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A B S T R A C T

Background: Complications after kidney transplantation include transplant renal artery stenosis (TRAS), which 
can be assessed using Doppler ultrasonography, computed tomography angiography, and magnetic resonance 
angiography (MRA). Contrast-enhanced MRA (CE-MRA) has limitations, including potential allergic reactions, 
limited use in kidney failure, and uncertain long-term effects of gadolinium retention.
Purpose: To evaluate Relaxation-Enhanced Angiography without Contrast and Triggering (REACT), a novel 3D 
isotropic flow-independent non-CE-MRA pulse sequence, for imaging of the renal allograft vasculature by per
forming an intraindividual comparison to 4D CE-MRA at 3Tesla.
Methods: Forty studies of 39 patients were included in this retrospective, single-centre study. Two board-certified 
radiologists independently evaluated MRA datasets for TRAS and rated their diagnostic confidence and the image 
quality of pelvic vessels using 5-point Likert scales (5 = excellent). Apparent signal- and contrast-to-noise ratios 
(aSNR/aCNR) were measured for arterial and venous graft vessels.
Results: REACT (median acquisition time 04:33 min [IQR 3:58–5:20 min]) showed 90.0 % sensitivity and 100.0 
% specificity for TRAS in almost perfect agreement (r = 0.97) with 4D CE-MRA (03:41 min [3:38–4:46 min], p =
0.001) and similar diagnostic confidence (REACT: 4.0 [4.0–4.0] vs. 4D CE-MRA: 4.0 [3.0–4.0], p = 0.54). 
Arterial image quality was comparable (4.0 [3.7–4.4] vs. 4.0 [4.0–4.4], p = 0.49) whereas veins yielded higher 
scores in REACT (3.2 [3.0–3.5] vs. 2.4 [2.0–3.0], p < 0.001). Transplant renal artery (mean ± SD; 44.5 ± 18.2 
vs. 45.9 ± 21.0, p = 0.71; 36.3 ± 15.0 vs. 41.0 ± 20.0, p = 0.16) and vein (37.1 ± 19.8 vs. 30.3 ± 15.2, p = 0.06; 
29.4 ± 17.1 vs. 25.0 ± 14.7, p = 0.17) showed no difference in aSNR and aCNR.
Conclusion: REACT provides accurate detection of TRAS with image quality comparable to 4D CE-MRA, offering a 
risk-free alternative for imaging after renal transplantation.

Abbreviations: AA, abdominal aorta; AV, arterio-venous; CE-MRA, contrast-enhanced magnetic resonance angiography; CIA, common iliac artery; CIV, common 
iliac vein; CKD, chronic kidney disease; ECG, electrocardiogram; ESRD, end-stage renal disease; EIA, external iliac artery; EIV, external iliac vein; GFR, glomerular 
filtration rate; IQR, interquartile range; IIA, internal iliac artery; IIV, internal iliac vein; IVC, inferior vena cava; MIP, maximum intensity projection; mDixon, 
modified Dixon technique; QISS, quiescent-inflow single shot; REACT, relaxation-enhanced angiography without contrast and triggering; SENSE, SENSitivity 
Encoding; SD, standard deviation; SSFP, steady-state free precession; TRAS, ransplant renal artery stenosis; TA, transplant renal artery; TV, transplant renal vein.
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1. Introduction

Kidney transplantation is regarded as the optimal treatment in end- 
stage renal disease (ESRD) [1] with 112.517 procedures performed 
worldwide in 2023 [2]. However, there is a considerable risk for post
operative complications, including transplant renal artery stenosis 
(TRAS), which has been reported in up to 25 % of cases [3]. TRAS may 
lead to symptoms such as arterial hypertension and a decline in renal 
function [4]. If left undiagnosed or untreated, TRAS has the potential to 
compromise the renal allograft function [5] and even result in graft 
failure [6]. In later stages, consequently, the detection of TRAS is pivotal 
to prevent graft failure. Hence, transplant teams integrate different 
diagnostic methods, such as color flow Doppler ultrasonography [7], 
contrast-enhanced magnetic resonance angiography (CE-MRA) [8], 
computed tomography angiography (CTA), digital subtraction angiog
raphy (DSA) [9], and renal biopsy [10] for the follow-up of renal 
transplant patients [11]. Given its radiation-free and minimal-invasive 
approach, CE-MRA has been increasingly utilized in recent years. 
Nonetheless, the use of intravenous contrast administration in CE-MRA 
has drawbacks such as limited use in patients with kidney failure [11], 
the potential for nephrogenic systemic fibrosis [12], uncertain long-term 
effects of gadolinium deposition [13], allergic reactions [14], and po
tential mistiming of image acquisition [15].

Therefore, various non-CE-MRA techniques have been evaluated for 
renal graft vessel imaging [16]. Currently, the most widely used non-CE- 
MRA techniques are balanced steady-state free precession (bSSFP) [17] 
and quiescent-inflow single shot (QISS)-MRA [18]. Recently, the 
relaxation-enhanced angiography without contrast and triggering 
(REACT) sequence has been introduced as a novel 3D isotropic flow- 
independent non-CE-MRA technique [19]. The REACT pulse sequence 
enables the simultaneous delineation of arteries and veins, and has 
demonstrated encouraging results in imaging of the thoracic vasculature 
[20–23], extracranial arteries [24–26], abdominal [27] and pelvic ves
sels [28]. Nevertheless, its performance regarding the depiction of TRAS 
is unknown.

The aim of this study was to evaluate the performance of REACT for 
the imaging of the renal allograft vasculature by comparing the detec
tion of TRAS and other vascular findings as well as subjective and 
objective image quality criteria to 4D CE-MRA at 3 Tesla.

2. Methods

This single-center study was approved by the local institutional re
view board. Given the retrospective nature of the study, the institutional 
review board waived the requirement for written informed consent 
(reference number: 23-1168-retro).

2.1. Patient population

The authors reviewed the institutional image database at a tertiary 
care university hospital for renal allograft MRA studies between August 
2021 and June 2024. Patients were included in the study if they un
derwent renal transplantation and a standardized MRI protocol for 
evaluation of pelvic and renal allograft vessels at 3 Tesla, including both 
REACT and 4D CE-MRA. Exclusion criteria were absence or technical 
failure of any MRA pulse sequence.

The following data were obtained from medical records or observed 
during MRI: age, gender, risk factors for atherosclerosis, date and indi
cation of renal transplantation, and date and indication of MRA.

2.2. Magnetic resonance imaging

A commercially available whole body 3 Tesla MRI system (Philips 
Ingenia, Philips Healthcare, Best, The Netherlands), equipped with a 28- 
channel body coil without additional modifications, was used. The 
Philips Ingenia 3.0 T MRI system used in this study is equipped with 

gradient coils, offering a maximum magnetic gradient strength of 45 
millitesla per meter (mT/m). The corresponding slew rate reaches up to 
200 T per meter per second (T/m/s). The imaging protocol comprised 
the following pulse sequences: T2-weighted turbo spin echo sequences in 
both coronal and axial plane, REACT, 4D CE-MRA, and T1-weighted 
contrast-enhanced gradient-echo sequences with the modified Dixon 
technique (mDIXON) for fat suppression in both coronal and axial 
orientations.

For non-CE-MRA, 3D isotropic flow-independent REACT was ac
quired in the coronal plane from the level of the aortic bifurcation to the 
level of the common femoral arteries bifurcation. REACT comprises T2 
preparation and inversion recovery (IR) prepulses, which enhance the 
native blood signal with long T1 and T2, followed by a water and fat 
selective Dixon reconstruction based on a 7-peak fat model (mDIXON 
XD, Philips Healthcare) [19,29]. Neither respiratory nor ECG-triggering 
was employed [27]. Parallel imaging using SENSitivity Encoding 
(SENSE) was used for acceleration of data acquisition [30]. An accel
eration factor of 4.5 was employed, resulting in a nominal acquisition 
time of 2 min and 49 s.

For the contrast enhanced 3D spoiled gradient echo pulse sequence 
in this study a predominantly T1-weighted contrast enhanced 3D 
mDIXON pulse sequence with cartesian read out trajectory was used. It 
employs the modified Dixon method with dual echo times (TE1 = 1.32 
ms, TE2 = 2.4 ms) and a short TR (5.8 ms) to separate water and fat 
signals, enabling robust and homogeneous fat suppression. A flip angle 
of 15◦ and RF spoiling enhance T1 weighting. Acquisition included the 
abdominal aorta from the level of the diaphragm to the level of the 
common femoral arteries bifurcation. Initially, a native image was ac
quired as a mask. Subsequently, gadobutrol (Gadovist, Bayer HealthCare 
Pharmaceuticals, Berlin, Germany; 0.1 ml/kg body weight) was 
administered via an antecubital vein at a flow rate of 2 ml/s, followed by 
a 30 ml saline flush. As determined by a bolus tracking sequence, 
acquisition in coronal plane was initiated upon the arrival of the contrast 
agent in the abdominal aorta. No ECG-triggering was employed for 4D 
CE-MRA. Patients were instructed to perform an end-expiratory breath 
hold during data acquisition. To achieve high spatiotemporal resolution, 
the acquisition was combined with SENSE (factor 6) and a keyhole 
technique, whereby 20 % of the central k-space data was acquired in 
each dynamic (4D TRACK, Philips Healthcare) [31], resulting in a 
nominal acquisition time of 0:54 min.

Table 1 provides an overview of the imaging parameters of the MRA 
pulse sequences.

Table 1 
Imaging parameters of REACT = relaxation-enhanced angiography without 
contrast and triggering and 4D CE-MRA = Contrast-enhanced magnetic reso
nance angiography, FH = feet head, RL = right left, AP = anterior posterior, 
SENSE = SENSitivity Encoding, IR = inversion recovery, ms = milliseconds, min 
= minutes.

MRA Technique REACT 4D CE-MRA

K-space trajectory Cartesian Cartesian
Acquisition orientation coronal coronal
Acquired voxel size (mm3) 1.6 × 1.6 × 1.6 mm3 0.8 × 1.35 × 2.8 mm3

Reconstructed voxel size (mm3) 0.78 × 0.78 × 0.80 
mm3

0.620 × 0.620 × 1.4 
mm3

Field of view (FH x RL x AP) 
(mm3) 200 × 500 × 130 mm3 400 × 400 × 140 mm3

Repetition time (TR) (ms) 4.6 ms 3.8 ms
Echo time (TE, 1/2) (ms) 1.35/2.7 ms 1.08 ms
Flip angle 15◦ 25◦

Subtraction n/a CE-native

T2 preparation (ms)
50 ms; refocusing 

pulses 4 n/a

IR delay (ms) 58 ms n/a
Temporal resolution (s) n/a 1 s
Acceleration factor SENSE 4.5 SENSE 6
Nominal acquisition time (min) 2:49 min 0:54 min

C. Gietzen et al.                                                                                                                                                                                                                                 Magnetic Resonance Imaging 122 (2025) 110423 

2 



2.3. Image analysis

Two board-certified radiologists with seven (R1) and eight (R2) years 
of experience in MRA utilized a commercially available image viewer 
(DeepUnity Diagnost 1.1.1.1; Dedalus Healthcare Group, Bonn, Ger
many) to conduct independent reviews of the MRA images during 
separate sessions and in a randomized order. Both readers were blinded 
to clinical and patient data and free to modify the window level. To 
minimize the potential for recall bias, an interval of four weeks was 
maintained between the evaluation of the REACT and the 4D CE-MRA.

2.3.1. Assessment of transplant renal artery patency
MRA datasets were graded for TRAS using a 1–4 grading scale: Grade 

1: no stenosis, grade 2: at least 25 % but less than 50 % stenosis, grade 3: 
at least 50 % but less than 75 % stenosis, grade 4: at least 75 % stenosis 
of vessel lumen. In the event of multiple stenoses, the most severe lesion 
was deemed the diagnostic grade and subjected to further analysis.

2.3.2. Assessment of vascular variants and other vascular findings
Readers were advised to evaluate potential anatomical variants of 

the graft arteries (supernumerary transplant arteries or early branch
ing), as well as additional vascular findings including arteriovenous 
fistula and thrombosis. The term “early branching” is defined as the 
process of renal vessel division, which occurs prior to the vessel’s entry 
into the renal hilus. [32].

2.3.3. Subjective assessment of image quality
Based on their delineation, the signal intensity, and contrast to 

adjacent tissue, the readers rated the subjective vessel quality of the 
MRA datasets using a 5-point Likert scale (1 = non-diagnostic, 2 =
pronounced effect on image quality, 3 = moderate effect on image 
quality, 4 = slight effect on image quality, 5 = no impairment of image 
quality). Fig. 1 images illustrating the 5-point Likert scales used to 
evaluate subjective image quality.

The following arterial vessels were analyzed: 

1. Abdominal aorta (AA)
2. Transplant renal artery TA)
3. Transplant renal vein (TV)

4. Common iliac artery (CIA)
5. Common iliac vein (CIV)
6. External iliac artery (EIA)
7. External iliac vein (EIV)
8. Internal iliac artery (IIA)
9. Internal iliac vein (IIV)

Furthermore, the overall presence of image artifacts and image noise 
were rated on a 5-point Likert scale (1: non-diagnostic, 2: pronounced 
effect on image quality, 3: moderate effect on image quality, 4: slight 
effect on image quality, and 5: no impairment of image quality).

2.3.4. Assesment of objective image quality
One radiologist with 4 years of experience in MRA (R3) measured 

apparent contrast-to-noise (aCNR) and apparent signal-to-noise (aSNR) 
ratios by drawing a region of interest (ROI) in the same position on 
source images from REACT (water-only) and 4D CE-MRA in the 
following vessels [25]: 

1. Right and left common iliac artery and vein (3 cm distal to the aortic 
bifurcation).

2. Right and left external iliac artery and vein (3 cm distal to the iliac 
bifurcation).

3. Transplant artery and vein (1 cm distal to the origin; in cases of su
pernumerary renal transplant arteries, the largest vessel was used for 
analysis).

Additionally, a ROI was placed in the adjacent psoas muscle ipsi
lateral to the respective vessel as a reference standard for background 
noise.

The aCNR and aSNR were calculated using the following formula 
[33–36]. 

aCNR =
(SIvessel − SImuscle)

SD of SImuscle
aSNR =

SIvessel
SD of SImuscle 

For each vessel segment, the mean values of the aCNR and aSNR for 
both sides were calculated and used for further analysis.

Fig. 1. Maximum intensity projections (MIP, slice thickness 15 mm) with angulation to the hilar region of the transplant kidney. Representative images illustrating 
the 5-point Likert scales used to evaluate subjective image quality. The transplant renal artery (arrow) was evaluated by the readers for both REACT (A,B,C,D,E) and 
4D CE-MRA (F,G,H,I,J) with the following scales: 1 = non-diagnostic, 2 = pronounced effect on image quality, 3 = moderate effect on image quality, 4 = slight effect 
on image quality, 5 = no impairment of image quality.
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2.4. Statistical analysis

Statistical analysis was performed using GraphPad Prism version 
10.2.3 for Mac OS X (GraphPad Software). Categorical variables are 
presented as frequencies and corresponding percentages. Normality 
distribution of numerical variables was assessed using Shapiro-Wilk 
tests and visual inspection of Q–Q plots. Normally distributed numeri
cal variables are reported as the mean ± standard deviation (e.g., aSNR, 
aCNR); otherwise, they are presented as the median and interquartile 
range (e.g., subjective ratings). To reduce interrater variability and to 
provide a single representative value per vessel segment and patient for 
subjective scores, we calculated the mean of the ratings of both readers. 
Differences between datasets were analyzed using paired t-tests for 
normally distributed data or Wilcoxon signed-rank tests for non- 
normally distributed data. Spearman’s r was calculated to evaluate 
intersequence and interrater reliability for ranked data such as stenosis 
grading and subjective ratings. For categorical data, such as vascular 
findings, Cohen’s κ was determined to assess intersequence and inter
rater agreement. The reliability and strength of agreement for r and κ 
was interpreted as follows: 0.01–0.20 negligible, 0.21–0.40 weak, 
0.41–0.60 moderate, 0.61–0.80 substantial, and 0.81–0.99 almost per
fect. Sensitivity and specificity of REACT were calculated to assess 
diagnostic accuracy, using 4D CE-MRA as the reference standard. For all 
statistical tests, a two-tailed p-value <0.05 was considered statistically 
significant.

3. Results

3.1. Study population and baseline characteristics

A total of 52 consecutive patients underwent renal allograft vessel 
imaging with 4D CE-MRA and REACT between August 2021 and June 
2024. Five cases were excluded from the study due to the absence of 
REACT, two cases due to the absence of 4D CE-MRA. Four cases were 
excluded due to technical failure of 4D CE-MRA, one case was excluded 
due to technical failure of REACT. None had to be excluded due to 
motion artifacts. One patient was examined twice. Therefore, the final 
study population consisted of 40 cases in 39 patients (mean age 48.5 ±
15.1; 14 females). Fig. 2 offers a visual representation of the workflow 
for the inclusion and exclusion of study participants. Table 2 presents an 
overview of patient characteristics, renal transplantation, indication for 
MRA, cardiovascular risk factors and underlying diseases.

3.2. Acquisition time

The total acquisition time of REACT including time needed for image 
reconstruction was 4:33 [3:58–5:20] minutes, whereas 4D CE-MRA 
(including the native acquisition and bolus tracking sequence) lasted 
3:41 [3:38–4:46] minutes (p < 0.001).

3.3. Assessment of transplant artery patency

Overall, 15 TRAS were found in 4D CE-MRA by both readers, of 
which 10 were considered clinically relevant (≥50 % lumen reduction). 
Using 4D CE-MRA as the standard of reference, REACT provided a 

Fig. 2. Workflow for patient inclusion and exclusion. MRA = magnetic resonance angiography, REACT = relaxation-enhanced angiography without contrast and 
triggering, T = Tesla, 4D CE-MRA = time-resolved contrast-enhanced magnetic resonance angiography.
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sensitivity of 90.0 % and specificity of 100.0 % for all stenoses and a 
sensitivity of 90.0 % and specificity of 100.0 % for clinically relevant 
findings. For stenoses detection both methods had a similar diagnostic 
confidence (REACT: median 4.0 [4.0–4.0] vs. 4D CE-MRA: 4.0 
[3.0–4.0], p = 0.54). Regarding stenosis grading, REACT obtained an 
almost perfect intersequence agreement with 4D CE-MRA (r = 0.97). Of 
note, interrater agreement was perfect in 4D CE-MRA (r = 1) and almost 
perfect in REACT (r = 0.97). Detailed results on stenosis assessment are 
provided in Table 3.

3.4. Assessment of vascular variants and other vascular findings

Supernumerary renal transplant arteries were the most common 
vascular variants followed by early branching of the renal transplant 
artery. Considering 4D CE-MRA as the reference standard, REACT 

yielded a sensitivity of 93.8 % and specificity of 100.0 % for the delin
eation of vascular variants. For the detection of other vascular findings 
(transplant artery thrombosis, n = 2; and arterio-venous fistula, n = 1), 
REACT provided a sensitivity of 100.0 % and specificity of 100 %. 
Combined, REACT obtained a sensitivity of 94.3 % and specificity of 
100.0 % for all vascular findings other than stenosis.

A detailed summary of vascular variants and other vascular findings 
is given in Table 4. REACT yielded an excellent intersequence agreement 
with 4D CE-MRA for the detection of vascular variants and other find
ings (κ = 0.97), while the interobserver agreement was excellent in both 
REACT (κ = 0.97) and 4D CE-MRA (κ = 1).

3.5. Assessment of subjective image quality

For all arteries combined, subjective vessel quality was slightly 
higher in 4D CE-MRA (median 4.0 [IQR: 4.4–4.0.]), although compa
rable to REACT (4.0 [3.7–4.4]; p = 0.49). For all veins combined, sub
jective image quality was higher in REACT (3.3 [3.0–3.5]) than in 4D 
CE-MRA (2.4 [2.0–3.0]; p < 0.001). Image artifacts and image noise 
were less pronounced in REACT compared to 4D-MRA (both: p < 0.001).

A detailed summary for subjective assessment of image quality, 
noise, and artifacts is given in Table 5.

3.6. Assesment of objective image quality

For the transplant renal artery, there was no difference regarding 
aSNR (4D CE-MRA: mean 45.9 ± 21.0 vs. REACT: 44.5 ± 18.2; p = 0.71) 
and aCNR (41.0 ± 20.0 vs. 36.3 ± 15.0; p = 0.16) between MRA pulse 
sequences. Furthermore, aSNR (37.1 ± 19.8 vs. 30.3 ± 15.2; p = 0.06) 
and aCNR (25.0 ± 14.7 vs. 29.4 ± 17.1; p = 0.17) did not differ between 
4D CE-MRA and REACT at the transplant renal vein. While 4D CE-MRA 
yielded higher scores for aSNR and aCNR at the CIA and for aCNR at the 
EIA, REACT demonstrated higher values at the analyzed iliac veins. 
Table 6 provides detailed aSNR and aCNR results for each imaging 
modality and segment.

Figs. 3–6 give exemplary comparisons for the depiction of the renal 
allograft vasculature using REACT and 4D CE-MRA.

4. Discussion

For renal allograft vasculature imaging, a novel 3D isotropic flow- 
independent MRA technique (REACT) was evaluated for non-contrast 
imaging at 3 T by comparing the detection of TRAS and other vascular 
findings as well as subjective and objective image quality criteria to 4D 
CE-MRA. The main findings of this study are the following: 1. REACT 
provides comparable results to 4D-CE-MRA in the detection of TRAS, 
variants and other diagnostic findings. 2. Without gadolinium-based 
contrast agents or respiratory and cardiac triggering, REACT yields to 
4D CE-MRA comparable subjective image quality of the pelvic and renal 
allograft vessels with equal objective image quality at the transplant 
vessels.

Previous studies investigating CE-MRA and non-CE-MRA for the 
assessment of the renal transplant vasculature used DSA as the standard 
of reference. In a recent meta-analysis including eight CE-MRA studies 
using either gadolinium- or ferumoxytol-enhanced MRA and three non- 
CE-MRA studies using primarily SSFP-MRA, Huang et al. reported a 
pooled sensitivity and specificity of 96 % and 93 % for TRAS [16]. Based 
on these findings, the authors recommend the routine use of MRA for the 
diagnosis of TRAS [16]. Given the reported high pooled sensitivity of 89 
% and specificity of 94 % for CE-MRA [16], and the fact that only two 
patients received additional DSA, we chose 4D CE-MRA as the standard 
of reference in this work. In this regard, REACT obtained a sensitivity of 
90 % and a specificity of 100 % for TRAS with equal diagnostic confi
dence and high intersequence agreement, which is comparable to the 
pooled sensitivity of 90 % and specificity of 88 % for non-CE-MRA 
compared to DSA as reported in the above referenced meta-analysis 

Table 2 
Patient characteristics; BMI=Body mass index, DSA = digital subtraction angi
ography, GFR = glomerular filtration rate, IgA = immunoglobulin A, MRA =
magnetic resonance angiography, ml = millilitre, min = minute, n = number, 
SD = standard deviation.

Cases, n 40

Age (years, mean ± SD) 48.5 ± 15.1
GFR at time of MRA (ml/min, mean ± SD) 38.8 ± 17.2
Days between surgery and MRA (median [IQR]) 42.0 [17–105]

n %
Gender
Female 14 35.0
Male 26 65.0

Renal transplant
Living donor 26 65.0
Deceased donor 14 35.0
DSA performed 2 5.0

Indication for MRA
Transplant renal artery stenosis 24 60.0
Transplant renal artery dissection 3 7.5
Transplant renal artery aneurysm 2 5.0
Transplant renal malfunction 11 27.5

Cardiovascular risk factors
Arterial hypertension 31 77.5
Diabetes mellitus 2 5.0
Dyslipidemia 11 27.5
Smoking 5 12.5

Underlying disease
Glomerulonephritis 11 27.5
Ischemic nephropathy 6 15.0
Polycystic kidney disease 5 12.5
Renal vasculitis 4 10.0
Glomerulosclerosis 7 17.5
IgA-nephropathy 4 10.0
Renal amyloidosis 3 7.5

Table 3 
Stenosis grading for both readers combined in 4D contrast-enhanced magnetic 
resonance angiography (CE-MRA) and REACT = relaxation-enhanced angiog
raphy without contrast and triggering.

No 
stenosis

25 % ≤ stenosis 
< 50 %

50 % ≤ stenosis 
< 75 %

75 % ≤
stenosis

4D CE- 
MRA 

(pooled)

25  
(62.5 %)

5  
(12.5 %)

4  
(10.0 %)

6  
(15.0 %)

REACT 
(pooled)

26.5 
(66.25 

%)

4.5  
(11.25 %)

3 
(7.5 %)

6 
(15 %)
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[16]. Of note, an almost perfect intersequence agreement between 
REACT and 4D CE-MRA (r = 0.96) regarding grading of disease as well 
as an almost perfect interrater agreement in REACT (r = 0.97) was 
observed in the current study, being higher than for QISS-MRA and 
bSSFP-MRA in a study by Serhal et al., which both showed a moderate 
interrater agreement (κ = 0.74 and κ = 0.77, respectively) [18]. Addi
tionally, the reported findings of the present study are in line with the 
diagnostic performance of different non-CE-MRA techniques for the 
detection of stenosis of native renal arteries compared to CE-MRA. For 
free-breathing inflow IR-bSSFP-MRA compared to CE-MRA, Glockner 
et al. reported sensitivities of 82–94 % and specificities of 82–86 % at 
1.5 T [37] while Lal et al. reported sensitivities of 97–98 % and speci
ficities of 95–98 % at 3 T [38]. For REACT, Gietzen et al. reported an 
overall sensitivity of 87.5 % and specificity of 100 % for clinically 
relevant stenosis of the visceral arteries including renal arteries 
compared to 4D CE-MRA [27].

Regarding the delineation of vascular findings other than stenosis, 
including supernumerary transplant arteries, transplant artery throm
bosis and arterio-venous fistula, REACT obtained a sensitivity of 94.2 % 
and specificity of 100 %. While above referenced studies solely focused 

on TRAS, the present study is the first to evaluate these additional 
findings after renal transplant. Interestingly, almost 50 % of patients 
harboured supernumerary transplant arteries, due to the fact that the 
highly specialized transplantation surgery team at the author’s institu
tion routinely receive donor kidneys with supernumerary renal arteries. 
These results align with reported findings for non-CE-MRA techniques in 
patients with native renal arteries. For REACT, Gietzen et al. reporting a 
sensitivity of 89.5 % and a specificity of 100 % [27] for the detection of 
abnormalities of the visceral arteries. For quadruple IR-bSSFP-MRA, 
Atanasova et al. reported a sensitivity of 75–100 % [40] regarding the 
delineation of supernumerary renal arteries and renal artery aneurysms 
[39] while Glockner et al. reported a sensitivity of 93 % and specificity 
of 100 % for the detection of aberrant renal arteries [37]. For QISS-MRA, 
Adnersson et al. reported a sensitivity of 86 % and a specificity of 100 % 
for supernumerary renal arteries in patients prior to living kidney 
donation [40].

In this work, REACT obtained a subjective image quality at pelvic 
arteries equal to 4D CE-MRA while providing to 4D CE-MRA superior 
results regarding the depiction of pelvic veins. These differences are 
mostly due to the technically demanding acquisition of 4D CE-MRA, 
especially in patients after surgery with potentially deteriorated gen
eral condition, leading to decreased vessel contrast, predominantly 
affecting venous vessels if the contrast agent has not accumulated in the 
respective vasculature [15]. In contrast, REACT provides a simultaneous 
delineation of arteries and veins in a single acquisition over a large field 
of view [19], being beneficial if both arteries and veins are to be 
examined, as already demonstrated in various publications regarding 
the application of REACT for the imaging of the thoracic vasculature 
[20,22]. These results align in part with the objective image quality 
evaluation with REACT yielding higher aSNR and aCNR at pelvic veins 
and the transplant vein, the latter without statistical significance. While 

Table 4 
Vascular anomalies and vascular findings for both readers combined. AV = arterio-venous.

Early branching Aneurysm Dissection Super-numeray artery AV-fistula Arterial thrombosis Venous thrombosis

4D-MRA (pooled) 13  
(32.5 %)

0  
(0 %)

0  
(0 %)

19 
(47.5 %)

1  
(2.5 %)

2  
(5 %)

0 
(0 %)

REACT  

(pooled)
12.5 (31.25 %) 0  

(0 %)
0 

(0 %)
17.5  

(43.75 %)
1 

(2.5 %)
2 

(5 %)
0 

(0 %)

Table 5 
Subjective image quality scores of REACT and 4D CE-MRA. To reduce interrater 
variability and to provide a single representative value per vessel segment and 
patient for subjective scores, we calculated the mean of the ratings of both 
readers. The reported values represent the median and interquartile range (IQR) 
of these averaged scores across all patients. P-values were calculated using 
wilcoxon signed-rank test. Bold indicates statistical significance. AA = abdom
inal aorta, CIA = common iliac artery, CIV = common iliac vein, 4D CE-MRA =
contrast-enhanced magnetic resonance angiography, EIA = external iliac artery, 
EIV = external iliac vein, IVC = inferior vena cava, IIA = internal iliac artery, 
IQR = interquartile range, IIV = internal iliac vein, REACT = relaxation- 
enhanced angiography without contrast and triggering, SD = standard devia
tion, TA = renal transplant artery, TV = renal transplant vein. Scoring scales of 
1–5 were used, 1 being non-diagnostic.

REACT 4D-MRA p (wilcoxon)

median [IQR] median [IQR]

Arteries
AA 4 [3–4.9] 4 [4–5] 0.13
CIA 4 [3.5–4.7] 4.125 [4–4.5] 0.24
EIA 4 [4–4.8] 4 [4–4.5] 0.80
IIA 4 [4–4] 4 [3.5–4.4] 0.66
TA 4 [4–4.5] 4 [4–4] 0.53

All arteries 4 [3.7–4.4] 4 [4–4.4] 0.49
Spearman’s r 0.90 0.97

Veins
IVC 3 [3–4] 3 [2–3] 0.005
CIV 3 [3–3.9] 3 [2–3] <0.001
EIV 3 [3–4] 2.4 [2–3] <0.001
IIV 3 [2.6–3.8] 2 [1.5–3] <0.001
TV 3.5 [3–4] 3 [3–4] 0.02

All veins 3.2 [3–3.5] 2.4 [2–3] <0.001
Spearman’s r 0.95 0.98

Noise 4 [3–4] 3 [3–4] <0.001
Spearman’s r 0.88 0.93

Artifacts 4 [4–4.5] 3.3 [3–4] <0.001
Spearman’s r 0.85 0.91

Table 6 
Objective image quality pooled for both readers of contrast enhanced MRA 
compared to REACT. The reported values represent the median and standard 
deviation of the averaged scores across all patients. P-values were calculated 
using paired t-test. Bold indicates statistical significance. CIA = common iliac 
artery, CIV = common iliac vein, 4D CE-MRA = contrast-enhanced magnetic 
resonance angiography, EIA = external iliac artery, EIV = external iliac vein, 
IVC = inferior vena cava, IIA = internal iliac artery, IIV = internal iliac vein, 
REACT = relaxation-enhanced angiography without contrast and triggering, SD 
= standard deviation, TA = renal transplant artery, TV = renal transplant vein.

REACT 4D CE-MRA p (paired t-test)

aSNR (mean ± SD)
CIA 37.9 ± 13.5 51.8 ± 17.6 <0.001
EIA 46.4 ± 16.2 51.2 ± 17.3 0.09
TA 44.5 ± 18.2 45.9 ± 21.0 0.71
CIV 22.4 ± 8.1 11.3 ± 5.0 <0.001
EIV 27.4 ± 11.8 11.3 ± 6.3 <0.001
TV 37.1 ± 19.8 30.3 ± 15.2 0.06

aCNR (mean ± SD)
CIA 31.2 ± 12.6 47.6 ± 16.8 <0.001
EIA 38.9 ± 14.5 47.5 ± 16.9 0.002
TA 36.3 ± 15.0 41.0 ± 20.0 0.16
CIV 16.4 ± 6.9 7.4 ± 4.7 <0.001
EIV 20.3 ± 9.9 7.2 ± 5.8 <0.001
TV 29.4 ± 17.1 25.0 ± 14.7 0.17
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the objective results at the pelvic arteries are divergent, REACT yielded 
to 4D CE-MRA equal results for the most important vessel, the transplant 
artery. Compared to 4D CE-MRA and as demonstrated in numerous 
studies for the thoracic vasculature [20,22] and carotid arteries [25], 
REACT was less impaired by artifacts and image noise while 4D CE-MRA 
was hampered by pulsation artifacts and a higher image noise.

While SSFP-MRA [17] and QISS-MRA [18] as already introduced 
non-CE-MRA techniques for the depiction of the renal allograft vascu
lature use ECG-gating during data acquisition, REACT does not require 
any type of triggering, hence facilitating its use in clinical routine. In 
contradistinction to the 2D acquisition of QISS-MRA [39], REACT pro
vides a 3D isotropic cartesian readout, thereby enabling post-acquisition 
reformatting in any arbitrary orientation. This facilitates improved 
visualization of the complex postoperative vasculature. Furthermore, 
the mDIXON XD readout provides robust suppression of fat and back
ground and allows for separation of water and fat, consequently leading 
to insensitivity of inhomogeneities in the magnetic field while SSFP- 
MRA is highly sensitive to off-resonance effects caused by B0 heteroge
neities and disruptions of the steady state due to highly pulsatile flow or 
motion and shows high background signals [41,42].

4.1. Limitations

We acknowledge that our retrospective single-centre study has 
several limitations. Firstly, and as mentioned above, 4D CE-MRA was 
used as the standard of reference while no comparison to DSA was 
performed, the latter being the reference standard for visceral artery 
imaging. Nevertheless, we chose 4D CE-MRA as the standard of refer
ence given the high diagnostic performance of CE-MRA after renal 
transplant [16] and since only two patients received DSA, hence, a 
sufficient intraindividual comparison of MRA techniques to DSA was not 
feasible. However, while arteries yielded the same subjective image 
quality scores in both MRA sequences, the difference in results regarding 
the pelvic veins between both MRA must be interpreted with caution 
due to the lack of a reference standard to confirm these findings. Sec
ondly, we chose to use time resolved 4D CE-MRA as the contrast- 
enhanced technique. However, it is possible that first-pass 3D CE-MRA 
would provide a higher spatial resolution and potentially more accu
rate spatial vascular assessment [43]. Nevertheless, we routinely acquire 
4D CE-MRA at our institution, given its additional information depicting 
the entire pelvic vasculature to detect potential venous pathologies 

Fig. 3. Maximum intensity projection (MIP, slice thickness 10 mm) with angulation to the hilar region of the transplant kidney in a 19-year-old female patient with 
suspected transplant renal artery stenosis. Relaxation-enhanced angiography without contrast and triggering (REACT, A) enables a sharper delineation of the 
transplant kidney artery (arrows) compared to 4D contrast-enhanced magnetic resonance angiography (4D CE-MRA, B) being hampered by venous contamination of 
the transplant renal vein (arrowheads) and pulsation artifacts.

Fig. 4. Maximum intensity projections (MIP, slice thickness 15 mm) in coronar reformation of relaxation-enhanced angiography without contrast and triggering 
(REACT, A) and 4D contrast-enhanced magnetic resonance angiography (4D CE-MRA, B) in a 23-year-old female patient after renal allograft transplantation and 
impaired renal function. MRA was performed to rule out TRAS. Both pulse sequences enable the exclusion of TRAS, while depicting a supernumerary renal graft 
artery (arrowheads) inferior to the main transplant renal artery (arrows).
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which might be missed using first-pass CE-MRA. Of note, the associated 
potential impact of venous contamination, which might lead to inferior 
image quality in both 4D CE-MRA and REACT [25], was not evaluated in 
the present work but may be investigated in future studies when directly 
comparing different non-CE-MRA techniques for the depiction of the 
pelvic vasculature with QISS-MRA being routinely not impaired by 
venous signal [44]. Thirdly, it is possible that the order of acquisition 
sequences may have an impact on the results of 4D CE-MRA in patients 
who exhibit motion artifacts towards the conclusion of the examination. 
Fourthly, the different appearances of 4D CE-MRA and REACT made it 
impossible to blind the readers to the type of MRA, which may have had 
an impact on the results. Finally, the selected acceleration technique 
(parallel imaging using SENSE) and factor for REACT was based on the 
authors’ clinical experience, without a direct comparison of different 
techniques and undersampling factors. While Compressed SENSE, 
referring to the combination of parallel imaging and compressed sensing 
[45], led to a decrease in acquisition time and promising results in im
aging of the cervical [24–26,46] and thoracic vasculature [20–22] as 
well as of the visceral arteries [27], we chose to only use parallel im
aging for imaging of the pelvic vessels given the decrease in SNR and 
CNR when using Compressed SENSE [47]. Nevertheless, the combina
tion of Compressed SENSE with deep learning-based image re
constructions, may be feasible for REACT after renal transplantation 
[45]. This could result in a reduction of acquisition time while main
taining image quality, which could be a valuable contribution to future 
research on REACT.

5. Conclusion

In a short acquisition time of less than five minutes, REACT provides 

high diagnostic performance for identifying TRAS and other vascular 
findingswhile yielding to to 4D CE-MRA comparable image quality of 
the pelvic vasculature based on subjective and objective measures. 
These findings highlight the potential of REACT for imaging of the renal 
allograft vasculature without the use of gadolinium contrast in patients 
after renal transplantation.
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