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Abstract

Objectives To evaluate free-breathing Navigator-triggered 3-D T1-weighted MRI (NAV-LAVA) compared to breath-hold (BH)-
LAVA among cystic and solid renal masses.

Materials and methods With an IRB waiver, 44 patients with 105 renal masses (71 non-enhancing cysts and 14 cystic and 20 solid
renal masses) underwent MRI between 2016 and 2017 where BH-LAVA and NAV-LAVA were performed. Subtraction images were
generated for BH-LAVA and NAV-LAVA using pre- and 3-min post-gadolinium-enhanced images and were evaluated by two
blinded radiologists for overall image quality, image sharpness, motion artifact, and quality of subtraction (using 5-point Likert
scales) and presence/absence of enhancement. Percentage signal intensity change (A%SI) = ([SI.post-gadolinium-SI.pre-gadolin-
ium]/SI.pre-gadolinium)*100, was measured on BH-LAVA and NAV-LAVA. Likert scores were compared using Wilcoxon’s sign-
rank test and accuracy for detection of enhancement compared using receiver operator characteristic (ROC) analysis.

Results Overall image quality (p = 0.002—0.141), image sharpness (p = 0.002—0.031), and motion artifact were better (p = 0.002)
comparing BH-LAVA to NAV-LAVA for both radiologists; however, quality of image subtraction did not differ between groups
(p =0.09-0.14). Sensitivity/specificity/area under ROC curve for enhancement in cystic and solid renal masses using subtraction
and %SIA were (1) BH-LAVA: 64.7%/98.6%/0.82 (radiologist 1), 61.8%/95.8%/0.79 (radiologist 2), and 70.6%/81.7%/0.76
(%SIA) versus 2) NAV-LAVA: 58.8%/95.8%/0.79 (radiologist 1, p=0.16), 58.8%/88.7%/0.73 (radiologist 2, p=0.37), and
73.5%/76.1%/0.75 (%SIA, p =0.74).

Conclusions NAV-LAVA showed similar quality of subtraction and ability to detect enhancement compared to BH-LAVA in
renal masses albeit with lower image quality, image sharpness, and increased motion artifact. NAV-LAVA may be considered in
renal MRI for patients where BH is suboptimal.

Key Points

o Free-breathing Navigator (NAV) 3-D subtraction MRI is comparable to breath-hold (BH) images.

* Accuracy for subjective and quantitative diagnosis of enhancement in renal masses on NAV 3-D T1Wis comparable to BH MRI.
* NAV 3-D TIW renal MRI is useful in patients who may not be able to adequately BH.
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ReKAM Repeated K-t-subsampling
and artifact-minimization

ROI Region of interest

TIW T1-weighted MRI

T2W T2-weighted MRI

VIBE Volumetric interpolated
breath-hold examination

Introduction

Indeterminate renal masses are common [1], and although CT
remains the mainstay for renal mass characterization [2], MRI
provides comparable and, in some instances, additional infor-
mation [3]. Among hyperattenuating renal masses, character-
ization of internal contents with MRI is better than with CT
[4-6]. MRI assessment of enhancement is more sensitive than
CT in papillary renal cell carcinoma (RCC) [7, 8] and more
specific due to elimination of pseudoenhancement [2, 4, 7, 9,
10]. MR1 is accurate for subtyping small solid renal masses [3,
11-14]. Willatt et al showed that renal MRI provided addi-
tional diagnostic information in a majority of small renal
masses which were indeterminate on CT [15].

One of the fundamental requirements of renal MRI is high-
quality pre- and post-gadolinium-enhanced images, which
form the basis for diagnosis of enhancement [16].

Enhancement may be assessed by measuring the percentage of
signal intensity difference (%SI. change) [17] or by qualitative
assessment of subtraction images generated by withdrawing pre-
gadolinium-enhanced data from post-gadolinium-enhanced data
where the difference is displayed visually and is indicative of
enhancement [18]. Subtraction images are routinely used in renal
MRI and are invaluable for the assessment of inherently T1-
weighted (T1W) hyperintense masses [4, 9]. In a study by
Hecht et al, qualitative assessment of subtraction images was com-
parable to quantitative analysis and less prone to errors among
intrinsically TIW hyperintense masses [18]. A limitation of sub-
traction MRI is the requirement for perfectly co-registered data
because any malalignment between image sets can result in inter-
pretive errors [3, 9]. End-expiratory phase breath-hold imaging
improves co-registration of pre- and post-gadolinium-enhanced
image sets [3, 4]; however, subtraction imaging may still be lim-
ited in patients who cannot suspend respiration consistently.

The use of free-breathing T1W gadolinium-enhanced im-
aging has traditionally been limited by severe motion artifacts;
however, more recently, vendors have provided commercially
available solutions to improve image quality. Gadolinium-
enhanced images may be acquired free-breathing when the
acquisition is timed to coincide with end-tidal expiration using
a simultaneously acquired Navigator acquisition tracking mo-
tion of the diaphragm (Navigator LAVA, General Electric
Company) or by using a radial stack-of-stars sampling of k-
space (Star-VIBE Siemens Healthcare) [19]. Studies have
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shown that both techniques are robust against motion artifact
in the abdomen [19, 20]; however, to our knowledge, neither
technique has been studied as an alternative to obtain subtrac-
tion images in renal MRI. The purpose of this study is there-
fore to compare free-breathing Navigator (NAV) T1W and
breath-hold (BH) T1W subtraction images in patients under-
going renal MRI.

Materials and methods
Patients

This retrospective study was performed under a quality assur-
ance waiver from our institutional review board who waived
the need for informed consent in patients. Between the dates
of April 2016 and February 2017, 77 patients underwent renal
MRI at a single institution which included pre- and post-
gadolinium-enhanced images acquired using end-expiratory
phase BH and NAYV acquisitions. From 77 patients, 33 were
eventually excluded with a summary of the patient inclusion
and exclusion criteria provided in Fig. 1.

Renal lesions and reference standards

From 44 patients who met the inclusion criteria, there were 71
non-enhancing benign renal cysts (46 simple cysts and 25
hyperattenuating or hemorrhagic/proteinaceous cysts) and 34
cystic or solid renal masses (9 Bosniak 2F renal cysts, 5
Bosniak 3 renal cysts, 18 solid enhancing renal masses [6 histo-
logically confirmed RCC] and two > 1-cm AMLs). Mean size of
lesions was 21 mm (+ 13; range of 10-80). The reference stan-
dards used for diagnosis of non-histologically confirmed renal
masses is described as follows: (1) benign renal cysts—round or
oval, smooth paper thin wall, homogeneously hyperintense on
T2-weighted (T2W) and hypointense on T1W imaging without
enhancement on subtraction images [4] and with either
unenhanced CT showing round or oval shape, smooth imper-
ceptible wall and homogeneous water (-10 to <20 Hounsfield
Units [HU]) attenuation [21] or ultrasound showing homoge-
neously anechoic structure with smooth imperceptible wall
and increased through transmission [10]; (2) hyperattenuating
cysts—round or oval, homogeneously markedly T1W hyperin-
tense [22, 23] without enhancement on subtraction images [4]
and with either unenhanced CT showing > 70 HU [24] or ultra-
sound showing homogeneously anechoic structure or with few
low level echoes with smooth imperceptible wall and increased
through transmission [10]; (3) Bosniak 2F or 3 cysts—T2W
hyperintense lesion with low T2W internal septations showing
enhancement on subtraction images [25] and with multiphase
CT showing perceptible enhancement of thin septations (for
Bosniak 2F) and measurable enhancement of thicker septations
(for Bosniak 3) [6]; (4) solid enhancing lesion without
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Fig. 1 Flow diagram of patient
inclusion and exclusion in this
study. 1 = breath-hold, 2 =

77 patients underwent both
BH! and NAV? renal MRI

Excluded patients:
3 Tuberous Sclerosis

navigator-triggered free-
breathing, 3 = IgG4-related
systemic disease, 4 =
angiomyolipoma

1 Polycystic Kidney Disease
11gG43
8 studies not performed for
characterization of renal mass
13 studies with no renal lesion
2 AML*< 1 cmin size

44 patients who met inclusion
criteria

4 studies without gadolinium
administration
1 study unable to generate subtraction

T

images due to acquisition

71 non-enhancing
benign renal cysts

34 cystic or
solid renal masses

l

|

* 46 simple cysts

* 25 hyperattenuating or
hemorrhagic/proteinaceous
cysts

* 9 Bosniak 2F renal cysts

* 5 Bosniak 3 renal cysts

* 18 solid enhancing renal
masses

histological confirmation—non-cystic mass on MRI with
> 80% enhancing components on subtraction imaging and
with multiphase CT showing enhancement of at least 25 HU
in >80% of the mass [4]; and (5) angiomyolipoma—a mass
showing internal macroscopic or bulk fat as determined by area
of fat showing signal loss using chemical fat suppression and
attenuation measurements at unenhanced CT <-20 HU [26,
27]. Imaging-based reference standards were determined by
an unblinded abdominal radiology fellow and genitourinary ra-
diologist with 11 years of experience in renal CT and MRI (NS)
who had access to all prior ultrasound, CT, and MRI reports.

MRI

All patients underwent MRI on a clinical 3-Tesla MRI
(Discovery 750 W, General Electric Healthcare) using integrated
body surface (16-clement) array and spine coils. Our renal mass
MRI protocol consists of BH axial and coronal T2W single-shot
fast spin echo (FSE), BH axial 3-dimensional (3-D) TIW in-
and opposed-phase dual-echo chemical shift gradient recalled
echo (GRE), BH axial fat-suppressed (FS) diffusion-
weighted echo-planar imaging and BH axial pre-and
post-gadolinium FS T1W 3-D GRE (LAVA) sequences with 5-
min delayed axial and coronal acquisitions. Post-gadolinium-
enhanced images were acquired dynamically after the adminis-
tration of 0.1 mmol/kg of gadobutrol (Gadovist, Bayer
Healthcare) injected at a rate of 2 mL/s followed by 20 mL saline
flush. Axial BH post-gadolinium-enhanced images were obtain-
ed following an empiric 3040 s delay followed by successive
acquisitions every minute for 3—5 min. The first axial BH TIW

* 6 histologically confirmed
renal cell carcinomas
* 2 angiomyolipomas [AMLs]

LAVA sequence (obtained at 30-40 s) was used as the
corticomedullary phase and the third axial BH T1W LAVA se-
quence (obtained at 60—80 s) was used as the nephrographic
phase. For the pre- and post-gadolinium-enhanced TIW BH-
LAVA sequences, all breath-holds are performed at end-tidal
expiration. Subtraction image sets are generated for the
corticomedullary phase, nephrographic phase, and 3-min delayed
acquisitions routinely and stored in our PACS (Horizon Medical
Imaging version 11.1, McKesson Corporation).

Throughout the study period, all patients also underwent
free-breathing NAV FS 3-D T1W LAVA before gadolinium
injection (immediately following the breath-hold FS 3-D
T1W LAVA sequence) and after gadolinium injection (imme-
diately following the 3-min breath-hold FS 3-D TIW LAVA
acquisition). Therefore, all patients underwent BH and NAV
T1W LAVA before and approximately 3 min after gadolinium
injection. The details of the Navigator LAVA sequence have
been described in detail elsewhere [28]. To reduce acquisition
time such that the examinations were not significantly
prolonged, an acceleration factor of 3 in the phase direction
and 2 in the slice direction of the Navigator LAVA sequence
was applied. Further details regarding the BH and Navigator
LAVA are summarized in Table 1. A larger field of view was
selected for the NAV sequence to mitigate the loss of signal to
noise incurred by increased parallel imaging utilized on NAV
compared to BH and also to reduce parallel imaging (i.e., sense
ghosting or aliasing) artifacts from signal contributions outside
of the region of interest. Subtraction images were obtained for
the Navigator LAVA sequence using AquariusNet version 11
(TeraRecon corporation) and also stored in PACS.
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Table 1 Pulse sequence
parameters for conventional
breath-hold and free-breathing
Navigator-triggered T1-weighted
Fat-Suppressed 3-D gradient
recalled echo with volume
acceleration (LAVA)

Parameter Breath-hold Navigator

TR! (ms) 3.9 44

TE? (ms) 1.7 19

Matrix 224 x 320 192 x 300
Field of view (cm) 352 % 440 460 x 460
Slice thickness (mm) 4 4

Gap (mm) 2 2

Flip angle 12 12

Fat suppression Spectral + inversion recovery Spectral + inversion recovery
NEX? 0.67 0.70
Acceleration Phase 2 slice 1 Phase 3 slice 2
Bandwidth (KHz) 83.3 62.5
Acquisition time (s) 18 150

Breath-hold was performed during end-tidal expiration

! Time to repetition
2 Time to echo

3 Partial Fourier factors
Subjective analysis

Subjective analysis was performed by two Radiologists with 5
and 14 years of experience with renal MRI (SC and CW).
Each examination was evaluated in two interpretation sessions
(time between interpretation sessions of 10 weeks for radiol-
ogist 1 and 8 weeks for radiologist 2) using a mixed-order
readout fashion to minimize bias. Examinations were evaluat-
ed independently. Radiologists could not be blinded to wheth-
er BH or NAV imaging was being interpreted due to the pre-
dictable periodic motion of the abdominal wall which could
be observed during NAV imaging ( Figs. 2, 3, and 4); howev-
er, they were blinded to the final diagnosis of each lesion.

Image quality

Radiologists were provided with a brief lecture and presenta-
tion describing which imaging quality features were to be
evaluated for each examination before beginning data extrac-
tion (Figs. 2, 3, and 4). Before data extraction, radiologists
were provided with the location of each lesion which needed
to be assessed. Radiologists subjectively assessed BH and
NAV image sets for (1) overall image quality: subjective eval-
uation of the kidneys and the lesion(s) being evaluated, judged
using a 5-point Likert scale where 1 =non-diagnostic, 2=
below average or poor, 3 = average, 4 = above average or good,
and 5 = excellent; (2) image sharpness: subjective evaluation
of the edges or interfaces between the kidney borders and the
retroperitoneal fat, renal sinus, and borders of the lesion(s)
being assessed judged using a 5-point Likert scale where
1 =non-diagnostic, 2 =below average or poor, 3 = average,
4 =above average or good, and 5 = excellent; and (3) motion
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artifact: subjective evaluation of degree of periodic or random
motion (ringing, blurring, smearing, or ghosting of structures)
of the kidneys and lesion(s) being assessed judged using
a 5-point Likert scale where 1 = no motion artifact, 2 = minimal
motion which does not impact evaluation of the kidneys or
renal lesions, 3 =mild motion artifact compromising image
quality but with a diagnostic assessment still achieved, 4 =
moderate motion artifact impacting evaluation of the renal
lesion(s), and 5 =severe motion with non-diagnostic assess-
ment. In addition, both radiologists evaluated subtraction im-
age sets using a 5-point Likert scale for quality of image sub-
traction where 1 = non-diagnostic, 2 = below average or poor,
3 =average, 4 = above average or good, and 5 = excellent. The
use of 5-point Likert scales for comparison of MR imaging
sequences has been described previously [29, 30].

Enhancement

Both radiologists independently assessed each lesion for the
presence of either septal or solid enhancement using subtrac-
tion images only. Radiologists did not evaluate the other pre-
contrast images (including T1W and T2W sequences) or the
raw data from the pre- and post-gadolinium-enhanced LAVA
sequences when judging for the presence of enhancement.
This study design was selected in order to enable the most
robust and unbiased comparison of the accuracy of enhance-
ment using subtraction images derived from BH and NAV
sequences. Enhancement was defined as being present when
there was unequivocally an increase in signal within the renal
lesion as judged on subtraction images and was scored using a
binary outcome where 1 = present and 2 = absent (Figs. 2, 3,
and 4), as described previously [18].
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Fig. 2 A 55-year-old male patient with left upper pole clear cell renal
cell carcinoma (RCC). Axial fat- suppressed breath-hold (BH) T1-
weighted (T1W) 3-D LAVA images obtained before (a) and after (b)
gadolinium enhancement in the nephrographic phase show solid
enhancement in the tumor which is located within the left renal hilum
(arrows). Subtraction (b minus a) image (c) clearly depicts enhancement
in the mass. Image quality, image sharpness, and quality of subtraction
were rated 5/5 by both radiologists. Free-breathing Navigator-triggered
(NAV) LAVA images at the same level obtained before (d) and after (e)

Quantitative analysis

Ten weeks following the second interpretation session, radiol-
ogist 1 independently measured signal intensity values on BH

BH 3-D LAVA images obtained before (a) and after (b) gadolinium
enhancement in the nephrographic phase show areas of solid
enhancement in the tumor which also shows small cystic spaces in the
left renal hilum (arrows). Subtraction (b minus a) image (c) clearly
depicts enhancement in the mass. There is another 12-mm lesion in the
interpolar region lateral cortex (arrowheads) which was proven to
represent a complex hemorrhagic/proteinaceous cyst at subsequent
ultrasound exam (not shown). The cyst is intrinsically TIW
hyperintense in (a) and non-enhancing on subtraction image (c);

gadolinium enhancement in the nephrographic phase also show solid
enhancement in the tumor (arrows) which is confirmed in
corresponding subtraction image (f) Image quality and quality of
subtraction were rated 5/5 by both radiologists. Image sharpness was
considered average (3/5) by both radiologists with some blurring of the
renal margins best depicted in the upper pole of the right kidney
(arrowhead in f) with motion artifacts (thin white arrow in f) from the
anterior abdominal wall which were considered to not compromise
diagnostic accuracy of the study

and NAV pre- and 3-min post-gadolinium-enhanced LAVA
sequences. A circular region of interest (ROI) was placed
within the center of the lesion on the axial image where it
appeared the largest encompassing two thirds of the area of

however, the contours of the cyst are blurred by motion artifact and
motion and image sharpness were both rated as 3/5 by both
radiologists. Corresponding NAV-LAVA images at the same level
obtained before (d) and after (e) gadolinium enhancement in the
nephrographic phase also show solid enhancement in the tumor
(arrows) which is confirmed in corresponding subtraction image (f) and
better depict the hemorrhagic/proteinaceous cyst (arrowheads). Image
sharpness and degree of motion artifact were considered better in this
patient on NAV-LAVA compared to BH-LAVA by both radiologists.
Also note benign hepatic hemangioma in the lateral segment (thin arrows)

@ Springer
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Fig. 4 A 45-year-old female patient with right interpolar region
Bosniak III cystic mass. Axial BH-LAVA images obtained before (a)
and after (b) gadolinium enhancement in the nephrographic phase show
thick septal enhancement with areas of measurable enhancement in the
tumor which is located within the renal hilum (arrows). Subtraction
image (c) clearly depicts enhancement in the mass. Image quality,
image sharpness, and quality of subtraction were rated 5/5 by both
radiologists. Corresponding NAV-LAVA images at the same level
obtained before (d) and after (e) gadolinium enhancement in the

the lesion for homogeneous lesions as described previously
[17, 18]. For heterogeneous lesions, an ROI was placed over
the area which appeared to show the most enhancement on the
post-gadolinium-enhanced image and copied to the pre-
gadolinium-enhanced data set, as described previously [17,
18]. Using pre- and post-gadolinium-enhanced signal intensi-
ty values, a percentage of signal intensity change was calcu-
lated as follows: ([signal intensity on post-gadolinium image
minus signal intensity on pre-gadolinium image] / signal in-
tensity on pre-gadolinium image) * 100% [17, 18]. A signal
intensity change of > 15% was used to define enhancement
[17, 18]. The ROI was copy-pasted such that it was placed at
the same location on BH and NAV images for each patient.

Statistical analysis

Data are reported as mean + standard deviation (range).
Comparisons of image quality scores were performed using
the Wilcoxon sign-rank test. Accuracy of enhancement judged
subjectively was calculated for subtraction imaging of BH and
NAV data sets for both radiologists and compared using receiv-
er operator characteristic (ROC) analysis. Inter-observer agree-
ment was assessed using Cohen’s kappa statistic where: 0.00—
0.20 is slight, 0.21-0.40 is fair, 0.41-0.60 is moderate, 0.61—
0.80 is substantial, and >0.81 is almost perfect. Percentage
signal intensity change was compared between enhancing and
non-enhancing lesions using independent ¢ tests and agreement
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nephrographic phase also show enhancement in the tumor (arrows)
which is confirmed in corresponding subtraction image (f); however,
in this patient, image quality, image sharpness, quality of subtraction,
and motion artifacts were judged to be worse on NAV-LAVA compared
to BH-LAVA but did not compromise diagnostic accuracy of the study
according to both radiologists. Note unilocular cystic mass in the
pancreatic head (thin white arrows) which was presumed to represent
a pancreatic pseudocyst or non-aggressive side-branch intraductal
mucinous neoplasm

of measures between BH and NAV measurements was per-
formed using Bland-Altman. Accuracy for diagnosis of en-
hancement using a percentage signal intensity change of
> 15% was tabulated to reference standard for both BH and
NAV sequences and compared using ROC. Statistical analysis
was performed using STATA version 15.1 (StataCorp) and
p values of < 0.05 were considered significant.

Results

Assessment of overall image quality, image sharpness, motion
artifact, and quality of image subtraction are provided in
Table 2. Overall image quality was rated higher for BH com-
pared to NAV by radiologist 2 (p = 0.002) but with no differ-
ence as judged by radiologist 1 (p=0.14). Image sharpness
was rated higher with BH imaging for both radiologists (p =
0.002—-0.03) and the degree of motion artifact was worse with
NAV (p=0.002). A summary of non-diagnostic and below
average or poor image scores are provided in Table 2. There
were no patients with non-diagnostic image quality with NAV
imaging as judged by radiologist 1 compared to only one
patient with non-diagnostic image quality as judged by radi-
ologist 2. In terms of quality of image subtraction, there was
no difference comparing the two techniques for either radiol-
ogist (p =0.09-0.14).
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Table 2

Subjective scores for overall image quality, image sharpness, degree of motion artifact, and quality of subtraction images provided by two radiologists

using standard end-expiratory phase breath-hold versus free-breathing Navigator-triggered 3-D T1W FS GRE before and after gadolinium administration

Overall image quality Image sharpness

Motion artifact Quality of subtraction

Breath-hold Navigator Breath-hold

free-breathing

Navigator
free-breathing

Breath-hold Navigator Breath-hold

free-breathing

Navigator
free-breathing

Radiologist 1 4.0+£0.8 3-5) 3.8+0.7 (2-5)
p value' 0.14 0.03
Radiologist2 3.2+0.8 (2-5) 2.6+0.7 (1-4)

p value' 0.002 0.002

40409 (2-5) 3.7£0.8 (2-5)

17408 (1-4) 2.2+0.8 (1-4) 42+0.8 (2-5) 3.9+0.8 (2-5)
0.002 0.09

34409 (2-5) 27+08(1-4) 2.5+09(1-4) 3.0£0.8(2-5) 3.5+1.1(1=5) 3.1£0.9 (1-5)

0.002 0.14

! Comparisons were performed between groups using the Wilcoxon sign-rank test

Using only BH subtraction images, radiologist 1 correctly
diagnosed no enhancement in 98.6% (70/71) and radiologist 2
95.8% (68/71) cysts, while radiologist 1 correctly diagnosed the
presence of enhancement in 64.7% (22/34) and radiologist 2
61.8% (21/34) cystic or solid enhancing masses. This compares
to results using only NAV subtraction images where radiologist
1 correctly diagnosed no enhancement in 95.8% (68/71) and
radiologist 2 88.7% (63/71) cysts, while radiologist 1 correctly
diagnosed the presence of enhancement in 58.8% (20/34) and
radiologist 2 58.8% (20/34) cystic or solid enhancing masses.
Sensitivity, specificity, and area under the ROC curve for de-
tection of enhancement in benign cysts and cystic or solid renal
masses using subjective analysis of subtraction imaging are
provided in Table 3. There was no difference in accuracy com-
paring assessment of enhancement using BH or NAV subtrac-
tion images for either radiologist (p =0.16-0.37).

Inter-observer agreement for detection of enhancement be-
tween radiologists using BH subtraction images was good
(K =0.64) and when using NAV subtraction images was mod-
erate (K = 0.49). Intra-observer agreement for detection of en-
hancement when evaluating subtraction images using BH and

NAV sequences was very good (K =0.81) for radiologist 1
and moderate (K = 0.54) for radiologist 2.

The sensitivity, specificity, and area under the ROC
curve for detection of enhancement in benign renal cysts
versus cystic and solid renal masses using quantitative
signal intensity percentage changes are provided in
Tables 4 and 5. There was no difference in accuracy com-
paring detection of enhancement using quantitative anal-
ysis of BH compared to NAV imaging (p =0.74).
Compared to subjective analysis of subtraction images,
quantitative analysis using both BH and NAV analysis
showed slightly improved sensitivity but lower specificity
with no difference in overall accuracy (p=0.51-0.78).
Mean + standard deviation (range) percentage signal in-
tensity change for cysts versus solid masses were BH (2.7
+58.1 [-43.6-46.4] versus 92.9+72.4 [-12.3-234.0],
p<0.0001), and NAV (2.5+24.0 [-64.7-73.9] versus
58.7+34.8 [-13.8-129.0], p<0.0001). There was excel-
lent agreement between measurements performed on BH
and NAV images with low mean difference -0.048 (CI -
0.138-0.043) depicted in the Bland-Altman plot (Fig. 5).

Table 3 Subjective scores for

image quality, sharpness, degree Image quality ~ Image sharpness ~ Motion artifact ~ Quality of subtraction
of motion artifact, and quality of
subtraction images as judged by Radiologist 1
two radiologists using 5-point Breath-hold
Likert scale;s on bre.:ath-hold and Non-diagnostic 0 0 0 0
free-breathing Navigator-
triggered 3-D TIW FS GRE in 44 Below average or poor 0 4.5% (2/44) 0 4.5% (2/44)
consecutive patients Free-breathing
Non-diagnostic 0 0 0 0
Below average or poor 2.3% (1/44) 6.8% (3/44) 2.3% (1/44) 6.8% (3/44)
Radiologist 2
Breath-hold
Non-diagnostic 0 0 0 9.1% (4/44)
Below average or poor  20.5% (9/44) 20.5% (9/44) 4.5% (2/44) 4.5% (2/44)
Free-breathing
Non-diagnostic 2.3% (1/44) 4.5% (2/44) 2.3% (1/44) 2.3% (1/44)
Below average or poor  43.2% (19/44)  36.4% (16/44) 27.3% (12/44) 22.7% (10/44)
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Table4  Sensitivity, specificity, and area under the receiver operator characteristic (ROC) curve for detection of enhancement using subjective analysis

of subtraction imaging in benign renal cysts and cystic or solid renal masses

Sensitivity Specificity Area under ROC curve p value'
(confidence intervals) (confidence intervals) (standard error)
Radiologist 1
Breath-hold 64.7 (46.5-80.3) 98.6 (92.4-100.0) 0.82 (0.04) 0.16
Free-breathing navigator 58.8 (40.7-75.4) 95.8 (88.1-99.1) 0.77 (0.04)
Radiologist 2
Breath-hold 61.8 (43.6-77.8) 95.8 (88.1-99.1) 0.79 (0.04) 0.37
Free-breathing navigator 58.8 (40.7-75.4) 88.7 (79.0-95.0) 0.73 (0.05)

! Comparisons were performed between groups using ROC statistic

Discussion

This study compared quality of imaging subtraction on pre-
and post-gadolinium-enhanced T1W 3-D GRE images in cys-
tic and solid renal masses using breath-hold and a free-
breathing Navigator-triggered technique. In our study, overall
image quality was better on BH compared to NAV (although
the difference was significant for only one radiologist) with
better image sharpness and less motion artifact with BH.
Nevertheless, quality of image subtraction did not differ be-
tween techniques and non-diagnostic subtraction images oc-
curred in only a minority of patients using NAV. Moreover,
diagnostic accuracy for detection of enhancement in cystic
and solid renal masses compared to non-enhancing cysts did
not differ for either radiologist when using subjective assess-
ment of BH and NAV subtraction images and was also com-
parable when using quantitative signal intensity measure-
ments measured on both data sets. Our results suggest that
free-breathing Navigator-triggered acquisitions of the kidneys
are of sufficient quality to assess for enhancement in renal
masses and may be particularly valuable in patients where
breath-hold imaging may be limited.

In 1989, Ehman and Felmlee developed an adaptive
Navigator technique where encoded “Navigator” echoes in-
terleaved with the imaging sequence could be post-processed
to provide a highly detailed record of the displacements and
phase shifts that occur during imaging to improve images
degraded by voluntary motion [28, 31, 32]. Free-breathing
techniques have since then been expanded with various

Table 5 Sensitivity, specificity, and area under the receiver operator
characteristic (ROC) curve for detection of enhancement in benign
renal cysts and cystic or solid renal masses using percentage signal

modifications [20, 28, 32—-38] for abdominal MRI. Free-
breathing techniques have now been employed in a variety
of imaging fields, including thoracic, cardiac, pediatric, and
hepatic imaging [28, 39, 40]. To our knowledge, this is the
first study to apply a free-breathing T1W sequence in renal
imaging for the purpose of obtaining subtraction image sets to
assess for enhancement in cystic and solid masses.

Previous studies assessing TIW free-breathing sequences
in adult abdominal imaging using radial data sampling [36]
and pediatric abdominal imaging with Navigator acquisitions
[28] demonstrated similar results to our study with a decrease
in overall image quality comparing the free-breathing se-
quences to conventional breath-hold imaging. In a study by
Reiner et al which only studied the subset of patients who
were unable to breath-hold, radial TIW free-breathing se-
quences were actually shown to have superior image quality
and anatomic conspicuity compared to breath-hold imaging
[41]. Similarly, when assessing high-resolution T2W
Navigator sequences in the liver, Lee et al demonstrated that
the Navigator sequence improved the detectability of focal
hepatic lesions with better image sharpness and higher
lesion-to-liver contrast of solid lesions compared to the
breath-hold sequences [42]. Their results may be partially ex-
plained by the higher spatial resolution which can be obtained
with free-breathing imaging techniques which are not restrict-
ed by the need to minimize phase encoding to keep breath-
hold lengths reasonably short. Free-breathing techniques have
also been applied to pancreatic and gastric imaging with sim-
ilar results [40, 43].

intensity change as measured on breath-hold and free-breathing
Navigator-triggered pre- and post-gadolinium-enhanced 3-D T1W FS
GRE

Sensitivity Specificity Area under ROC curve p value'
(confidence intervals) (confidence intervals) (standard error)
Breath-hold 70.6 (52.5-84.9) 81.7 (70.7-89.9) 0.76 (0.05) 0.74

Free-breathing navigator 73.5 (55.6-87.1)

76.1 (64.5-85.4)

0.75 (0.05)

Percentage signal intensity change = ([signal intensity on post-gadolinium-enhanced signal intensity on pre-gadolinium enhanced])/signal intensity on
pre-gadolinium enhanced)*100. A threshold of > 15% signal intensity change was used to define enhancement as suggested in the study by Ho et al [17]

! Comparisons were performed between groups using ROC statistic
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Fig. 5 A Bland-Altman plot depicting agreement in measurements of
enhancement using quantitative percentage signal intensity change
comparing breath-hold and Navigator-triggered LAVA

Enhancement of renal masses, evaluated by MRI, can be
performed subjectively using subtraction images or quantita-
tively. The limitation of subtraction imaging is that it requires
perfectly co-registered data, which is not always possible in
patients who are unable to breath-hold. When judging en-
hancement of cystic and solid renal masses with subtraction
imaging, we found a similar sensitivity and specificity com-
pared to the previous seminal paper by Hecht [ 18], with a high
sensitivity but lower specificity. In our study, there was no
difference comparing qualitative assessment of enhancement
using subtraction images from BH and NAV for both radiol-
ogists. Our quantitative results also demonstrated no differ-
ence when determining enhancement comparing BH and
NAV acquisitions with a high degree of accuracy in measure-
ments. Compared to subjective evaluation, enhancement
judged quantitatively showed slightly improved sensitivity
with lower specificity and no difference in overall accuracy.
This is in contrast to the prior study by Hecht et al where
qualitative assessment was more sensitive and more specific
compared to quantitative analysis, however, without a statis-
tically significant difference between the two techniques [18].
The differences may relate to a smaller proportion of intrinsi-
cally TIW hyperintense renal lesions in our study.

When compared to conventional BH imaging, NAV imaging
has a longer acquisition time; this temporal trade-off occurs
because a majority of data with NAV will occur outside the
preselected limits of diaphragmatic excursion and will be
rejected [28]. These temporal differences impose limitations
in the application of NAV as a replacement for BH in the dy-
namic gadolinium-enhanced acquisition of the kidneys; how-
ever, it could be used as a rescue sequence in patients who are
not able to BH effectively. With advances in parallel and key-
hole imaging techniques, investigators have begun to introduce
NAV acquisitions as free-breathing methods to dynamically
assess the abdomen with gadolinium-enhanced MRI with
promising early results; however, these will require further

study [44]. As discussed, an alternative to the NAV free-
breathing solution to abdominal MRI is a radial data sampling
scheme which has also been combined with parallel imaging
and keyhole imaging for free-breathing dynamic acquisitions of
the abdomen [45, 46]. Radial and NAV T1W acquisitions are
currently restricted to a particular vendor on clinical systems;
therefore, comparing the two methods in the same patient co-
hort would require repeated examinations on two different clin-
ical systems and therefore two injections of gadolinium. This is
a challenge for head-to-head comparison of the two technolo-
gies; however, future studies are required to assess the ability of
the radial sampling technique to generate subtraction imaging
in renal MRI compared to the results using NAV in the present
study. The strengths and limitations of NAV compared to radial
sampling for motion correction in free-breathing abdominal
MRI are beyond the scope of this manuscript; however, these
have been discussed elsewhere [47]. Future studies comparing
MR imaging sequences in renal MRI might also incorporate
deep learning algorithms evaluating image quality, in addition
to or potentially as a replacement of conventional interpreta-
tions by radiologists as has been described recently [48].

Our study has limitations. Our sample size is relatively
small; however, since many patients had more than one renal
lesion and assessment of enhancement (which was our primary
outcome) was performed on a per-lesion basis, our sample of
non-enhancing cysts and cystic and solid renal masses is ro-
bust. A limitation of performing per-lesion analysis in patients
with multiple lesions is cluster bias, which impacts our reported
results. Few of our renal masses had histological confirmation;
this can be expected since benign cysts are diagnosed with a
high degree of accuracy with imaging (not requiring histolog-
ical confirmation) and because surveillance is now commonly
performed for Bosniak IIF cysts and increasing in Bosniak III
and solid renal masses measuring <4 cm in size [6, 49-51].
The sensitivity for detection of enhancement in our study is
lower than expected in renal MRI. Radiologists did not evalu-
ate the other pre-contrast sequences or the raw data from the
pre- and post-gadolinium-enhanced LAVA sequences when
judging for the presence of enhancement. This study design,
which undoubtedly lowered the reported sensitivity for en-
hancement, was selected in order to not bias interpretation of
subtraction images. For example, in a hemorrhagic/
proteinaceous cyst with marked homogeneous increased
T1W signal intensity on pre-contrast LAVA sequences, a diag-
nosis can be made irrespective of findings on subtraction im-
ages [22, 23], which may have biased results. Similarly, the
presence of internal septae in cystic masses detected on T2W
images may have biased a radiologist towards detecting the
presence of enhancing septae on motion-degraded images.
Though our methodology underestimates the sensitivity of renal
MRI for detection of enhancement in cystic and solid masses, it
was in our opinion necessary to provide the fairest and most
robust comparison of subtraction images. The difference in years
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of experience of the two radiologists in our study can be consid-
ered a limitation; however, image quality scores and accuracy for
determination of enhancement using BH and NAV were similar
between the two radiologists which we feel further strengthens
our study reproducibility since results were comparable in both
an experienced and inexperienced user.

In conclusion, our study indicates that a free-breathing
Navigator-triggered 3-D TIW GRE sequence in the abdomen
can be used to generate high-quality pre- and post-
gadolinium-enhanced image sets and subtraction images.
Though overall image quality, image sharpness, and motion
artifacts were better on breath-hold imaging, image subtrac-
tion and accuracy for detection of enhancement in cystic and
solid renal masses judged subjectively on subtraction images
and using quantitative signal intensity thresholds did not differ
comparing the two imaging techniques. Free-breathing
Navigator-triggered 3-D TIW GRE (and potentially other
free-breathing abdominal MRI techniques) may offer an alter-
native for renal MRI in patients who cannot comply with
breath-hold instructions required to generate high-quality sub-
traction images of the kidneys.
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