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Background: Black-blood thrombus imaging (BTI) has shown to be advantageous for the diagnosis 
of deep vein thrombosis (DVT). However, previous techniques using fast spin echo have a high specific 
absorption rate. As DANTE (delay alternating with nutation for tailored excitation) black-blood preparation 
can suppress blood flows over a broad range of velocities, we hypothesized that a DANTE black-blood 
preparation combined with a fast low-angle shot (FLASH) gradient-echo readout-DANTE-FLASH could 
be used to diagnose DVT. 
Methods: Eleven healthy volunteers and 30 suspected DVT patients were recruited to undergo DANTE-
FLASH and magnetic resonance direct thrombus imaging (MRDTI). The suspected DVT patients were also 
examined by ultrasound (US). For the segment level, a total of 1,066 venous vessel segments were analyzed. 
Using US and MRDTI as the references, the sensitivity (SE), specificity (SP), positive and negative predictive 
values (PPV and NPV), and accuracy (ACC) of DANTE-FLASH were calculated. To quantitatively compare 
image quality between DANTE-FLASH and MRDTI, image signal-to-noise ratio (SNR), apparent contrast-
to-noise ratio (CNR) between muscle and the venous lumen, and the apparent CNR between the thrombus 
and venous lumen were measured. Additionally, diagnostic confidence, image quality, and clot burden were 
also evaluated.
Results: Using the consensus results of US and MRDTI as a standard reference, the diagnostic SE, 
SP, PPV, NPV, and ACC of DANTE-FLASH for the 2 readers were 97.0% and 93.2%, 99.0% and 
98.2%, 93.4% and 87.9%, 99.6% and 99.0%, and 98.8% and 97.6%, respectively. According to the image 
quantitative analysis results, DANTE-FLASH demonstrated higher image SNR and CNR than MRDTI. 
The image quality and diagnostic confidence scores of DANTE-FLASH were higher than MRDTI 
(3.66±0.44 vs. 3.52±0.52, P<0.001, and 3.84±0.36 vs. 3.76±0.41, P<0.001). There was excellent agreement 
between DANTE-FLASH and MRDTI on clot burden evaluation.
Conclusions: DANTE-FLASH provided better image quality than MRDTI and accurately detected 
thrombi. It may, therefore, serve as a safe and convenient alternative for the diagnosis of DVT.
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Introduction

Lower extremity deep vein thrombosis (DVT) has an 
estimated annual incidence of approximately 1 per 1,000 
in the general population, and its incidence increases with 
age (1). DVT can result in many complications, including 
pulmonary embolism, post-thrombotic syndrome, and 
chronic pulmonary embolism associated with pulmonary 
arterial hypertension (2). The accurate detection of 
thrombosis is important for DVT treatment decision-
making and preventing DVT progression (3).

Medical imaging techniques, including ultrasound (US), 
X-ray, and magnetic resonance (MR) imaging, play essential 
roles in the diagnosis of DVT (4). They can be used to 
identify thrombus size and location. US is the currently 
accepted first-line imaging test for the diagnosis of DVT 
in the lower extremities (5). Although the US is a non-
invasive method that does not involve ionizing radiation or 
the administration of radiographic contrast agents (6-8), it 
tends to be susceptible to generating false-negative venous 
ultrasonography results, particularly in obese patients or 
patients with markedly edematous limbs (9). Additionally, 
US probe placement can be difficult in patients with 
orthopedic casts or those with extensive skin wounds (7).

MR imaging has high resolution in soft tissues, and 
because it does not use ionizing radiation, it represents 
an alternative or complementary tool to the US for the 
diagnosis of DVT (10). Several MR techniques have 
been developed in the past decades. These include both 
contrast-enhanced and non-contrast-enhanced MR 
methods. The former is unsuitable for patients with severe 
renal insufficiency or pregnancy due to using contrast  
medium (11). The latter has gained increased attention 
due to its non-contrast nature. Noncontrast-enhanced 
MR techniques that can be used for the diagnosis of DVT 
include MR direct thrombus imaging (MRDTI), black-
blood thrombus imaging (BTI), balanced steady-state 
free precession (bSSFP), and time-of-flight (TOF). The 
principle underlying using MRDTI to detect thrombosis is 
from the presence of short-T1 methemoglobin within an 
acute or subacute thrombus, as it produces a hyperintense 
s ignal  on the T1-weighted images acquired by a 

magnetization-prepared gradient echo (GRE) sequence (12).  
When combined with fat saturation, a hyperintense 
thrombus can be directly distinguished from the moderate-
intensity background in T1-weighted images. Unlike 
MRDTI, the principles underlying using other techniques 
for detecting thrombosis are based on the finding that a 
thrombus will present very low intense signals within the 
hyperintense blood venous lumen (e.g., bSSFP) (13,14), or 
have intrinsic signal intensity (SI) within the dark venous 
lumen due to the suppression of venous blood signals 
(e.g., BTI) (15). Compared to bSSFP and TOF, BTI 
can be used to visualize the thrombus signals directly. It 
achieves over 90% sensitivity (SE), specificity (SP), and 
accuracy (ACC) in the diagnosis of DVT (15-17). Because 
BTI is a T1-weighted imaging technique that shares the 
same mechanism as MRDTI, it may help in thrombus  
staging (16).

Currently, all BTI techniques are based on three-
dimensional variable flip angle fast spin echo (3D-vFSE) 
sequences because of their advantages, including high 
signal-to-noise ratio (SNR), an intrinsic black-blood effect, 
and fast data acquisition (15-17). However, 3D-vFSE uses a 
train of large refocusing flip angles, which results in a high 
specific absorption rate (SAR). Recently, a time-efficient 
and contrast-free MRI technique was developed for femoral 
artery vessel wall imaging in the lower extremities (18). 
This technique, DANTE-FLASH, uses DANTE (delay 
alternating with nutation for tailored excitation) for black-
blood preparation (19,20) and a low SAR time-efficient 
fast low-angle shot (FLASH) gradient-echo sequence for 
data readout. Because DANTE has been demonstrated 
to be useful for suppressing blood flow over a broad 
range of velocities above approximately 0.1 cm/s (19), we 
hypothesized that a DANTE preparation would effectively 
suppress venous blood flow. These findings are much lower 
than venous blood flow velocity (9–43 cm/s) (21), allowing 
for the low SAR DANTE-FLASH technique to detect 
thrombi effectively.

Thus, this study was performed to optimize DANTE-
FLASH for thrombus imaging and investigate its feasibility 
in the diagnosis of DVT.
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Methods

Sequence

The sequence diagram of DANTE-FLASH is shown in 
Figure 1. It consisted of a DANTE black-blood preparation 
and a low SAR 3D centric-reordering FLASH readout. 
Unlike the DANTE-FLASH technique previously used for 
lower extremity artery vessel wall imaging, two new features 
were added to this technique for adapting it to thrombus 
imaging. First, a water excitation (WE) radiofrequency (RF) 
pulse was used instead of chemical spectral fat saturation 
(FatSat) in the FLASH readout for fat saturation. This is 
because fat saturation is more uniform when produced by 
WE than FatSat (22-24), resulting in better visualization of 
the image (yellow rectangle regions in Figure 2). Second, a 
nonselective RF pulse was used instead of a slab selective 
pulse to achieve shorter echo spacing (5.4 ms). This shorter 
echo spacing helps reduce abdominal motion artifacts 
during imaging of the iliac vessels (red rectangle regions in 
Figure 2). 

Subjects

The local institutional review board approved this study, 
and written consent was obtained from all participants. 
A total of 41 subjects were prospectively recruited in this 
study, including 11 healthy volunteers and 30 suspected 

DVT patients. The healthy volunteers (6 males and 5 
females aged 22–54 years old) had no history of DVT and 
were recruited to evaluate black-blood efficiency and the 
diagnostic performance of DANTE-FLASH. The suspected 
DVT patients (19 males and 11 females aged 23–95 years 
old) were diagnosed from their clinical symptoms, including 
leg pain, swelling, and positive results on the D-dimer test. 
No clinical scoring was used, and no other co-morbidities 
were diagnosed in patients before MR imaging. The patient 
characteristics are summarized in Table 1. The patients were 
classified into 3 groups according to the time from symptom 
onset to MR scan: 8 patients were in the acute phase  
(≤14 days), 18 were in the subacute phase (15–28 days), 
and 4 were in the subacute-to-chronic phase (29–180 days) 
(15,25). The exclusion criteria were known contraindications 
to MRI and US: (I) standard contraindications to MRI, 
including claustrophobia, and patients who underwent a 
surgical procedure within 24 hours before the MRI scan; 
(II) casts, wounds, or other conditions that caused a US 
examination unavailable, or obesity or swelling that made 
the US non-diagnostic.

US examinations

The suspected DVT patients who had clinical symptoms 
and positive results on the D-dimer test underwent US 
examination. The US examination was performed by 

Figure 1 Sequence diagram of DANTE-FLASH for the diagnosis of deep vein thrombosis (DVT). The process consisted of a DANTE 
module for black-blood preparation, and a low-SAR 3D centrically ordered FLASH readout for data acquisition. Notably, a nonselective 
water excitation (WE) radiofrequency (RF) pulse was used in the FLASH readout for fat saturation and to shorten echo spacing.
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a technologist with 15 years of experience who used 
a standard lower extremity in-depth venous approach 
(compression and color Doppler US) on a GE system 
(logic E9) equipped with a 7- to 10-MHz US probe. 
Compression and color Doppler US were performed from 
the common femoral vein to the distal calf, respectively. 
Only color Doppler US was performed for pelvic veins due 
to the technical difficulty in detecting pelvic veins using 
compression US (26). Similar to a previous study (17), 
the lower extremity deep veins were divided into 3 stacks: 
the most proximal “iliac stack” included the common iliac 
veins, the internal iliac veins, and the external iliac veins; 
the “femoral stack” included the common femoral veins, the 
femoral veins, and the deep femoral veins; and an additional 
third “popliteal-crural stack” included the popliteal vein, 
the tibiofibular trunk veins, the anterior and posterior tibial 

veins, the fibular vein, and the great and small saphenous 
veins. The time required to complete the US examination 
varied between 10 and 30 minutes.

MR imaging

After the suspected DVT patients were scanned by US, they 
were then scanned on a 3T MR scanner (MAGNETOM 
Skyra, Siemens Healthcare, Erlangen, Germany) with 2 
standard 18-channel body coils and an integrated posterior 
spine coil. Healthy volunteers also underwent MR imaging 
to evaluate the diagnostic performance of DANTE-FLASH. 
Subjects for MR imaging were placed in the feet-first 
supine position to scan the entire lower limb and underwent 
3-station craniocaudal spatial coverage scanning. The first 
station was from the common iliac to the common femoral 

Figure 2 The representative images were obtained by the original and the optimized DANTE-FLASH technique. After technical 
optimization, DANTE-FLASH realized less abdominal motion artifacts for iliac vessel delineation (red arrows) and achieved more uniform 
fat saturation (yellow arrows).

Before optimization After optimization
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vein, the second station was from the common femoral to 
the proximal popliteal vein, and the third station was from 
the popliteal vein to the distal calf vein. The scan parameters 
used to perform the DANTE module were as follows: flip 
angle =15°, pulse train length =150, time delay =20 us, and 
the gradient amplitude =18 mT/m. The parameters used 
for the FLASH readout were as follows: echo spacing/
TE =5.4/2.08 ms, flip angle =12°, isotropic resolution 
=1.2×1.2×1.2 mm3 and reconstruction to 0.6×0.6×0.6 mm3,  
f ield of view (FOV) =380×380 mm2, bandwidth = 
425 Hz/pixel, parallel imaging factor =2, and partial 
Fourier factor =7/8, and TR =800 ms. WE was used for fat 
suppression. Each three-station DANTE-FLASH scan took 
10–12 minutes to complete. 

Following the DANTE-FLASH scan, MRDTI was also 
performed as a standard reference. The areas scanned using 
MRDTI were the same as those scanned using DANTE-
FLASH to ensure that they had the same scan coverage 

for comparison. The scan parameters of MRDTI were the 
same as those used for the FLASH readout in DANTE-
FLASH except for the inversion recovery time (200 ms) 
and flip angle (18°). The inversion time and flip angle 
were optimized to make the blood signal as low as possible 
and the muscle signal as high as possible consistent with 
a previous study (27), increasing the possibility that the 
iso-intense signal thrombus will be identified on MRDTI 
images. The MRDTI scanning times were the same as 
those of DANTE-FLASH.

Image analysis

US examinations
A radiologist who conducted the US examination 
interpreted the suspected DVT patients’ US images 
first, then a radiologist with 10 years of US experience 
conducted verification of the results. DVT was defined as a 
lack of compressibility and the absence of flow in a venous 
segment.

MR imaging
All MR images obtained from the healthy volunteers 
and patients were loaded onto a workstation (Leonardo; 
Siemens Healthcare, Germany) for review and analysis.

To quantitatively analyze the image quality and adequate 
SI of the thrombus on DANTE-FLASH and MRDTI, 
image signal-to-noise ratio (SNR) and apparent contrast-
to-noise ratios (CNR) between the muscle and the venous 
lumen [(SImuscle − SIlumen)/σn] and between the thrombus and 
the venous lumen [(SIthrombus − SIlumen)/σn] were measured. 
The noise σn was defined as the standard deviation of the 
SI as determined in 4 artifact-free background regions 
to minimize bias due to inhomogeneous signals. SI was 
measured as the mean SI within a manually drawn region of 
interest (ROI).

To evaluate the feasibility of using DANTE-FLASH 
for the diagnosis of DVT, all MR images obtained from 
healthy volunteers and the suspected DVT patients were 
randomized for diagnostic review. Two radiologists with 
9 and 12 years of cardiovascular MR experience who were 
blinded to the subjects’ information and imaging protocols 
independently assessed the randomized images. They made 
a diagnosis of DVT (presence or absence) for each venous 
segment on both DANTE-FLASH and MRDTI images. 
All images obtained by DANTE-FLASH were reviewed 
at the same time. One month later, a consensus reading 
was performed only on the MRDTI images to generate 

Table 1 Patient characteristics

Characteristic Values

Age, mean ± SD [range], years 53.1±18.3 [23–95]

Male sex, n (%) 19 (63.3)

Symptoms, n (%)

Leg pain 13 (43.3)

Swelling 18 (60.0)

Relapsing DVT 1 (5.0)

DVT stages, n (%)

Acute stage 8 (26.7)

Subacute stage 18 (60.0)

Subacute-to-chronic stage 4 (13.3)

MRI

Analyzed vessel segments, n 780

Iliac segments, n (%) 180 (23.1)

Femoral segments, n (%) 180 (23.1)

Popliteal-crural segments, n (%) 420 (53.8)

Thrombotic segments with consensus 
reading, n

137

Iliac segments, n (%) 31 (22.6)

Femoral segments, n (%) 41 (29.9)

Popliteal-crural segments, n (%) 65 (47.4)

DVT, deep vein thrombosis; MRI, magnetic resonance imaging.
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a reference for evaluating the diagnostic performance of 
DANTE-FLASH. The thrombus was identified as a hyper/
iso-intense signal within the venous lumen on DANTE-
FLASH images or MRDTI images. Subjective scores for 
image quality and diagnostic confidence for the 2 techniques 
across all subjects were independently rated by the same 
readers on a 4-point scale consistent with previous studies 
(15,17). Image quality was rated as follows: 4= excellent, 
no relevant artifacts; 3= good, minimal inhomogeneity, 
only minor flow artifacts; 2= adequate, delineated lumen, 
major flow artifacts; and 1= insufficient for diagnosis. 
The diagnostic confidence was also evaluated as follows: 
4= excellent, exact diagnosis possible; 3= good, definite 
diagnosis possible; 2= fair, evaluation of major findings 
possible; and 1= poor, definite diagnosis impossible. The 
diagnostic confidence score was used to rate the confidence 
of a reader in diagnosing the thrombus, whether it was 
present or not. 

The clot burden was analyzed based on DANTE-
FLASH and MRDTI images to evaluate the accuracy of 
DANTE-FLASH for assessing a patient’s clot burden. 
The assessment criteria used to evaluate the clot burden 
were the same as those used in previous studies (28,29). 
Specifically, the clot burden of each segment was scored 
by the radiologists in consensus: 0, patent vein segment; 
1, nonocclusive thrombus; 2, subsegmental, occlusive 
thrombus; and 3, occlusive thrombus of the entire length 
of a segment. After each segment was assigned a score, the 
left and right segment scores were then added to obtain 
a clot burden for a region. The clot burden of a limb was 
calculated as the summation of all 3 segments in the same 
limb. The patient clot burden was the summation of all 
segments.

Statistical analysis

All statistical analyses were performed using SPSS software 
(version 17.0, International Business Machines, Armonk, 
USA). Data are presented as the mean ± standard deviation 
(SD). A paired-samples t-test was used to compare image 
quality and diagnostic confidence scores between DANTE-
FLASH and MRDTI. The t-test was also used for the 
comparison of SNR and CNR between DANTE-FLASH 
and MRDTI. Using US, MRDTI, and the consensus 
reading of MRDTI and US as standard references, the 
diagnostic SE, SP, PPV, NPV, and ACC values of DANTE-
FLASH and MRDTI for the diagnosis of DVT patients 
were calculated. Diagnostic agreements between DANTE-

FLASH and the US and between MRDTI and US, as well 
as those between DANTE-FLASH and MRDTI, were 
determined by calculating Cohen’s kappa coefficients. The 
inter-reader diagnostic agreement was also calculated using 
Cohen’s kappa test. Agreement was rated as fair (kappa value 
κ =0.21–0.40), moderate (κ =0.41–0.60), substantial (κ =0.61–
0.80), or excellent (κ>0.80) (30). Clot burden was compared 
between DANTE-FLASH and MRDTI at the region, 
limb, and patient levels. The Wilcoxon signed-rank test 
was used to identify differences in clot burden scores (29).  
A P value less than 0.05 was considered statistically 
significant.

Results

For all included subjects, US, DANTE-FLASH, and 
MRDTI examinations were successfully conducted. In total, 
286 vessel segments obtained in 11 healthy volunteers were 
assessable concurrently by DANTE-FLASH and MRDTI, 
and 780 vessel segments obtained in 30 suspected DVT 
patients were assessable concurrently by US, DANTE-
FLASH, and MRDTI. Two of the suspected DVT patients 
did not have thrombosis according to the diagnostic results 
of US, DANTE-FLASH, or MRDTI. 

According to the quantitative analysis results, DANTE-
FLASH achieved higher SNRs for muscle and the 
thrombus, and higher CNR for muscle vs. venous lumen 
and thrombus vs. lumen compared to MRDTI (Table 2). 
DANTE-FLASH achieved better venous lumen delineation 
compared with MRDTI due to higher contrast between 
the muscle and the venous lumen (Figure 3). Image quality 
was rated as excellent by both readers in 43.1% (459/1,066) 
and 30.4% (324/1,066) of the segments obtained using 
DANTE-FLASH and MRDTI, respectively. As a result, 
the overall image quality scores of DANTE-FLASH were 
significantly higher than that of MRDTI (3.66±0.44 vs. 
3.52±0.52, P<0.001), and the diagnostic confidence of 
DANTE-FLASH were also higher than that of MRDTI 
(3.84±0.36 vs. 3.76±0.41, P<0.001).

Using the consensus reading of US as the standard 
reference, higher SE (average values for the 2 readers: 
76.5% vs. 75.0%), SP (average values: 90.7% vs. 90.3%), 
PPV (average values: 57.1% vs. 56.2%), NPV (average 
values: 96.0% vs. 95.7%), and ACC (average values: 88.7% 
vs. 88.2%) values were obtained for DANTE-FLASH 
compared to MRDTI. Both DANTE-FLASH and MRDTI 
had moderate agreement with US (Table 3). Nevertheless, 
both DANTE-FLASH and MRDTI achieved excellent 
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interobserver agreement (i.e., κ=0.86, P<0.001 and κ=0.84, 
P<0.001, respectively) in the diagnosis of DVT.

When all MR images obtained from healthy volunteers 
and patients were randomized for diagnostic review, a total 

of 1,066 segments were included for analysis. According 
to the results of the per-segment based analysis of the MR 
images, all 11 healthy volunteers and 2 patients without 
thrombi were correctly excluded from having thrombosis by 
both DANTE-FLASH and MRDTI. When the consensus 
reading of MRDTI was used as a standard reference, 
the diagnostic SE, SP, PPV, NPV, and ACC values of 
DANTE-FLASH for reader 1 and reader 2 were 94.8% 
and 90.3%, 98.9% and 98.0%, 92.7% and 86.4%, 99.2%, 
and 98.6%, and 98.4% and 97.0%, respectively. DANTE-
FLASH had excellent diagnostic agreement with MRDTI 
for both readers (κ=0.93, P<0.001 and κ=0.87, P<0.001, 
respectively). The thrombi visualized on DANTE-FLASH 
images were well-matched to those on MRDTI images 
(Figure 4). The thrombus can present as hyper-intense, iso-
intense, or the mix of the hyper- and hypo-intense signals 
on DANTE-FLASH and MRDTI images (Figure 5).  
It was noted that 2 segments from the external iliac and 
deep femoral veins were misidentified as having thrombi 
on MRDTI images because the diagnosis was affected by 
blood flow artifacts. Also, 2 thrombi located at the external 
iliac and popliteal veins were missed on MRDTI images by 
both readers because the thrombi presented as iso-intense 
signals. Representative images of the blood flow artifacts 
and iso-intense signal thrombi are shown in Figures 6-8. 
When the diagnostic results of US were used to correct the 
misidentified thrombi on MRDTI images, the diagnostic 
SE, SP, PPV, NPV, and ACC values of DANTE-FLASH 
for reader 1 and reader 2 were further improved at 97.0% 
and 93.2%, 99.0% and 98.2%, 93.4% and 87.9%, 99.6%, 
and 99.0%, and 98.8% and 97.6%, respectively. 

According to the clot burden analysis, the average clot 
burden scores obtained for DANTE-FLASH and MRDTI 
were 8.18±5.81 and 7.82±5.66, respectively. The clot burden 
was not significantly different between DANTE-FLASH 
and MRDTI at the region, limb, or patient-level (Table 4).

Discussion

In this study, DANTE-FLASH was evaluated for its ability 
to assist in the diagnosis of DVT without the use of a 
contrast medium. Our experimental results demonstrated 
that DANTE-FLASH provided time-efficient imaging 
and excellent thrombus visualization. It had a reliable and 
accurate diagnostic value for DVT.

The success of DANTE-FLASH in the diagnosis of 
DVT is due to the DANTE preparation used for black-
blood suppression. DANTE can provide excellent blood 

Table 2 Comparisons of SNR and CNR between DANTE-FLASH 
and MRDTI

DANTE-FLASH MRDTI P value

SNR

Muscle 84.10±40.96 26.96±15.33 0.044

Thrombus 139.91±93.62 58.69±23.10 0.000

Venous lumen 21.59±12.62 13.53±9.10 0.013

CNR

Muscle vs. venous 
lumen

62.52±34.33 13.43±11.85 0.000

Thrombus vs. 
venous lumen

116.27±85.77 45.27±23.57 0.002

SNR, image signal-to-noise ratio; DANTE-FLASH, DANTE black-
blood preparation in combination with FLASH readout; MRDTI, 
MR direct thrombus imaging; CNR, contrast-to-noise ratio.

Figure 3 Representative images obtained by DANTE-FLASH and 
MRDTI in a healthy volunteer. Compared to MRDTI, DANTE-
FLASH had better blood signal suppression and improved venous 
lumen delineation (yellow arrows).
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flow signal suppression with only approximately 15% 
signal attenuation in static tissues, and it has therefore been 
demonstrated to be a suitable black-blood preparation 
module for thrombus imaging (15,16). Because DANTE 
was combined with a centric-ordered FLASH readout in 
the DANTE-FLASH technique, the venous blood had a 

rather hypo-intense appearance while thrombi had relative 
hyperintense signals within the venous lumen. Thus, a 
thrombus, even an iso-intense thrombus, can be directly 
visualized and readily identified within the dark venous 
lumen. The use of a 3D FLASH readout allowed for both 
time-efficient and low SAR imaging (18,31). In this study, 
the three-station scan of DANTE-FLASH took only 10– 
12 minutes to cover the whole bilateral lower limb region at 
a 3D isotropic spatial resolution of 1.2×1.2×1.2 mm3, and it 
is, therefore, feasible to apply DANTE-FLASH in clinical 
patient scans. 

It should be noted that different intensity signals of 
the thrombi were observed on DANTE-FLASH and 
MRDTI images. This is because the formation of blood 
clots can produce methemoglobin, which contains Fe3+. 
The paramagnetic properties of Fe3+ in methemoglobin 
can shorten the T1 relaxation time of the thrombus, which 
makes the thrombus show a relatively high-intensity 
signal. A previous study demonstrated that the content 
of Fe3+ contained in the thrombus varies along with the 
evolution of DVT (12). The variations in Fe3+ content in 
the thrombus manifest as hyper-intense, hypo-intense, and 
the mix of hyper- and hypo-intense signals on T1-weighted 
images (Figure 5). 

Using the US as the reference, reader 1 misinterpreted 
36 segments, and reader 2 misinterpreted 35 segments as 
false negatives on DANTE-FLASH images. Of these, 21 
segments were in the iliac vein, 9 segments for reader 1 
and 12 segments for reader 2 in the femoral veins, and 6 
segments for reader 1 and 12 segments for reader 2 were 
in the popliteal-crural veins, resulting in an overall SE of 

Table 3 The number of thrombosis patients diagnosed on DANTE-FLASH, MRDTI, and the US among the suspected DVT patients

Vessel segment Category
DANTE-FLASH:  

reader 1/reader 2
MRDTI:  

reader 1/reader 2
US: consensus  

reading

Iliac vessel segment Thrombosis 31/31 27/30 6

No thrombosis 149/149 153/150 156

Femoral vessel segment Thrombosis 41/44 42/47 30

No thrombosis 139/136 138/133 132

Popliteal-crural vessel segment Thrombosis 65/65 62/71 62

No thrombosis 355/355 358/349 316

Interobserver agreement (κ/P) 0.86/<0.001 0.84/<0.001

Diagnostic agreement with US (κ/P) 0.73/<0.001/0.65/<0.001 0.71/<0.001/0.63/<0.001 NA

DANTE-FLASH, DANTE black-blood preparation in combination with FLASH readout; DVT, deep vein thrombosis; MRDTI, MR direct 
thrombus imaging; the US, ultrasound.

Figure 4 Example images obtained in a 60-year-old deep vein 
thrombosis (DVT) patient. The thrombus detected by DANTE-
FLASH was a good match with the MRDTI-detected thrombus 
(yellow arrows).
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76.5% for DANTE-FLASH in detecting DVT. Because the 
US is the first-line imaging modality for DVT detection, 
the diagnostic performance of DANTE-FLASH was first 
evaluated using the US as the standard reference. However, 
previous studies demonstrated that the accuracy of the US is 
considerably lower for the diagnosis of distal DVT (32), in 
which there is a high chance of false-negative findings due 
to patient differences and variability in the distal veins (33).  

The SE of the US for the detection of DVT, therefore, 
varies according to the location of the thrombus, ranging 
from 94.2% for proximal to 63.5% for distal veins (34). 
Our study results also demonstrate that DANTE-FLASH 
(84.7% vs. 71.8%) and MRDTI (82.0% vs. 71.0%) provided 
better performance for proximal veins than for distal veins 
when the US was used as the standard reference. 

When the consensus MRDTI was used as the reference, 

Figure 5 Thrombi (yellow arrows) with different signal intensities from 3 patients. Hyper-intense (patient I), iso-intense (patient II), and the 
mix of hyper- and hypo-intense signals (patient III) were observed on DANTE-FLASH and MRDTI images. 

DANTE-FLASH

Patient I

Patient II

Patient III

MRDTI
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Figure 6 Example images obtained in a deep vein thrombosis (DVT) patient. Arterial (yellow arrows) and venous (red arrows) blood flow 
artifacts were observed, and the venous segment was misidentified as a thrombus on MRDTI. DANTE-FLASH effectively eliminated the 
blood flow artifacts, and the venous blood flow was confirmed by ultrasound (US).

Figure 7 Example images obtained in a deep vein thrombosis (DVT) patient. Both DANTE-FLASH and MRDTI easily identified a 
hyperintense thrombus (yellow arrows). However, the iso-intense thrombus (red arrows) was missed by both readers on MRDTI images but 
was identified on DANTE-FLASH images. This was because the SNR of muscle was much higher, and the CNR was higher between the 
thrombus and venous lumen on DANTE-FLASH compared with MRDTI.
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readers 1 and 2 detected 7 and 13 thrombi as false-
negative vessel segments on DANTE-FLASH images. 
These included 2 segments for reader 1 and 1 for reader 
2 in the iliac veins, 3 segments for reader 2 in the femoral 
vein, and 5 segments for reader 1 and 9 segments for 
reader 2 in the popliteal-crural veins. There are 3 main 
reasons for the observed differences in the interpretations 
of DANTE-FLASH and MRDTI images. First, the low 
contrast between the muscle and venous lumen observed 
on MRDTI images and the complex vessel anatomy of the 
lower extremities make it challenging to identify the correct 
venous vessels on MRDTI images. Both readers held 
different views regarding thrombi located at the internal 
or external iliac segments and the femoral veins or deep 
femoral veins.

Similarly, a thrombus located in the intermuscular 
vein of the calf on the MRDTI images was identified as 
being located in the fibular vein in the DANTE-FLASH 
images. Second, due to the lower contrast between the iso-
intense thrombus and the venous lumen when observed on 
MRDT1 images, the iso-intense thrombus can be easily 
missed by readers (Figures 7 and 8). In this study, 4 iso-
intense thrombi were identified by DANTE-FLASH, and 3 
of them were missed on MRDTI. Third, MRDTI contains 
more severe blood flow artifacts than DANTE-FLASH, 
and these blood flow artifacts could be misidentified as a 
thrombus by readers (Figure 6). When the consensus results 
of US and MRDTI were the standard references, the 
diagnostic performance of DANTE-FLASH was improved. 
Nevertheless, the diagnostic performance of DANTE-
FLASH had an excellent agreement with those found on 
MRDTI, and thus, the diagnostic SE, SP, PPV, NPV, and 
ACC values were similar between DANTE-FLASH and 
MRDTI using the US as a standard reference. 

The clinical symptoms of DVT and the D-dimer test are 
not specific to DVT, thus suspected DVT patients should 
undergo an imaging scan as part of the final diagnostic 
decision (35-38). In this study, the suspected DVT patients 
who had clinical symptoms and positive results on the 
D-dimer test were subjected to US and MR examinations. 
Two of the suspected DVT patients were excluded from 
having thrombosis by all 3 imaging modalities used in 
our study. After checking the patients’ information, we 
found that these 2 patients were hospitalized and had 
been treated by additional catheter-directed thrombolysis. 

Figure 8 Representative images of iso-intense signal thrombi that were present on DANTE-FLASH images but were missed on MRDTI 
images by both readers (yellow arrows).

Table 4 Comparison of clot burden between DANTE-FLASH and 
MRDTI

Regions DANTE-FLASH MRDTI P value

Iliac vessel segment 0.34±0.89 0.33±0.87 0.152

Femoral vessel 
segment

0.47±0.91 0.46±0.90 0.326

Popliteal-crural vessel 
segment

0.23±0.62 0.22±0.59 0.181

Limb 4.09±5.50 3.91±5.29 0.392

Patients 8.18±5.81 7.82±5.66 0.315

DANTE-FLASH, DANTE black-blood preparation in combination 
with FLASH readout; MRDTI, MR direct thrombus imaging.
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This demonstrated that the thrombi of the 2 patients 
were successfully removed after treatment, highlighting 
DANTE-FLASH’s accuracy for DVT diagnosis. 

It should be noted that both DANTE-FLASH and 
MRDTI resulted in susceptibility artifacts at the corners of 
each scan station. This is because, in this study, a large FOV 
(380×380 mm2) was used to cover a large area, and WE was 
used for fat saturation. The large FOV made B0 shimming 
difficult and resulted in B0 field inhomogeneity, especially 
at the corners of the FOV. Although WE is a suitable 
technique for achieving homogeneous fat suppression in a 
large FOV, it is still affected by an inhomogeneous B0 field 
which results in artifacts arising at the corners of each scan 
station (22). Fortunately, the artifacts had little effect on the 
identification of the thrombus; hence we preferred to use a 
large FOV to achieve extensive coverage.

It should also be noted that DANTE-FLASH has been 
introduced for vessel wall imaging in previous work (18). 
Although DANTE-FLASH used for vessel wall imaging 
also utilizes the DANTE preparation and FLASH readout, 
the technique needs to be optimized for thrombus imaging 
to provide more uniform fat suppression and fewer abdomen 
artifacts (Figure 2). In addition, as blood flow in the veins 
is much slower than in the arteries, whether the DANTE 
preparation can sufficiently suppress venous blood flow and 
achieve reliable thrombus imaging remains unclear. Thus, 
further investigation is warranted to optimize the DANTE-
FLASH technique and investigate its feasibility for the 
diagnosis of DVT. 

There are several limitations to this study. First, digital 
subtraction angiography (DSA), which is the gold standard 
technique, was not conducted for comparison. This is 
because DSA is an interventional and ionizing radiation 
technique. Furthermore, it is seldom used for diagnosing 
DVT nowadays. Thus, the US, which is the first-line 
diagnostic technique for DVT diagnosis, and MRDTI, 
which has been shown to diagnose DVT accurately, were 
used as standard references for comparison. Second, 
DANTE-FLASH was not compared to current BTI 
techniques. We did not compare it is because if BTI were 
also conducted in this study, it would take more than half 
an hour to complete all 3 MR techniques (e.g., MRDTI, 
DANTE-FLASH, and BTI). It was not feasible to fit such 
an excessively long study into the current schedule. Third, 
the number of recruited suspected DVT patients was only 
30. A larger patient population is needed to evaluate this 
technique in future studies. Nevertheless, it should be noted 
that the data analysis was based on a segment level, not a 

patient level. The total number of vessel segments was 1,066 
for data analysis and statistics. This number is sufficient, and 
potential sampling bias has little effect on the data analysis. 
Finally, follow-up of patients after treatment is necessary for 
further evaluating the clinical value of DANTE-FLASH. 
However, this study was focused on evaluating whether 
DANTE-FLASH can be used for the diagnosis of DVT. 
Thus, we did not perform follow-up evaluations in this 
study.

In conclusion, DANTE-FLASH is a time-efficient and 
contrast-free imaging technique that accurately detects 
thrombi and provides better image quality than MRDTI. It 
may, therefore, serve as a safe and convenient alternative for 
the diagnosis of DVT when the US cannot be performed.
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