protocol.

SNR, CNR, and Fat Attenuation Level

For each patient the vessel-wall and lumen SNR of common femoral, superficial femoral, 

and popliteal arteries in right leg were computed to assess reliability of the method. SNR 

was computed as SI/σ, where SI is the signal intensity of the ROI, and σ is the standard 

deviation of noise, determined from a region in the air surrounding the legs (24). contrast-to-

noise ratio (CNR) between the vessel-wall and lumen was defined as the SNR difference 

between two adjacent structures. The percent reduction in fat signal by the binomial 1–1 

excitation pulse (2RF) was defined with respect to images acquired with single excitation RF 

pulse (1RF), i.e. as 100 × |1RF − 2RF|/1RF.

RESULTS

Numerical Simulations

Bloch equation simulations of FID and Echo for a range of velocities and resonance offsets 

are shown in Figure 2. The steady-state signals of FID and Echo are predicted to be 

comparable for stationary blood because T2 >> TR. On the other hand, the Echo is 

attenuated significantly more than the FID (95% vs 64%) for spins moving with average 

Langham et al. Page 5

Acad Radiol. Author manuscript; available in PMC 2017 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



velocity ≥0.5 cm/s. For reference, muscle tissue signal is also plotted. From Figure 2a we 

can conclude that once the spins enter the excited slab, the inflow enhancement for the FID 

signal decreases rapidly with the number of pulse sequence cycles (except at very low 

velocities). For average velocities of 5 cm/s hyperintense, lumen signal is expected on FID 

images near the proximal edge of the slab, gradually decreasing toward a steady-state signal 

level at about 50 mm. In Figure 2c, FID and Echo signal of fat as a function of resonace 

offset are plotted and the FID signal of muscle tissue is included for reference. On resonance 

(0 Hz), the lipid CH2 protons will precess by 180° during the interpulse time (1.196 ms), 

whereas at +200 Hz, the precession angle is approximately 90°, which translates to lower 

effective flip angle of 0 and 8°, respectively. The muscle tissue signal is less affected by off-

resonance. According to Bloch equation simulation (not shown), muscle tissue FID signal 

does not vary appreciably (<3%) for flip angles between 8° and 16° but the Echo signal will 

be reduced by as much as 20%.

In Vivo Study

Representative axial SSFP-FID (GB) and SSFP-Echo (BB) images of a healthy 30-year-old 

subject are shown in Figure 3. Distal to the proximal edge of the 3D slab, the blood or the 

lumen signal in the GB image (Fig 3a) is attenuated below the signal level of muscle tissue 

as predicted by the simulation (Fig 2a). The vessel-wall and lumen SNR of common 

femoral, superficial femoral, and popliteal arteries are summarized in Tables 1 and 2 for BB 

and GB images, respectively. The average vessel-wall and lumen SNR across all patients and 

vessels were 36.5 ± 16.7 and 35.3 ± 13.4 on GB images, and 26.0 ± 8.2 and 8.3 ± 2.2 on BB 

images, which translates to average CNR between vessel-wall and lumen of 2.6 and 17.7 for 

GB and BB images. The trend of decreased average lumen SNR in GB images from 

common femoral to popliteal arteries reflects proximal inflow enhancement and subsequent 

signal attenuation distally as the blood water protons experience more RF pulses. On BB 

images, the reliability of blood signal suppression is indicated by the lower standard 

deviation of lumen SNR compared to other SNR measurements.

Like other fat suppression techniques, the effectiveness of binomial pulse is sensitive to 

magnetic field inhomogeneity. As predicted by simulation (Fig 2c), the subcutaneous and 

intermuscular fat signal was attenuated less by the 1–1 binomial pulse on GB (Fig 3a) 

compared to BB images (Fig 3b) because the former, being a gradient-echo and having 

much shorter TE, is more sensitive to field inhomogeneity. As a result of field 

inhomogeneity, the adipose signal intensity varied somewhat across the FOV (circles on Fig 

3a). For comparison GB and BB images without fat attenuation are shown in Figure 3c and 

d, i.e. single versus dual RF excitation with the same net flip angle. The average reduction of 

the adipose signal for binomial 1–1 pulse were excitation 65% and 85% on GB and BB 

images, respectively, relative to single RF excitation. The inflow blood signal enhancement 

can be seen in the magnified view of the femoral artery in the GB image (Fig 3e), whereas 

the blood signal is largely suppressed with vessel walls well delineated in the BB image (Fig 

3f) from proximal to distal edge of the 3D slab. The inflow enhancement of the BB image 

agrees qualitatively with Figure 2a because the slices in Figure 3e are separated by 45 mm.
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Figure 4a and b (Subject 9) shows correlative GB and BB images of the iliac arteries from a 

patient with PAD demonstrating calcification (white arrow), which is corroborated by the 

arterial phase CTA (Fig 4c). On the CTA image patent lumen and calcium are hyperintense 

relative to surrounding tissue. The distinction of patent lumen from calcium relies on the 

higher CT density of calcium compared to contrast material. On the GB images, the 

detection of calcium is apparent by signal voids adjacent to lumen (Fig 4a), further 

demonstrated in Figure 5 (Subject 2), where calcium is readily identified on GB image (Fig 

5a), again confirmed by CTA (Fig 5b). Albeit smaller, in tibial-peroneal trunk vessels, 

diffuse calcium can still confound CTA, corresponding signal loss is clearly visible on GB 

images (Fig 5c). Further, spatially registered GB (Fig 5d) and BB (Fig 5e) images allow the 

detection of calcium- and plaque-obstructing blood flow, which shows up hypointense on 

CTA (Fig 5f) due to the absence of contrast material.

Figure 6a (Subject 15) illustrates the complementary information high-resolution BB images 

provided relative to angiography (Fig 6b), including details of vessel-wall remodeling (blue 

dashed arrow in a) and lesion eccentricity (e.g. blue solid arrow), which are invisible on 

MRA (Fig 6b). From Figure 6a, the BB images by themselves are also well suited for 

visualizing lesion burden associated with PAD. The achievable spatial resolution of BB 

image is expected to yield higher confidence and more accurate lesion sizing. In general, 

DESS is less susceptible to artifactual signal loss at 3T from B1 inhomogeneity (25) in the 

proximal right femoral artery (see Fig 6 caption) compared to bSSFP. However, the issue of 

B1 inhomogeneity can be minimized with placement of a high-permittivity pad (25,26).

A significant limitation of MRA (particularly noncontrast) is the signal loss in the presence 

of a stent that can result in nondiagnostic images as illustrated in Figure 7a (maximum 

intensity projection [MIP] of QISS MRA, Subject 4). The magnified views of BB images in 

Figure 7b shows evidence of in-stent restenosis. As in a patent lumen, intravascular signal 

void is expected for a patent stent on BB image while retaining moderate blood signal in GB 

image. In addition to stent-related artifact, it is difficult to visualize the right proximal 

superficial femoral arteries (SFA) on the MIP due to signal loss associated with B1 

inhomogeneity. Because angiography is based on vessel patency, focal arterial thrombi 

cannot be distinguished from negative vessel-wall remodeling. The detection of thrombi (a 

frequent clinical consequence of atherosclerosis) is notoriously problematic. According to 

Corti et al (27), acute thrombus will appear strongly hyperintense on T2-weighted images, 

reaching peak signal at 1 week upon formation, and decreasing thereafter to a plateau by 6 

weeks, eventually becoming isointense with muscle. On T1-weighted image, the time-course 

of the signal intensity is similar but with lower signal compared to T2 weighting. Whereas 

the GB image has mixed weighting (T1 and T2), the BB image is strongly T2 weighted. 

Based on these observations, it is plausible to conclude that the cause of hyperintensity in 

the SFA lumen shown on Figure 8a and b (Subject 8) is a recently formed thrombus, 

whereas the thrombus shown in Figure 8c is several weeks old.

DISCUSSION

In this preliminary investigation, a new potential application of 3D DESS has been 

presented, simultaneous acquisition of spatially registered images of distinct lumen contrast. 
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The gray- and black-blood images of 3D DESS enables assessment of arterial wall 

remodeling, lesion eccentricity, and detection of calcification along with the evidence of 

identifying focal arterial thrombus, which are essential information for the planning of 

percutaneous interventions. 3D DESS also has the potential to overcome a very important 

limitation of CTA in diabetic patients where extensive diffuse calcification (Fig 5c) in 

infrapopliteal arteries prevents assessment of lumen patency (28).

3D DESS is a rapid unbalanced SSFP pulse sequence that enables acquisition of large-FOV 

high-resolution images in clinically practical scan times. The entire lower body arterial 

vasculature comprising the iliac arteries down to foot (over 100 cm along craniocaudal 

direction) can be covered in less than 13 min, thus it is feasible to pair 3D DESS with rapid 

noncontrast MRA (e.g. QISS (9)) for improved structural assessment of the vasculature for 

improved diagnosis and treatment planning in PAD patients, particularly in the presence of 

stents.

Our work shows that 3D DESS can detect calcification over a large FOV without the need 

for a separate acquisition. The detection of calcification is critical for patient management 

and prognosis. The presence of calcification has been shown to be closely associated with 

prevalence and severity of PAD and to be a better predictor of critical limb ischemia in 

patients on hemodialysis (29). Additionally, in patients with type-2 diabetes, calcification 

coexists in coronary and lower limb arteries and has been established as an independent 

predictor of cardiovascular mortality (30). Although CT is widely regarded as gold standard 

for calcium detection, it exposes patient to potentially harmful ionizing radiation and, more 

importantly, contrast-enhanced CTA is contraindicated in patients with renal insufficiency, 

such as patients with diabetes (a significant segment of the PAD population).

Recently, a 3D BB MRI technique, motion-sensitized driven equilibrium rapid gradient-

recalled echo (GRE) (denoted MERGE), had been modified for simultaneous acquisition of 

spatially registered GB and BB images as a means to visualize deep-seated and superficial 

calcified nodules in the carotid arteries (15). However, the method’s application to PA of the 

lower limb to estimate plaque size and morphology of the plaque burden has been limited 

(31) and to date, dual contrast (GB and BB) with 3D MERGE has not been demonstrated in 

the peripheral vascular bed to authors’ knowledge. An alternative MRI approach for 

detecting calcification was proposed by Edelman et al (32), using thick-slab projection 

images of high-resolution (1 mm3) 3D GRE and prototype version of point-wise encoding 

time reduction with radial acquisition (33) at 1.5T. The focus of that work was on 

visualization of calcification via thick-slab projection and displaying the images inverted to 

generate CT-like images for assessing calcium burden over a large FOV. However, Edelman 

et al’s technique does not yield BB images, whereas the detection of calcium is just one 

feature of our approach, which is a general method for plaque detection, visualization of 

vessel-wall remodeling and potentially, identification recently formed thrombus based on T2 

weighting.

3D DESS is a robust and an SNR-efficient pulse sequence. Although projection images 

cannot be generated from the GB and BB images (which obviates the need to inspect source 

images), this should not be a serious limitation as we envision 3D DESS as an alternative 
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approach for evaluating plaque burden in PAD and not solely for calcium detection. We note 

in passing that angiographic source images are generally read slice by slice as a means to 

confirm findings on MIPs and to better estimate the degree of stenosis.

Among the method’s limitation is that 3D DESS cannot provide comprehensive assessment 

of plaque composition because the BB image of SSFP-Echo is T2 weighted, i.e. additional 

T1 and proton density-weighted images would be needed (34,35). In PA, structural imaging 

has been limited to studies assessing arterial remodeling (36,37), whereas identification of 

vulnerable plaques and assessment of their composition has been largely confined to carotid 

and coronary arteries (see for example References 38 and 39). Although vulnerable plaques 

were investigated in patients with PAD, coverage was limited to a segment of less than 3 cm 

of the SFA (40) because the acquisition of multicontrast images is challenging given the 

large number of images needed to cover the entire vascular territory of the leg; the same 

holds true for alternative approaches. Nevertheless, recent studies using intravascular 

ultrasound (US) (41) suggest that the identification of vulnerable plaques or plaque ruptures 

in PA is potentially important in terms of patient management and prognosis. Okura et al 

found that there was a significant association between plaque rupture in iliofemoral arteries 

in patients with severe PAD and high prevalence of history of acute coronary syndrome.

As stated earlier, SSFP-Echo is extremely sensitive to flow, thus significant signal 

attenuation of slow-moving spins is easily achieved. For this reason, 3D DESS is less suited 

for arterial segments that are known to be more affected by motion such as carotid arteries 

from swallowing and coronary or central arteries from the cardiac motion. In contrast, in the 

PA patient motion is minimal, and the immobilization of the leg can further minimize 

movement artifacts and, as our date show, the acquisition of diagnostic-quality images of the 

iliac arteries with SSFP-Echo is straightforward (see Fig 4b).

CONCLUSION

We have described a new application of 3D DESS for simultaneously acquiring dual-

contrast images to visualize lesion severity and luminal geometry, to assess arterial wall 

remodeling, and to identify calcium and newly formed thrombus in PA. 3D DESS is a rapid 

pulse sequence available on many commercial scanners and can be performed alone or in 

combination with an unenhanced MRA protocol requiring minimal patient setup and 

discomfort (e.g. no requirement for cardiac gating, nephrotoxic contrast agents, and ionizing 

radiation) for overall improved diagnosis and management of PAD.
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Figure 1. 
Water-selective three-dimensional double-echo steady-state pulse sequence. The free 

induction decay is read out with higher bandwidth to minimize TR and increase muscle 

tissue SNR of echo. Interpulse time is computed based on the chemical shift value of lipid 

CH2 protons at 2.89 T (−418 Hz relative to H2O). Gx, Gradient pulses in x-axis; Gy, 

Gradient pulses in y-axis; Gz, Gradient pulses in z-axis. (Color version of figure is available 

online).
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Figure 2. 
Flow sensitivity and off-resonance effects of 1–1 binomial pulse. Simulation of steady-state 

signal under different flow condition for (a) SSFP-free induction decay (FID) and (b) SSFP-

Echo. Significant SSFP-Echo signal attenuation even at low velocity of 0.5 cm/s supports 

excellent blood suppression observed even near the walls of peripheral veins, e.g. Figure 3b 

and f. (c) FID as a gradient-recalled echo is much less tolerant of static field inhomogeneity. 

The simulation suggests that it is possible to discern intermuscular fat from vessel wall up to 

100 Hz off-resonance. (Color version of figure is available online).
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Figure 3. 
Dual lumen contrast of DESS images. The images of (a) SSFP-free induction decay (FID), 

and (b) SSFP-Echo, clearly demonstrate distinct lumen contrast in the superficial femoral 

artery, i.e. moderate (gray blood [GB], black arrow) signal in the lumen (a) versus full 

suppression (black blood [BB], white arrow) of the blood signal (b). White circles highlight 

variation of fat attenuation due to spatially dependent static field inhomogeneity. From left 

to right, the fat signal reduction is 54%, 67%, and 75%, respectively, compared to the (c) GB 

image acquired without fat attenuation. At the same ROIs in (b) the fat signal reduction is 

70%, 88%, and 92% compared to (d), collected simultaneously with (c). Magnified view of 

femoral and popliteal arteries (dashed box) of (e) SSFP-FID and (f) SSFP-Echo from 

proximal to the distal edge of the slab (seven slices out of 240, each separated by 45 mm). 

The signal in (e) is strongly location dependent, being highest in the most proximal location 

due to inflow enhancement, getting gradually lower in the more distal slices.
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Figure 4. 
Identification of calcium in peripheral artery disease using double-echo steady state. On both 

(a) gray blood and (b) black blood images calcium (white arrows) is hypointense with 

distinct lumen contrast allowing detection of calcium. (c) Proof of calcium (white arrows) in 

iliac arteries on computed tomography angiography. The lumen (dashed arrow) is also well 

visualized from the contrast medium that has a higher radiodensity than surrounding tissue. 

The patient is a 71-year-old female with ankle-brachial index (ABI) = 0.77 and 0.58 in left 

and right leg, respectively.
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Figure 5. 
Detection of calcium. Visualization of calcium (arrows) in right common iliac artery 

aneurysm on (a) gray blood (GB) and (b) computed tomography angiography (CTA) images 

(same patient as in Fig 4). (c) Magnified view of 10 contiguous slices representing 1.5 cm of 

the right tibial-peroneal arterial segment (arrow) in a 66-year-old type-2 diabetic patient with 

ABI = 0.57. Spatially registered (d) GB and (e) black blood images corroborate calcium 

(white arrow) and obstruction (dashed arrow) in (e) detected by (f) CTA in left superficial 

femoral artery (SFA). Hypointense lumen signal (dashed arrow) surrounded by calcium 

(white arrow) in right superficial femoral arteries indicates obstruction.
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Figure 6. 
Unambiguous assessment of lesion burden with black-blood images in a 51-year-old male 

with ABI = 0.83 (left) and 0.9 (right): (a) 20 slices spanning 300 mm cranio-caudally from 

the common femoral artery (CFA) to distal superficial femoral arteries (SFA); slice spacing 

15 mm. (b) The luminal narrowing seen on the quiescent interval single-sho magnetic 

resonance angiography (white arrow) is consistent with the axial images of (a) (blue dashed 
arrow). The dashed box indicates the commonly observed B1 inhomogeneity-induced signal 

loss in the right proximal femoral artery at 3T. The signal attenuation is also observed in (a) 

but is less pronounced (dashed box) such that the visualization of the lesion burden and 

eccentricity is still possible. Solid blue arrow points to an eccentric lesion. (Color version of 

figure is available online).
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Figure 7. 
In-stent restenosis in a 57-year-old male with ABI = 0.51 (right) and 0.93 (left): (a) MIP in 

the anterior–posterior direction of quiescent interval single-shot magnetic resonance 

angiography with stent in medial to distal superficial femoral arteries (rectangle). (b) Select 

black blood (left column, signal void imply stent patency) and gray blood (right column) 

images showing in-stent restenosis. Top and bottom rows show end rungs of stent (signal 

voids distributed symmetrically around the circumference, dashed arrow). In the middle, 

three rows signal void (blue arrows) near the vessel wall are attributed to the stent rather 

than calcification. (Color version of figure is available online).
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Figure 8. 
Arterial thrombus in a 63-year-old patient with peripheral artery disease with ABI = 0.73 

and 1.04 in left and right leg, respectively. Hyperintense signal of left superficial femoral 

arteries lumen (arrows) on both (a) gray blood (GB) and (b) black blood (BB) image 

suggests a newly formed arterial thrombus. (c) GB (top row) and BB images of superficial 

(thick arrow) and deep (thin arrow) femoral arteries 8.9 cm distal from the common femoral 

artery bifurcation. The reduced signal level relative to the adjacent muscle tissue as 

compared to (a) indicates that the thrombus is several weeks old.
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TABLE 1

SNR and CNR Measured from Black-blood Images

Lumen and Vessel-wall SNR and CNR*
(SNRl/SNRw)

Subject Common Fem. Superficial Fem. Popliteal

1 4.7/15.4 5.0/23.7 7.3/27.3

2 8.5/15.4 9.5/30.8 6.0/20.1

3 10.9/19 11.7/36.7 8.6/31.8

4 8.5/20.1 10.1/27.3 8.8/29.6

5 5.7/13.0 6.9/17.8 5.6/21.3

6 10.7/34.4 15.4/39.1 13.0/55.7

7 5.8/16.6 6.3/23.7 8.1/17.8

8 5.5/17.8 7.3/28.4 6.8/19.0

9 7.9/15.4 7.1/35.5 6.6/24.9

10 6.6/17.8 6.3/21.3 5.1/13.0

11 7.7/28.4 7.9/37.9 7.2/27.3

12 6.4/19.0 6.9/22.5 6.9/27.3

13 8.9/17.8 7.5/23.7 8.5/37.9

14 8.6/21.3 8.3/28.4 8.2/23.7

15 10.5/29.6 8.6/23.7 9.5/33.2

16 9.1/23.7 9.4/30.8 9.5/36.7

17 6.6/14.2 7.1/21.3 6.3/36.7

18 11.3/34.4 8.5/16.6 9.5/32.0

19 11.8/32.0 13.0/35.5 9.7/32.0

20 10.4/26.1 9.5/29.6 8.9/29.6

Average

SNRw (SD)/SNRl (SD) 8.3 (2.2)/21.6 (6.9) 8.6 (2.5)/27.7 (6.7) 8.0 (1.8)/28.8 (9.3)

Average:

CNR (SD) 13.2 (5.4) 19.1 (5.4) 20.8 (7.9)

SNRw, SNR of vessel-wall; SNRl, SNR of vessel lumen; SD, standard deviation; Fem., femoral.

*
CNR between the wall and lumen is defined as SNRw−SNRl.
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TABLE 2

SNR and CNR Measured from Gray-blood Images

Lumen and Vessel-wall SNR and CNR*
(SNRl/SNRw)

Subject Common Fem. Superficial Fem. Popliteal

1 51.3/38.0 50.7/39.3 22.0/32.0

2 16.7/19.3 20.0/28.7 15.3/24.0

3 38.0/26.7 34.0/55.3 32.0/44.7

4 50.0/32.7 28.0/34.7 30.0/44.0

5 24.7/27.3 25.3/29.3 20.0/28.0

6 57.9/46.7 59.6/45.8 24.2/33.3

7 29.3/21.3 33.3/38.0 16.0/22.0

8 21.3/22.0 53.3/42.7 26.0/29.3

9 37.3/33.3 44.0/44.0 26.7/34.0

10 30.7/20.0 19.3/32.0 21.3/29.3

11 32.7/41.3 35.3/41.3 33.3/44.0

12 54.0/28.7 51.3/40.0 26.7/36.0

13 68.0/46.0 37.3/32.0 35.3/50.5

14 48.0/45.3 18.7/28.7 16.0/26.7

15 36.0/32.7 15.3/28.0 20.0/34.7

16 47.3/45.3 42.7/42.7 28.7/40.7

17 16.7/21.3 15.3/26.7 21.3/38.0

18 30.7/45.3 53.3/52.7 34.7/38.0

19 21.3/30.0 35.3/38.7 50.0/45.3

20 22.0/28.0 16.7/28.0 36.7/42.7

Average

SNRw (SD)/SNRl (SD) 32.6 (9.7)/36.7 (14.8) 37.4 (8.4)/34.4 (14.4) 35.8 (7.8)/26.8 (8.6)

Average:

CNR (SD) −4.1 (10.7) 3.0 (9.6) 9.0 (4.9)

SNRw, SNR of vessel-wall; SNRl, SNR of vessel lumen; SD, standard deviation; Fem., femoral.

*
CNR between the wall and lumen is defined as SNRw−SNRl.
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