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Abstract 

Background Clinical imaging tools to probe aggressiveness of renal masses are lacking, and T2‑weighted imag‑
ing as an integral part of magnetic resonance imaging protocol only provides qualitative information. We devel‑
oped high‑resolution and accelerated T2 mapping methods based on echo merging and using k‑t undersampling 
and reduced flip angles (TEMPURA) and tested their potential to quantify differences between renal tumour subtypes 
and grades.

Methods Twenty‑four patients with treatment‑naïve renal tumours were imaged: seven renal oncocytomas (RO); 
one eosinophilic/oncocytic renal cell carcinoma; two chromophobe RCCs (chRCC); three papillary RCCs (pRCC); 
and twelve clear cell RCCs (ccRCC). Median, kurtosis, and skewness of T2 were quantified in tumours and in the 
normal‑adjacent kidney cortex and were compared across renal tumour subtypes and between ccRCC grades.

Results High‑resolution TEMPURA depicted the tumour structure at improved resolution compared to conventional 
T2‑weighted imaging. The lowest median T2 values were present in pRCC (high‑resolution, 51 ms; accelerated, 45 ms), 
which was significantly lower than RO (high‑resolution; accelerated, p = 0.012) and ccRCC (high‑resolution, p = 0.019; 
accelerated, p = 0.008). ROs showed the lowest kurtosis (high‑resolution, 3.4; accelerated, 4.0), suggestive of low intra‑
tumoural heterogeneity. Lower T2 values were observed in higher compared to lower grade ccRCCs (grades 2, 3 and 4 
on high‑resolution, 209 ms, 151 ms, and 106 ms; on accelerated, 172 ms, 160 ms, and 102 ms, respectively), with accel‑
erated TEMPURA showing statistical significance in comparison (p = 0.037).

Conclusions Both high‑resolution and accelerated TEMPURA showed marked potential to quantify differences 
across renal tumour subtypes and between ccRCC grades.

Trial registration ClinicalTrials.gov, NCT03 741426. Registered on 13 November 2018.

Relevance statement The newly developed  T2 mapping methods have improved resolution, shorter acquisition 
times, and promising quantifiable readouts to characterise incidental renal masses.

Key points 

• T2‑weighted sequences are used for evaluation of renal masses, offering qualitative information.

• This high‑resolution and accelerated T2 mapping revealed quantitative differences in renal tumours.
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• Shorter acquisition times for T2 mapping enhance potential for clinical application.

Keywords Carcinoma (renal cell), Kidney cortex, Kidney neoplasms, Magnetic resonance imaging, Oncocytoma 
(renal)

Graphical Abstract

Background
Renal cell carcinoma (RCC) is the most lethal urological 
malignancy [1], with a reported 5-year cancer-specific 
survival of 0−32% in metastatic disease [2]. Early detec-
tion and accurate characterisation significantly impact 
the clinical management and improve survival [2, 3]. 
However, current diagnostic clinical imaging tools can-
not accurately differentiate between grades and kidney 
tumour subtypes [4]. Renal mass biopsy (RMB) is inva-
sive and nondiagnostic in up to 14% of cases [5]. A biopsy 
is also unrepresentative of the tumour heterogeneity 
which is characteristic of clear cell renal cell carcinoma 
(ccRCC) and can result in inaccurate grading or unneces-
sary surgery for benign lesions [5, 6]. Imaging overcomes 
some of the limitations of RMB including undersampling, 
but routine clinical imaging tools largely probe changes 
in size only [7, 8]. Therefore, novel imaging methods 
which noninvasively characterise the microstructure and 
biology of whole tumours have the potential to improve 
subtype differentiation and cancer grading.

In magnetic resonance imaging (MRI) T2 relaxation 
time denotes the time constant for decay of transverse 
magnetisation and is affected by molecular motion of 
the tissue of interest [9]. Large and bound molecules 
within solid tissues exhibit fast T2 relaxation, while 
small and rapidly moving molecules such as those pre-
sent in extracellular free water, prolong T2 relaxation 
time [10]; T2-weighted images are an integral part of 
a clinical MRI protocol for evaluation of tumours [11]. 
In the kidney, T2 signal intensity of renal tumours has 
been compared to the renal cortex using a five-tier 
Likert scoring algorithm for the likelihood of a renal 
mass being a ccRCC, showing a good sensitivity (75%) 
and specificity (78%) when the score is 4 or 5 [12, 13]. 
However, T2-weighted imaging is only qualitative or 
semiquantitative, whereas T2 mapping provides robust 
quantification of T2 measurements which can be 
directly compared within and between patients [14]. In 
the kidney, T2 mapping is being tested as part of the 
clinical protocol to evaluate diffuse kidney disease [15], 
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but has also shown promise in distinguishing high-
grade from low-grade ccRCCs [16].

We have recently developed a novel approach for 
rapid and high-resolution T2 mapping to produce 
a pixel size of up to 0.75 × 0.75  mm2 in an acquisition 
time varying from 3 to 5  min to a single breath-hold 
(18 s). We have termed this method T2 mapping using 
the sequence Echo Merging Plus k-t Undersampling 
with Reduced refocusing flip Angles (TEMPURA) [17]. 
These improvements in spatial and temporal resolution 
offer the possibility of enhancing microstructural visu-
alisation and this approach can be used as a routine tool 
in the future.

The purpose of this work was to probe the potential of 
novel T2 mapping methods to characterise renal tumour 
subtypes and grades. We report the quantification of T2 
across a range of kidney tumour subtypes, while also con-
firming the previously reported differences in T2 across 
ccRCC grades [16]. In addition, we describe quantitative 
measures of intratumoural heterogeneity metrics, which 
have the potential to further improve the differentiation 
of kidney tumours.

Methods
Recruitment ethics and patients’ workflow
Patients with renal tumours presenting to Uro-oncology 
Clinic at Addenbrooke’s Hospital, Cambridge Univer-
sity Hospitals NHS Foundation Trust, Cambridge UK, 
between January 2022 and January 2023, were pro-
spectively recruited and provided written informed 
consent for an ethically approved trial WIRE (WIndow-
of-opportunity clinical trial platform for evaluation of 
novel treatment strategies in REnal cell cancer) (Research 
Ethics Committee: 19/LO/1461; ClinicalTrials.gov: 
NCT03741426) [18], and the IBM study (Investigation of 
differential biology of Benign and Malignant renal masses 
using advanced magnetic resonance imaging techniques) 
(Research Ethics Committee: 22/EE/0136).

Key inclusion criteria were ≥ 18 years, clinical suspicion of 
renal mass, Eastern Cooperative Oncology Group − ECOG 
performance status ≤ 1; and specifically for WIRE: biopsy-
proven and surgically resectable ccRCC. Key exclusion 

criteria were unsuitability for MRI, significant comorbidi-
ties, pregnancy, immunosuppression, previous exposure to 
tyrosine kinase and poly ADP-ribose polymerase (PARP) 
inhibitors.

After the baseline scan, the patients recruited to the 
WIRE trial underwent RMB to determine the histology 
and WHO/ISUP (World Health Organisation/Interna-
tional Society of Urological Pathology) provisional grade 
[19]. In cases of ccRCC, the patient proceeded to the 
next stage of trial, undergoing neoadjuvant treatment. 
Depending on the clinical decision, all patients under-
went either surgery or active surveillance.

MRI acquisition: T2 mapping and T2‑weighted sequence
Recruited patients underwent MRI using a 3-T scan-
ner (Discovery MR750, GE Healthcare, WI, USA) and 
a 32-channel cardiac array coil, before any interven-
tion (such as biopsy, treatment, or surgery). T2 maps 
were acquired by T2 mapping using Echo Merging Plus 
k-t Undersampling with Reduced flip Angles (TEM-
PURA), which is a multi-echo spin-echo-based method 
with a high acceleration factor (× 9) [17]. The scanned 
sequences employed were as follows: high-resolution 
(High-res) TEMPURA and breath-hold (BH) TEM-
PURA. acquisition parameters are shown in Table  1. 
Synthetic T2-weighted images were produced from the 
high-resolution T2 maps without additional acquisitions.

A separate T2-weighted CUBE sequence (three-dimen-
sional fast spin-echo) was acquired for comparison, 
acquisition parameters were: field of view 360 mm; slice 
thickness 4.0  mm; echo time 100  ms, respiratory-trig-
gering; flip angle 90°; matrix 256 × 224; and acquisition 
time -4 min.

Processing and analysis of  T2 maps
T2 maps were reconstructed using the k-t FOCUSS 
approach, with principal component analysis employed 
as the sparsifying transform [20, 21]. To account for 
stimulated echoes resulting from reduced refocusing flip 
angles, an extended phase graph model [22] was applied 
for T2 estimation. All processing was performed using 
MATLAB (MathWorks Inc., Natick, MA, USA).

Table 1 TEMPURA acquisition parameters

Other parameters in common: field of view = 384 mm; 5 slices with thickness/gap of 4.5/1.0 mm. TE Echo time, ESP Echo spacing, TR Repetition time, TEMPURA  
T2 Mapping methods based on echo merging and using k‑t undersampling and reduced flip angles

Method Acceleration TE
(min:ESP:max)

TR (ms) Flip angle Matrix Bandwidth 
(Hz/pixel)

Acquisition 
time (min:s)

High‑res TEMPURA 9 × 7.8:7.8:234 1 breath
(‑5, 200)

175°–145°–110°–110°… 384 × 384 326 43 breaths
(‑3:45)

BH TEMPURA 9 × 13:13:182 1,125 175°–145°–110°–110°… 128 × 128 488 0:18
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Using OsiriX MD v.11 (Pixmeo SARL, Bernex, Swit-
zerland), the regions of interest of tumours and adjacent 
normal-appearing renal cortex were manually drawn 
on processed T2 maps, with tumour regions of interest 
encompassing the largest diameter. Median T2, kurtosis, 
and skewness were extracted from each region of interest 
and compared across kidney tumour subtypes with nor-
mal-adjacent kidney serving as reference, and between 
ccRCC grades. The largest diameter was recorded for 
each analysed tumour and compared in the same fashion 
as T2 metrics.

Statistical analysis
Statistical analysis of the quantified parameters was per-
formed in GraphPad Prism v.10 (GraphPad Software, 
Boston, MA, USA). Shapiro–Wilk test was used to test 
for normality of data distribution, which prompted the 
choice of subsequent analyses. Agreement between the 
two novel T2 mapping methods, the High-res and the 
BH TEMPURA, was tested with Bland–Altman plots and 
Spearman correlations.

Comparisons across histological subtypes, across 
ccRCC grades, and between the largest tumour diam-
eters were performed using the Kruskal–Wallis test with 
Dunn’s correction for multiple comparisons. Results were 
presented as median (range), and p < 0.05 was used as the 
cutoff for significance.

Results
Patient summary characteristics
A summary of the patient characteristics is shown in 
Table  2. In most patients, the renal mass was detected 
incidentally. Among the patients presenting with symp-
toms, three reported of unwanted weight loss in the 
previous six months, a further three noticed visible hae-
maturia, two complained of flank pain and one patient 
complained of fatigue. On renal mass biopsy, an onco-
cytic neoplasm favouring a renal oncocytoma (RO) was 
discovered in seven patients, with two patients present-
ing with two lesions. Out of the seven patients, two 
opted for elective nephrectomy, which confirmed the 
RO as the final histology. An oncocytic renal neoplasm 
of low malignant potential, not otherwise specified as 
per WHO 2022 classification [23], was found on RMB 
in one patient: on the biopsy, this had features favour-
ing the emerging entity of low-grade oncocytic tumour, 
but was subsequently reported as an eosinophilic/onco-
cytic RCC (e/oRCC) on final postsurgical histology, due 
to the presence of vascular invasion. Chromophobe RCC 
(chRCC) was confirmed in two patients, one of which 
harboured an additional ccRCC in the contralateral kid-
ney which was subsequently surgically removed as a 
priority to chRCC. A further three patients harboured 

papillary RCC (pRCC), and altogether twelve (50.0% 
of the total) presented with ccRCC. Eight patients with 
ccRCC confirmed on RMB proceeded with neoadjuvant 
medication as part of the WIRE trial. Clinical decision 
for nephrectomy was made in 19 patients (79.2%). All 
but two patients with RO are under active surveillance. 
All but one of the twelve ccRCC patients underwent a 
RMB before surgery, and nephrectomy revealed a higher 
WHO/ISUP grade in ten patients (90.9%). This leaves 
only one patient with accurate grading at the time of 
RMB. Metastatic disease was discovered in four patients 
in the lungs, liver, brain, and hilar lymph nodes.

Qualitative evaluation of T2 mapping results
Representative T2 maps are shown in Fig. 1 for different 
kidney tumour subtypes. Synthetic T2-weighted images 
extracted from the high-resolution TEMPURA showed 
much greater microstructural detail and intratumoural 
heterogeneity compared to the standard T2-weighted 
acquisition. The e/oRCC demonstrated a clear demarca-
tion between two distinct tumour regions on T2 map-
ping, one of which was haemorrhagic on pathology.

Table 2 Patient summary characteristics

ccRCC  Clear cell RCC, chRCC  Chromophobe RCC, e/oRCC  Eosinophilic/oncocytic 
RCC, LOT Low‑grade oncocytic tumour, pRCC Papillary RCC, RMB Renal mass 
biopsy, RO Renal oncocytoma, RCC  Renal cell carcinoma

Age at detection (median, range) (years) 63.5 (50−75)

Gender (female/male) 3/21

Presentation at detection
(incidental/symptom‑triggered investigation)

15/9

Histology of all tumours

 RO 7 (+ 2 due to bilateral)

 LOT on RMB➔ e/oRCC on surgery 1

 chRCC 2

 pRCC 3

 ccRCC 12

Clinical management

 Active surveillance 5

 Nephrectomy 19

WHO/ISUP tumour grade on RMB and on surgery (ccRCC only, if RMB 
performed)

 Grade 1➔Grade 2 1

 Grade 2➔Grade 2 1

 Grade 2➔Grade 3 5

 Grade 2➔Grade 4 2

 Grade 3➔Grade 4 2

TNM stage at surgery (RCC only)

  (y)pT1a‑b pNX cM0 4 (2 post‑treatment)

  (y)pT3a pNX cM0 7 (3 post‑treatment)

  (y)pT3a‑b pNX‑1 cM1 4 (2 post‑treatment)

 ypT4 pN0 cM0 1
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Quantitative results extracted from T2 maps
High-res TEMPURA and BH TEMPURA T2 maps 
were in good agreement, as presented in Bland–Alt-
man plots in Fig.  2, with Spearman correlations (r) of 
0.86 (p < 0.0001), 0.39 (p < 0.01) and 0.60 (p < 0.001) for 
median, kurtosis and skewness, respectively.

Comparison of the largest tumour diameters across 
subtypes and between ccRCC WHO/ISUP grades are 
presented in Fig.  3, with numerical results recorded in 

Supplementary Table S1. Quantitative results for median, 
kurtosis and skewness of T2 values within the regions 
of interest are reported in Supplementary Table S2, and 
graphical representations are shown in Figs. 4 and 5.

Comparison across kidney tumour subtypes
Comparison of quantitative T2 metrics across kid-
ney subtypes demonstrated that the lowest median 
T2 was in pRCC (high-res 51  ms; BH 45  ms), which 

Fig. 1 Representative T2 maps from the patient cohort. High‑resolution TEMPURA, BH TEMPURA, synthetic T2‑weighted from High‑res TEMPURA 
and standard T2‑weighted from: (a) renal oncocytoma; (b) eosinophilic/oncocytic RCC; (c) chromophobe RCC; and (d) papillary RCC. TEMPURA  
T2 mapping methods based on echo merging and using k‑t undersampling and reduced flip angles; RCC  Renal cell carcinoma
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was significantly lower than RO (p = 0.012), chRCC 
(p = 0.021), and ccRCC (p = 0.019) lesions on High-res 
TEMPURA, and RO (p = 0.012) and ccRCC (p = 0.008) 
on BH TEMPURA acquisitions (Fig. 4a).

The other RCCs and ROs presented with a high median 
T2 and a high interpatient variation as measured by the 
range relative to normal, however no comparison was 
significant. Kurtosis and skewness of the T2 distributions 

Fig. 2 Bland–Altman plots with Spearman r and p values for testing agreement between the two T2 mapping methods, the High‑res TEMPURA 
and BH TEMPURA, in kidney tumours and adjacent‑normal kidneys, for the following metrics: (a) median, (b) kurtosis, and (c) skewness. TEMPURA  
T2 mapping methods based on echo merging and using k‑t undersampling and reduced flip angles
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were used as measures of heterogeneity and were highest 
in the e/oRCC case, which corresponded to the high level 
of visual heterogeneity identified on qualitative evalua-
tion (Fig. 1). As expected, this was preferentially detected 
by High-res TEMPURA rather than BH TEMPURA, due 
to the larger number of voxels (Fig.  4b,c). Interestingly, 
ROs exhibited the lowest kurtosis (High-res: 3.4; BH: 4.0) 
which was comparable to the normal cortex (High-res: 
3.4; BH: 3.3), suggestive of low intratumoural heterogene-
ity. This was in contrast to the high interpatient variation 
as determined by the median T2  (141  ms), with a rela-
tively large range (97–251 ms), as presented in Fig. 4a.

The comparison of the largest tumour diameters across 
subtypes revealed a relatively homogeneous patient 
cohort, within the range typical for renal masses (median 
56  mm, range 29–134  mm), as presented in Fig.  3. The 
smallest tumour was a RO and the largest was a ccRCC; 
however, no comparison was statistically significant 
(p = 0.566).

Comparison between ccRCC WHO/ISUP grades
The final postsurgical grading was used for the com-
parison of WHO/ISUP grades within the ccRCC group 
and the pre-treatment baseline scans. This revealed a 
decreasing T2 median from WHO/ISUP Grade 2 to 4 on 
both TEMPURA sequences (grades 2, 3, and 4, on High-
res, 209 ms, 151 ms, and 106 ms; on BH, 172 ms, 160 ms, 
and 102 ms, respectively), with the BH TEMPURA show-
ing statistical significance in comparison (p = 0.037) 
(Fig. 5a). A trend of increasing kurtosis and skewness was 

observed from lower to higher grades, as expected and 
shown in Fig. 5b, c. In the same comparison, the largest 
diameter appeared slightly larger in higher grades, but 
this was not statistically significant (Fig. 3).

Discussion
In this study, we describe and test novel T2 mapping 
methods for imaging renal tumours. The high-resolu-
tion method improved the depiction of microstructure 
and intratumoural heterogeneity, which could offer new 
insights into tumour biology compared to conventional 
T2-weighted methods. The BH TEMPURA approach 
reduced the acquisition time to a single breath hold, and 
therefore this could be easily integrated into the clinical 
pathway. Additionally, we characterised whole-tumour 
heterogeneity, which could help to overcome the poten-
tial sampling error of a single biopsy, as demonstrated 
by the cases that were undergraded on RMB compared 
to surgical pathology. This method could be used in 
the future to guide a biopsy more accurately to areas of 
higher grade based on the lowest T2 value in the tumour. 
Furthermore, both TEMPURA sequences provided com-
parable quantitative readouts which could be used in the 
future to assess kidney tumour subtype differentiation 
and grade prediction.

Here we report quantification of T2 metrics across a 
range of different kidney tumour subtypes. The lowest 
median T2 was present in pRCC, corresponding to isoin-
tense or hypointense T2 signal intensity compared to 
the renal cortex on the clear cell likelihood score (ccLS) 

Fig. 3 Largest diameters of tumours in the studied patient cohort, compared across histological subtypes, and between ccRCC WHO/ISUP grades. 
ccRCC  Clear cell renal cell carcinoma, chRCC  Chromophobe renal cell carcinoma, e/oRCC  Eosinophilic/oncocytic renal cell carcinoma, pRCC  Papillary 
renal cell carcinoma, RO Renal oncocytoma, WHO/ISUP World Health Organisation/International Society of Urological Pathology
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Fig. 4 Bar plots and boxplots comparing High‑res and BH TEMPURA‑derived T2 values across kidney tumour subtypes. a Median T2 values (in 
ms). b Kurtosis (in arbitrary units). c Skewness (in arbitrary units). * p < 0.050; ** p < 0.010. TEMPURA  T2 mapping methods based on echo merging 
and using k‑t undersampling and reduced flip angles
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Fig. 5 Bar plots comparing High‑res and BH TEMPURA‑derived T2 values across ccRCC WHO/ISUP grades. a Median T2 values (in ms). a Kurtosis 
(in arbitrary units). c Skewness (in arbitrary units). * p < 0.050; ** p < 0.010. TEMPURA   T2 mapping methods based on echo merging and using k‑t 
undersampling and reduced flip angles
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v2.0 [12]. The median T2 was relatively high in all other 
tumours, also consistent with the above-mentioned scor-
ing, which describes these tumours as iso- to hyperin-
tense compared to the renal cortex [12]. In addition, ROs 
exhibited high variation in median T2 between patients, 
but low intratumoural heterogeneity within lesions. Fur-
ther studies are required to confirm these findings in 
larger cohorts, and correlate with longitudinal poten-
tial for progression [24]. Low median T2 was meas-
ured in high-grade ccRCCs compared to lower-grade 
tumours, which is in agreement with a previous report 
[16]. A trend for increasing intratumoural heterogene-
ity measures was detected from lower to higher grades 
as expected, although this was not statistically signifi-
cant and again could be explored in larger cohorts. This 
approach has the potential to predict whole-tumour 
aggressiveness non-invasively and prioritise patients for 
treatment.

To further corroborate the clinical relevance of the 
novel T2 mapping methods presented here, several 
limitations of this study will need to be addressed. The 
studied patient cohort was relatively small, and the per-
formance of the newly developed T2 mapping methods 
was not compared to other quantitative MRI methods 
that have been more extensively studied for their poten-
tial in renal tumour subtyping, such as dynamic contrast-
enhanced MRI [25], diffusion-weighted imaging [26] 
and blood oxygenation level-dependent MRI [27]. Ide-
ally, therefore, future studies will require larger patient 
cohorts as well as a study design including a comparison 
of diagnostic performance between different quantitative 
MRI techniques. Finally, a limitation from the analysis 
point of view was the quantification of the T2 values on a 
single coronal slice, which could have obscured variation 
of the imaging signal within the tumour volume.

In conclusion, we have shown that novel T2 map-
ping methods could have potential in different clini-
cal scenarios for the management of kidney tumours, 
including subtype differentiation and grade prediction. 
Importantly, imaging has the potential to provide non-
invasive quantitative whole-tumour intratumoural heter-
ogeneity metrics. These may aid treatment stratification 
by combining the results from a single biopsy. Future 
studies should evaluate a larger number of patients to 
validate these findings and test the value of the novel T2 
mapping methods in a routine clinical scenario.

Abbreviations
BH  Breath‑hold
ccRCC   Clear cell renal cell carcinoma
chRCC   Chromophobe renal cell carcinoma
e/oRCC   Eosinophilic/oncocytic renal cell carcinoma
High‑res  High‑resolution
pRCC   Papillary renal cell carcinoma
RCC   Renal cell carcinoma

RMB  Renal mass biopsy
RO  Renal oncocytoma
TEMPURA   T2‑mapping using Echo Merging Plus k‑t Undersampling with 

Reduced refocusing flip Angles
WHO/ISUP  World Health Organisation/International Society of Urological 

Pathology
WIRE  WIndow‑of‑opportunity clinical trial platform for evaluation of 

novel treatment strategies in REnal cell cancer

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s41747‑ 024‑ 00476‑8.

Supplementary Material 1: Supplementary Table 1. Largest diameters in 
millimeters derived from respective ROIs of High‑res and BH TEMPURA 
acquisitions, and statistical results for comparisons across histological 
subtypes and ccRCC grades. Results are is shown as median (range). 
Supplementary Table 2. Quantitative T2 metrics derived from respective 
ROIs of High‑res and BH TEMPURA acquisitions, and statistical results for 
comparisons across histological subtypes, and ccRCC grades.

Acknowledgements
The authors acknowledge administrative and technical support from the 
WIRE Trial Management Group and the wider team working on the trial, the 
Advanced Cancer Imaging and Urological Malignancies Programmes, Cancer 
Research UK Cambridge Centre, and radiographers of the Magnetic Reso‑
nance Spectroscopy Unit, Addenbrookes. In addition, the authors acknowl‑
edge the support and approval of the institutional ethics review board, the 
Cambridge East Research Ethics Committee, East of England. Large Language 
Models were not used for the generation of the manuscript.

Authors’ contributions
Conceptualisation, IHM, IAM, STF, AYW, BOC, SJW, JOJ, ACPR, JNA, TJM, GDS, 
and FAG; methodology, IHM, HL, SL, ANP, and ABG; software, IHM, HL and SL; 
validation, HL and SL; formal analysis, IHM, HL, SL; investigation, IHM; resources, 
FAG, GDS; data curation, IHM; writing—original draft preparation, IHM; writ‑
ing—review and editing, IHM, HL, ANP, AYW, TJM, GDS, and FAG; visualisation, 
IHM, HL; supervision, FAG; project administration, IHM; funding acquisition, 
FAG, GDS. All authors have read and agreed to the published version of the 
manuscript.

Funding
This work is supported by The Mark Foundation for Cancer Research, the 
Cancer Research UK Cambridge Centre (RQAG/119, RG96410, C9685/A25177, 
CTRQQR‑2021\100012), NIHR Cambridge Biomedical Research Centre 
(NIHR203312) and AstraZeneca plc (ESR‑17–13354). The views expressed are 
those of the authors and not necessarily those of the NIHR or the Department 
of Health and Social Care.

Availability of data and materials
The datasets analysed during the current study are not publicly available due 
to the clinical trial still ongoing, but are available from the corresponding 
author on reasonable request.

Declarations

Ethics approval and consent to participate
East of England – Cambridge East Research Ethics Committee issued Institu‑
tional Review Board approval for this study.
Informed consent was obtained from all subjects involved in the study.

Consent for publication
Not applicable.

Competing interests
GDS has received educational grants from Pfizer, AstraZeneca and Intuitive 
Surgical; consultancy fees from Pfizer, MSD, EUSA Pharma and CMR Surgical; 
Travel expenses from MSD and Pfizer; Speaker fees from Pfizer; Clinical lead 

https://doi.org/10.1186/s41747-024-00476-8
https://doi.org/10.1186/s41747-024-00476-8


Page 11 of 11Horvat‑Menih et al. European Radiology Experimental            (2024) 8:76  

(urology) National Kidney Cancer Audit and Topic Advisor for the NICE kidney 
cancer guideline. SJW is a founder and director of Pinto Medical Consultancy. 
FAG is a member of the Scientific Editorial Board for European Radiology Experi-
mental (Section Editor, Magnetic resonance) and has research grants from 
GlaxoSmithKline and AstraZeneca, research support from GE Healthcare, and 
has consulted for AstraZeneca on behalf of the University of Cambridge. They 
have not participated in the selection nor review processes for this article. 
The remaining authors of this manuscript declare no relationships with any 
companies, whose products or services may be related to the subject matter 
of the article.

Author details
1 Department of Radiology, University of Cambridge, Cambridge CB2 0QQ, UK. 
2 The Institute of Science and Technology for Brain‑Inspired Intelligence, Fudan 
University, Shanghai, China. 3 Department of Radiology, Addenbrooke’s Hos‑
pital, Cambridge University Hospitals NHS Foundation Trust, Cambridge CB2 
0QQ, UK. 4 Sir Peter Mansfield Imaging Centre, University of Nottingham, Not‑
tingham, UK. 5 Department of Pathology, Addenbrooke’s Hospital, Cambridge 
University Hospitals NHS Foundation Trust, Cambridge CB2 0QQ, UK. 6 Depart‑
ment of Oncology, Addenbrooke’s Hospital, Cambridge University Hospitals 
NHS Foundation Trust, Cambridge CB2 0QQ, UK. 7 Department of Urology, 
Addenbrooke’s Hospital, Cambridge University Hospitals NHS Foundation 
Trust, Cambridge CB2 0QQ, UK. 8 Department of Surgery, University of Cam‑
bridge, Cambridge CB2 0QQ, UK. 

Received: 9 February 2024   Accepted: 25 April 2024

References
 1. Kratzer TB, Siegel RL, Miller KD et al (2022) progress against cancer mortal‑

ity 50 years after passage of the national cancer act. JAMA Oncol 8:156. 
https:// doi. org/ 10. 1001/ jamao ncol. 2021. 5668

 2. Escudier B, Porta C, Schmidinger M et al (2019) Renal cell carcinoma: 
ESMO clinical practice guidelines for diagnosis, treatment and follow‑up. 
Ann Oncol 30:706–720. https:// doi. org/ 10. 1093/ annonc/ mdz056

 3. Stewart GD, Klatte T, Cosmai L et al (2022) The multispeciality approach to 
the management of localised kidney cancer. Lancet 400:523–534. https:// 
doi. org/ 10. 1016/ S0140‑ 6736(22) 01059‑5

 4. Gordetsky J, Zarzour J et al (2016) Correlating preoperative imaging with 
histologic subtypes of renal cell carcinoma and common mimickers. Curr 
Urol Rep 17:52. https:// doi. org/ 10. 1007/ s11934‑ 016‑ 0606‑2

 5. Patel HD, Johnson MH, Pierorazio PM et al (2016) Diagnostic accuracy and 
risks of biopsy in the diagnosis of a renal mass suspicious for localized 
renal cell carcinoma: systematic review of the literature. J Urol 195:1340–
1347. https:// doi. org/ 10. 1016/j. juro. 2015. 11. 029

 6. Harris CR, Whitson JM, Meng MV et al (2012) Under‑grading of <4 cm 
renal masses on renal biopsy. BJU Int 110:794–797. https:// doi. org/ 10. 
1111/j. 1464‑ 410X. 2012. 10944.x

 7. Aykan NF, Özatlı T et al (2020) Objective response rate assessment in 
oncology: Current situation and future expectations. World J Clin Oncol 
11:53–73. https:// doi. org/ 10. 5306/ wjco. v11. i2. 53

 8. Persigehl T, Lennartz S, Schwartz LH et al (2020) iRECIST: how to do it. 
Cancer Imaging 20:2. https:// doi. org/ 10. 1186/ s40644‑ 019‑ 0281‑x

 9. Relaxation time, T1, T2. In: questions and answers in MRI. http:// mriqu 
estio ns. com/ why‑ is‑ t1‑‑ t2. html. Accessed 12 Sep 2023

 10. O’Brien AT, Gil KE, Varghese J et al (2022) T2 mapping in myocardial 
disease: a comprehensive review. J Cardiovasc Magn Reson 24:33. https:// 
doi. org/ 10. 1186/ s12968‑ 022‑ 00866‑0

 11. The Royal College of Radiologists (2014) Recommendations for cross‑
sectional imaging in cancer management, Second edition: Renal and 
adrenal tumours. https:// www. rcr. ac. uk/ media/ yp1n4 rpt/ rcr‑ publi catio 
ns_ recom menda tions‑ for‑ cross‑ secti onal‑ imagi ng‑ in‑ cancer‑ manag 
ement‑ second‑ editi on‑ 13‑ renal‑ and‑ adren al‑ tumou rs_ april‑ 2022. pdf

 12. Pedrosa I, Cadeddu JA (2022) How we do it: managing the indeterminate 
renal mass with the MRI clear cell likelihood score. Radiology 302:256–
269. https:// doi. org/ 10. 1148/ radiol. 210034

 13. Schieda N, Davenport MS, Silverman SG et al (2022) Multicenter 
evaluation of multiparametric MRI clear cell likelihood scores in solid 

indeterminate small renal masses. Radiology 211680. https:// doi. org/ 10. 
1148/ radiol. 211680

 14. Magnetism. In: questions and answers in MRI. http:// mriqu estio ns. com/ 
bold‑ contr ast. html. Accessed 24 Jul 2021

 15. Li H, Buchanan CE, Morris D et al (2022) Improved harmonization of renal 
T2 mapping between vendors using stimulated echo compensation. 
In: Proceedings of joint annual meeting ISMRM‑ESMRMB & ISMRT 31st 
annual meeting. p. 4409

 16. Adams LC, Bressem KK, Jurmeister P et al (2019) Use of quantitative T2 
mapping for the assessment of renal cell carcinomas: first results. Cancer 
Imaging 19:35. https:// doi. org/ 10. 1186/ s40644‑ 019‑ 0222‑8

 17. Li H, Priest AN, Horvat Menih I et al (2024) Fast and High‑Resolution T2 
Mapping Based on Echo Merging Plus k‑t Undersampling with Reduced 
Refocusing Flip Angles (TEMPURA) as Methods for Human Renal MRI. 
Magn Reson Med 2024:1–11. https:// doi. org/ 10. 1002/ mrm. 30115

 18. Ursprung S, Mossop H, Gallagher FA et al (2021) The WIRE study a phase II, 
multi‑arm, multi‑centre, non‑randomised window‑of‑opportunity clinical 
trial platform using a Bayesian adaptive design for proof‑of‑mechanism 
of novel treatment strategies in operable renal cell cancer ‑ a study proto‑
col. BMC Cancer 21:1238. https:// doi. org/ 10. 1186/ s12885‑ 021‑ 08965‑4

 19. Delahunt B, Cheville JC, Martignoni G et al (2013) The international 
society of urological pathology (ISUP) grading system for renal cell carci‑
noma and other prognostic parameters. Am J Surg Pathol 37:1490–1504. 
https:// doi. org/ 10. 1097/ PAS. 0b013 e3182 99f0fb

 20. Jung H, Sung K, Nayak KS et al (2009) k‑t FOCUSS: A general compressed 
sensing framework for high resolution dynamic MRI: k‑t FOCUSS. Magn 
Reson Med 61:103–116. https:// doi. org/ 10. 1002/ mrm. 21757

 21. Feng L, Otazo R, Jung H et al (2011) Accelerated cardiac T 2 mapping 
using breath‑hold multiecho fast spin‑echo pulse sequence with k-t 
FOCUSS: T 2 Mapping using ME‑FSE with compressed sensing. Magn 
Reson Med 65:1661–1669. https:// doi. org/ 10. 1002/ mrm. 22756

 22. Hennig J (1969) (1988) Multiecho imaging sequences with low refocus‑
ing flip angles. J Magn Reson 78:397–407. https:// doi. org/ 10. 1016/ 0022‑ 
2364(88) 90128‑X

 23. Moch H, Amin MB, Berney DM et al (2022) The 2022 World Health 
Organization classification of tumours of the urinary system and 
male genital organs—Part A: renal, penile, and testicular tumours. Eur 
Urol S0302283822024678. https:// doi. org/ 10. 1016/j. eururo. 2022. 06. 016

 24. Joshi S, Tolkunov D, Aviv H et al (2015) The genomic landscape of renal 
oncocytoma identifies a metabolic barrier to tumorigenesis. Cell Rep 
13:1895–1908. https:// doi. org/ 10. 1016/j. celrep. 2015. 10. 059

 25. Wang H, Su Z, Xu X et al (2017) Dynamic contrast‑enhanced MRI in renal 
tumors: common subtype differentiation using pharmacokinetics. Sci 
Rep 7:3117. https:// doi. org/ 10. 1038/ s41598‑ 017‑ 03376‑7

 26. Ding Y, Tan Q, Mao W et al (2019) Differentiating between malignant and 
benign renal tumors: do IVIM and diffusion kurtosis imaging perform 
better than DWI? Eur Radiol 29:6930–6939. https:// doi. org/ 10. 1007/ 
s00330‑ 019‑ 06240‑6

 27. Wu G, Suo S, Lu Q et al (2015) The value of blood oxygenation level‑
dependent (BOLD) MR imaging in differentiation of renal solid mass and 
grading of renal cell carcinoma (RCC): analysis based on the largest cross‑
sectional area versus the entire whole tumour. PLoS One 10:e0123431. 
https:// doi. org/ 10. 1371/ journ al. pone. 01234 31

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1001/jamaoncol.2021.5668
https://doi.org/10.1093/annonc/mdz056
https://doi.org/10.1016/S0140-6736(22)01059-5
https://doi.org/10.1016/S0140-6736(22)01059-5
https://doi.org/10.1007/s11934-016-0606-2
https://doi.org/10.1016/j.juro.2015.11.029
https://doi.org/10.1111/j.1464-410X.2012.10944.x
https://doi.org/10.1111/j.1464-410X.2012.10944.x
https://doi.org/10.5306/wjco.v11.i2.53
https://doi.org/10.1186/s40644-019-0281-x
http://mriquestions.com/why-is-t1--t2.html
http://mriquestions.com/why-is-t1--t2.html
https://doi.org/10.1186/s12968-022-00866-0
https://doi.org/10.1186/s12968-022-00866-0
https://www.rcr.ac.uk/media/yp1n4rpt/rcr-publications_recommendations-for-cross-sectional-imaging-in-cancer-management-second-edition-13-renal-and-adrenal-tumours_april-2022.pdf
https://www.rcr.ac.uk/media/yp1n4rpt/rcr-publications_recommendations-for-cross-sectional-imaging-in-cancer-management-second-edition-13-renal-and-adrenal-tumours_april-2022.pdf
https://www.rcr.ac.uk/media/yp1n4rpt/rcr-publications_recommendations-for-cross-sectional-imaging-in-cancer-management-second-edition-13-renal-and-adrenal-tumours_april-2022.pdf
https://doi.org/10.1148/radiol.210034
https://doi.org/10.1148/radiol.211680
https://doi.org/10.1148/radiol.211680
http://mriquestions.com/bold-contrast.html
http://mriquestions.com/bold-contrast.html
https://doi.org/10.1186/s40644-019-0222-8
https://doi.org/10.1002/mrm.30115
https://doi.org/10.1186/s12885-021-08965-4
https://doi.org/10.1097/PAS.0b013e318299f0fb
https://doi.org/10.1002/mrm.21757
https://doi.org/10.1002/mrm.22756
https://doi.org/10.1016/0022-2364(88)90128-X
https://doi.org/10.1016/0022-2364(88)90128-X
https://doi.org/10.1016/j.eururo.2022.06.016
https://doi.org/10.1016/j.celrep.2015.10.059
https://doi.org/10.1038/s41598-017-03376-7
https://doi.org/10.1007/s00330-019-06240-6
https://doi.org/10.1007/s00330-019-06240-6
https://doi.org/10.1371/journal.pone.0123431

	High-resolution and highly accelerated MRI T2 mapping as a tool to characterise renal tumour subtypes and grades
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 
	Trial registration 
	Relevance statement 

	Key points 
	Background
	Methods
	Recruitment ethics and patients’ workflow
	MRI acquisition: T2 mapping and T2-weighted sequence
	Processing and analysis of T2 maps
	Statistical analysis

	Results
	Patient summary characteristics
	Qualitative evaluation of T2 mapping results
	Quantitative results extracted from T2 maps
	Comparison across kidney tumour subtypes
	Comparison between ccRCC WHOISUP grades


	Discussion
	Acknowledgements
	References


