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ARTICLE INFO ABSTRACT

Keywords: Conventional T1- and T2-weighted magnetic resonance imaging (MRI) of the pancreas can vary significantly due
Pancreas to factors such as scanner differences and pulse sequence variations. This review explores T1 and T2 mapping
MRI techniques, modern MRI methods providing quantitative information about tissue relaxation times. Various T1
E and T2 mapping pulse sequences are currently under investigation. Clinical and research applications of T1 and
Mapping T2 mapping in the pancreas include their correlation with fibrosis, inflammation, and neoplasms. In chronic

pancreatitis, T1 mapping and extracellular volume (ECV) quantification demonstrate potential as biomarkers,
aiding in early diagnosis and classification. T1 mapping also shows promise in evaluating pancreatic exocrine
function and detecting glucose metabolism disorders. T2* mapping is valuable in quantifying pancreatic iron,
offering insights into conditions like thalassemia major. However, challenges persist, such as the lack of
consensus on optimal sequences and normal values for healthy pancreas relaxometry. Large-scale studies are
needed for validation, and improvements in mapping sequences are essential for widespread clinical integration.
The future holds potential for mixed qualitative and quantitative models, extending the applications of relax-
ometry techniques to various pancreatic lesions and enhancing routine MRI protocols for pancreatic pathology
diagnosis and prognosis.

Quantitative imaging

1. Introduction

The pancreatic signal intensity in conventional T1- and T2-weighted
magnetic resonance imaging (MRI), predominantly based on qualitative
criteria, is different depending on the different scanner, the magnetic
field and the pulse sequences used. Different signal quantification
methodologies in MRI have been studied in the past. Signal intensity
ratios, which normalize the signal intensity of the pancreas relative to
another organ, such as liver, spleen, or paraspinal muscle, are semi-
quantitative estimations and do not measure the absolute tissue relax-
ation time, thus being limited by image contrast and scanner variation,
as well as the fact that the organ chosen for signal normalization differs
from patient to patient [1,2]. T1 and T2 mapping, also known as T1 and
T2 relaxometry, are modern MRI techniques that allow for non-invasive
characterization of body tissues. These techniques are based on the
measurement of real longitudinal (T1) and transverse (T2) relaxation

times of hydrogen atoms in tissues, which are influenced by the
composition and structure of the tissue itself. T1 and T2 mapping could
provide quantitative information about the physiology and pathology of
the pancreas, such as fibrosis, inflammation, and neoplasms [3]. This
paper aims to review the main current clinical and research applications
of T1 and T2 mapping in the pancreas, highlighting the advantages and
actual limitations of these techniques.

2. T1 and T2 relaxation times

T1 mapping generates a parametric map from a series of images
acquired at various longitudinal recovery times, from which the T1 for
each voxel can be calculated. T1 reflects the time required for longitu-
dinal magnetization to return to equilibrium after an inversion or
saturation pulse. T1 depends on the magnetic field, phase contrast,
temperature, and water concentration in the tissue. T1 is shorter in
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tissues with a high protein concentration and rough endoplasmic retic-
ulum, which is rich in protein, such as the pancreas, compared to other
surrounding tissues [4-7]. T1 is also influenced by the presence of
gadolinium-based contrast agents, which distribute in the interstitial
and intravascular space, reducing tissue T1. T1 mapping can be per-
formed with or without gadolinium administration. Native T1 mapping
can provide information about tissue composition, such as water,
collagen, protein, lipid, and even iron content, considering that iron
causes T1, T2, and T2* to shorten. Pre- and post-contrast T1 mapping
can provide information on extracellular volume (ECV), an index of
fibrosis and edema [3]. ECV is calculated as the ratio of the contrast
distribution fraction in the tissue to that in the plasma. Post-contrast T1
mapping and hematocrit are needed to calculate ECV fraction.

T2 mapping generates a parametric map from a series of images
acquired at various transverse decay times, from which the T2 for each
voxel can be calculated. T2 reflects the time required for the loss of
phase coherence of transverse magnetization after an excitation pulse.
T2 depends on the presence of spin-spin interactions, which are more
frequent in tissues with a high-water concentration, such as the
pancreas. T2 is also influenced by the presence of superparamagnetic
substances, such as iron and deoxyhemoglobin, which generate local
field heterogeneity thus reducing tissue T2 and especially T2*. T2
mapping can be performed with a spin-echo sequence, measuring true
T2, or with a gradient-echo sequence, measuring T2*, a combination of
T2 and field heterogeneity. T2 mapping is useful for studying fluid-rich
areas or pathology such as edema or inflammation, as these often have
longer T2 relaxation times. T2* mapping can be useful to study magnetic
susceptibility effects in hemorrhage or iron deposition.

T1 and T2 mapping can also be acquired simultaneously in a mul-
tiparametric mapping acquisition; many of these multiparametric MRI
techniques (e.g. MR Fingerprinting), have been used also in pancreatic
imaging [8] acquiring T1 and T2 relaxation times of the pancreatic
tissues both with a 1.5 T and 3 T equipment, considering that the
relaxation times are dependent on magnetic field intensity [9].

T1 and T2 mapping in the pancreas have various clinical and
research applications, which will be illustrated in the following
paragraphs.

3. Current relaxometry sequences and protocols

Several abdominal T1 mapping pulse sequences are currently avail-
able on systems of various manufacturers (Fig. 1), but there is no
consensus in literature on the ideal sequence for abdominal imaging. In
the past, the application of T1 mapping in abdominal imaging was
restricted due to long scan times of spin-echo sequences. However, more
recent 3D Variable Flip-Angle (VFA) gradient echo and parallel imaging
techniques can now generate T1 maps in a single breath-hold [3].

The most studied abdominal T1 mapping pulse sequences are VFA,
modified look-locker inversion recovery (MOLLI), inversion recovery
snapshot (IR-SNAPSHOT), and saturation recovery single-shot acquisi-
tion (SASHA), originally developed for cardiac imaging. VFA generates a
T1 map acquiring voxel signals at steady state using multiple flip angles
[10]. IR-SNAPSHOT is based on the quantification of longitudinal
relaxation after the application of an inversion radiofrequency pulse
after which several quick acquisitions are collected at different delay
times and fitted using the relaxation model [11]. MOLLI is another
inversion recovery sequence where the acquisitions after the inversion
pulse are synchronized with ECG to acquire signal only during the dia-
stolic phase [12]. Even SASHA is based on inversion recovery technique
but uses a saturation pulse instead of an inversion pulse. A comparison
study of these four MRI sequences on the pancreas and liver T1 mapping
concluded that IR-SNAPSHOT, MOLLI, and SASHA provide similar
almost perfect precision, slightly higher than VFA which however rea-
ches precision higher than 98% [12]. However, MOLLI and SASHA ac-
quire few slices in one breath-hold, whereas IR-SNAPSHOT can acquire
slightly more images, therefore risking that the entire volume of the
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Fig. 1. Healthy pancreas in a 38-year-old patient. Axial T1 VIBE sequence (up)
and associated VFA gradient echo sequence providing T1 map of pancreas
(down), with mean T1 values of the parenchyma of 580 ms in a 1.5 T scanner.

pancreas is subject to numerous breathing artefacts considering its
physiological mobility during the respiratory cycle. Generating a 3D
acquisition in a single breath-hold, VFA can overcome this problem,
while remaining intrinsically sensitive to pulsatile aortic flow and
magnetic field inhomogeneity of the scanner, even if correctable with
the application of a B; map correction [12,13]. More studies are needed
to provide the highest precision in a single breath-hold acquisition with
high spatial coverage for abdominal T1 mapping [12,14]. Furthermore,
considering that the evaluation of relaxation times is influenced by the
presence of fat deposition, fat suppression techniques in T1 mapping are
essential for evaluating the relaxation time of pancreatic parenchyma
[15].

ECV quantification is a technique which permits to quantify the
interstitial space fraction of any tissue, which can be altered by fibrosis
and edema [4]. The ECV map is built by performing T1 mapping before
and at least 15 minutes after gadolinium administration as an extra-
cellular contrast agent. To generate the ECV map, concentrations of
gadolinium is evaluated using both unenhanced and post-contrast
equilibrium phases using the T1 relaxation times of the pancreas and
the aortic blood. The value is calculated using the formula:

(1 — hematocrit) x AR1p

Ecv = AR1b

where AR1p and AR1b represent the difference in 1/T1 in the pancreas
and blood respectively after gadolinium administration which is directly
proportional to gadolinium concentration when both tissues are in
equilibrium [3]. The hematocrit evaluation is essential because (1-he-
matocrit) should be considered the ECV of blood. Despite the
well-known differences in T1 relaxation times between 1.5 T and 3 T,



A. Beletl et al.

ECV fractions remain consistent across different magnet strengths [3,
12].

In the past, long acquisition times and motion sensitivity have
limited the application of T2 mapping in the abdomen and in the
pancreas [2]. Newer pulse sequences with k-space undersampling and
respiratory gating can provide pancreatic T2 maps in a few minutes
[16]. As with T1 mapping, since T2 mapping is a substantially new
technique in the pancreatic field and still the subject of research, there is
no consensus on the best MRI sequences for the evaluation of T2 map-
ping of the pancreas. Half-Fourier acquisition single-shot fast spin-echo
(HASTE) and balanced steady-state free precession (bSSFP) readout se-
quences have been used in the past [17,18]. More recently, respiratory
triggered multi-echo spin-echo (MESE) sequences have been success-
fully used with shorter acquisition time [16]. Moreover, a prototype
radial turbo-spin-echo (rTSE) sequence, optimized for multi-slice T2
mapping in the abdomen has been recently used to acquire accurate
precise liver T2 maps during one single breath-hold, and the same
sequence could be suitable also for fast T2 mapping evaluation of the
pancreas in the future [19].

The T2* mapping is based on focal magnetic field inhomogeneity and
is normally performed with gradient echo imaging. Multi-slice multi-
echo gradient-echo sequences have been used for the abdomen [20,21].
Those sequences require few breath-hold acquisitions to acquire a T2*
map of the abdomen. Despite the T2* measurements can be affected by
different local magnetic fields of the different scanners, the multi-echo
gradient-echo T2* sequences are proven to be accurate and reproduc-
ible for the quantification of pancreatic iron and may be transferred
among different MRI scanners [22,23].

4. T1-mapping and ECV quantification

The T1 mapping and ECV quantification appears to correlate with
the degree of fibrosis of the pancreatic parenchyma (Fig. 2), therefore
current clinical research is mainly oriented towards the study of these
techniques in chronic pancreatitis (CP), even if T1 evaluation could be a
potential biomarker for several diseases [3]. Reported median T1 of
pancreatic parenchyma is around 650 ms at 1.5 T and 720 ms at 3 T,
while median ECV values are 0.28 at 1.5 T and 0.25 at 3T [14,24]. A
statistically significant increase in T1 relaxation time was observed in
mild chronic pancreatitis compared to healthy pancreatic tissue, thus
reflecting the increase in the degree of fibrosis and the reduction of
acinar proteins and rough endoplasmic reticulum of the healthy pa-
renchyma [1,5]. The T1 relaxation time cut-off of 900 ms at 3 T is 80%
sensitive and 69% specific for mild CP, while ECV greater than 0.27
demonstrated 92% sensitivity and 77% specificity; the combination of
T1 and ECV is 85% and 92% sensitive for the diagnosis of mild CP (AUC
0.94) [5]. The current classification of chronic pancreatitis is based only
on the modifications of the pancreatic ductal system foreseen by the
Cambridge classification, which primarily captures periductal fibrosis
and does not directly assess the fibrosis in the rest of the pancreas or the
loss of acinar cells, not taking into account the tissue evolutions of the
pancreatic parenchyma [25]; T1 mapping and ECV quantification
techniques, in addition to diffusion weighted imaging and the
morphological changes of the gland visible in conventional MRI, can
help in the classification of CP cases, especially in the initial stages such
as mild CP, more subject to interindividual evaluation, where still no
changes occur in the main pancreatic duct (as in moderate and severe
cases) [24,26,27]. Furthermore, a significant difference between the T1
relaxation times and the ECV fraction was demonstrated even between
cases of moderate and severe pancreatitis compared to the control
groups of healthy patients [25]. More large-scale studies are needed to
clarify what the actual T1 relaxation times and ECV values of healthy
parenchyma are and what the precise cut-offs are for diagnosing and
stratifying the degrees of CP [5].

T1 mapping has been also tested for the exocrine and endocrine
evaluation of pancreatic function. A significant negative correlation was
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Fig. 2. Chronic pancreatitis in a 67-year-old patient. Axial T1 VIBE sequence
(up) and associated VFA gradient echo sequence providing T1 map of pancreas
(down), with mean T1 values of the parenchyma of 1124 ms in a 1.5 T scanner.

observed between the parenchymal T1 and pancreatic exocrine function
measured by fecal elastase-1 dosage, suggesting the possibility of esti-
mating pancreatic exocrine status by pancreatic T1 mapping [28].
Moreover, pancreatic T1 is reported to be significantly longer in type-2
diabetes mellitus than in no-diabetes and prediabetes subjects, and
significantly longer in prediabetes than in no-diabetes subjects [29]. A
positive correlation between HbAlc values and both pre-contrast
pancreatic T1 and ECV fraction has been observed [30]. Thus, pancre-
atic T1 can be used for the assessment of impaired glucose tolerance,
serving as a potential biomarker for detecting possible glucose meta-
bolism diseases [29,30]. Finally, T1 mapping has been investigated in
the quantification of short-term and mid-term response of autoimmune
pancreatitis (AIP) to corticosteroid treatment [31,32]. T1 relaxation
time of AIP is reported to be significantly longer than normal pancreatic
tissue. After 4 weeks of corticosteroid therapy, T1 relaxation time
shortened significantly, further shortening towards normalization in 12
weeks. In AIP patients with elevated serum IgG4 at baseline, T1 relax-
ation time demonstrated a significant positive correlation with serum
IgG4 level; in patients with normal serum IgG4, T1 relaxation time
shortening preceded or was in accordance with symptom relief, sug-
gesting a promising role of T1 mapping as a treatment outcome measure
[31].

5. T2 and T2* mapping
The study of pancreatic pure T2 relaxation time currently finds few

spaces in the literature, which has mainly focused on the study of T2*
mapping especially in the evaluation of pancreatic iron overload. Body
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T2* relaxometry revealed differences in the degree or distribution of
iron overload between organs [20]. Quantification of pancreatic iron is
clinically important since it might be considered as an early predictor of
cardiac siderosis [33]. The reported mean T2* of healthy pancreas is
21.06+2.64 ms, significantly different between the head and body/tail
of the organ [21]. Correlation between T2* relaxation time as an index
of iron overload and beta cell function and glucose metabolism have
been studied in thalassemia major patients; in these patients, the T2*
relaxation time is correlated with beta cell reserve and insulin resis-
tance, as well as abnormal glucose metabolism [32,34,35]. The T2*
mapping proved to be an accurate and reproducible technique for the
quantification of pancreatic iron and may be transferred among MRI
scanners by different vendors [23]. Considering that fatty infiltration
can degrade the ability of the MRI to assess iron overload, the applica-
tion of fat saturation to the T2* mapping pulse sequence is recom-
mended [22].

Quantification of T2 mapping in acute pancreatitis (AP) is poorly
studied but can potentially be a useful biomarker considering the higher
T2 of the edema [32]. MRI is not essential for the detection of AP, but is
useful in assessing its severity and complications. Conventional contrast
enhanced T1-weighted and T2-weighted MRI can assess morphologic
changes of pancreatitis, such as pancreatic enlargement, edema, and
fluid collections, also differentiating viable from necrotic tissue, thus
differentiating between interstitial edematous and necrotizing pancre-
atitis. T2 mapping could be useful to quantify the degree of pancreatic
edema and inflammatory changes, providing a prognostic assessment
[2,16]. Moreover, T2* relaxation time of the pancreas in AP is higher
than in healthy pancreas and is significantly different between edema-
tous AP and necrotizing AP, in which local hemorrhage could result in a
decreased T2* and signal loss [21]. T2* also correlates with the Mag-
netic Resonance Severity Index (MRSI) of pancreatitis, therefore
potentially contributing to assessing AP severity [21].

6. Actual limitation and future perspectives

The use of T1 and T2 mapping in clinical practice currently still has
limitations. First of all, there is still no consensus between which se-
quences are most suitable, fast and reproducible on a large scale,
providing comparable and precise values between different scanners
from different vendors, both on 1.5 T and 3 T. Furthermore, normal
values of a healthy pancreas and the precise cut-offs beyond which a
disease can be detected have not yet been widely studied, and further
large-scale studies will be necessary in this sense. Furthermore, the
mapping sequences will need to be perfected to ensure robust and
reproducible results even in reasonable times, in order to be able to be
integrated into routine MRI abdominal analysis protocols in the future
[24]. Once large-scale pancreatic relaxometry MRI techniques will be
validated, the integration of these methods into the main guidelines and
classifications, creating mixed qualitative and quantitative models, will
be a probable future prospect [25]. Moreover, the application of these
methods will be extended not only to the evaluation of diffuse and in-
flammatory pathology of the pancreas, but also to focal lesions, studying
what the benefit of such methods could be in the tissue characterization
of cystic (Fig. 3) and solid lesions of the pancreas, such as ductal
adenocarcinoma [36]. Finally, the development of multiparametric se-
quences will further expand the possibility of pancreatic tissue charac-
terization in the future. Even if coronal acquisition was found to be more
optimal for studying the upper abdomen in order to avoid most of the
artefacts encountered with axial imaging, challenges associated with
multiparametric sequences are the same for any quantitative MRI
technique: motion, spatial resolution, field non-uniformity, magnetiza-
tion transfer and partial volume [9]. The improvement of these MRI
sequences in the near future will therefore expand the use of these
techniques, probably allowing them to be introduced into normal clin-
ical routine to support diagnosis and prognosis of pancreatic pathology
in a fast, easy, cost-effective and reliable manner.

European Journal of Radiology Open 12 (2024) 100572

Fig. 3. Pancreatic tail serous cystadenoma in a 52-year-old patient. Axial T2
HASTE sequence (up) and related axial VFA gradient echo sequence (down)
providing T1 map of the upper abdomen showing the spatial resolution of the
modern mapping sequences.

7. Conclusion

T1 and T2 mapping, T2* and ECV imaging represent promising MRI
techniques for the evaluation of pancreatic physiology and pathology in
a fast and reproducible manner. These methods will need to be validated
in large population studies before being introduced into clinical
practice.

Funding
None.
CRediT authorship contribution statement

Giovanni Morana: Writing — original draft. Davide Canonico:
Validation. Alessandro Beleu: Writing — original draft.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] N. Siddiqui, C.L. Vendrami, A. Chatterjee, F.H. Miller, Advanced MR imaging
techniques for pancreas imaging, Magn. Reson. Imaging Clin. N. Am. 26 (2018)
323-344, https://doi.org/10.1016/j.mric.2018.03.002.


https://doi.org/10.1016/j.mric.2018.03.002

A. Beletl et al.

[2]

[3]

[4]

[5]

[6]

71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

S. Ghandili, S. Shayesteh, D.F. Fouladi, A. Blanco, L.C. Chu, Emerging imaging
techniques for acute pancreatitis, Abdom. Radiol. 45 (2020) 1299-1307, https://
doi.org/10.1007/s00261-019-02192-z.

D.V. Hill, T. Tirkes, Advanced MR imaging of the pancreas, Magn. Reson. Imaging
Clin. N. Am. 28 (2020) 353-367, https://doi.org/10.1016/j.mric.2020.03.003.

T. Tirkes, C. Lin, E. Cui, Y. Deng, P.R. Territo, K. Sandrasegaran, F. Akisik,
Quantitative MR evaluation of chronic pancreatitis: extracellular volume fraction
and MR relaxometry, Am. J. Roentgenol. 210 (2018) 533, https://doi.org/
10.2214/AJR.17.18606.

T. Tirkes, C. Lin, E.L. Fogel, S.S. Sherman, Q. Wang, K. Sandrasegaran, T1 mapping
for diagnosis of mild chronic pancreatitis, J. Magn. Reson. Imaging 45 (2017)
1171-1176, https://doi.org/10.1002/jmri.25428.

Y. Noda, S. Goshima, N. Suzui, T. Miyazaki, K. Kajita, H. Kawada, N. Kawai,

Y. Tanahashi, M. Matsuo, Pancreatic MRI associated with pancreatic fibrosis and
postoperative fistula: comparison between pancreatic cancer and non-pancreatic
cancer tissue, Clin. Radiol. 74 (2019) 490.e1-490.e6, https://doi.org/10.1016/J.
CRAD.2019.02.013.

T. Sato, K. Ito, T. Tamada, T. Sone, Y. Noda, A. Higaki, A. Kanki, D. Tanimoto,
H. Higashi, Age-related changes in normal adult pancreas: MR imaging evaluation,
Eur. J. Radiol. 81 (2012) 2093-2098, https://doi.org/10.1016/J.
EJRAD.2011.07.014.

D. Ma, V. Gulani, N. Seiberlich, K. Liu, J.L. Sunshine, J.L. Duerk, M.A. Griswold,
Magnetic resonance fingerprinting, Nature 495 (2013) 187-192, https://doi.org/
10.1038/NATURE11971.

E.M. Serrao, D.A. Kessler, B. Carmo, L. Beer, K.M. Brindle, G. Buonincontri, F.

A. Gallagher, F.J. Gilbert, E. Godfrey, M.J. Graves, M.A. McLean, E. Sala, R.

F. Schulte, J.D. Kaggie, Magnetic resonance fingerprinting of the pancreas at 1.5 T
and 3.0 T, Sci. Rep. 10 (2020), https://doi.org/10.1038/541598-020-74462-6.
H.L.M. Cheng, G.A. Wright, Rapid high-resolution T(1) mapping by variable flip
angles: accurate and precise measurements in the presence of radiofrequency field
inhomogeneity, Magn. Reson. Med. 55 (2006) 566-574, https://doi.org/10.1002/
MRM.20791.

S. Nekolla, T. Gneiting, J. Syha, R. Deichmann, A. Haase, T1 maps by K-space
reduced snapshot-FLASH MRI, J. Comput. Assist Tomogr. 16 (1992) 327-332,
https://doi.org/10.1097,/00004728-199203000-00031.

T. Tirkes, X. Zhao, C. Lin, A.J. Stuckey, L. Li, S. Giri, D. Nickel, Evaluation of
variable flip angle, MOLLI, SASHA, and IR-SNAPSHOT pulse sequences for T 1
relaxometry and extracellular volume imaging of the pancreas and liver, Magn.
Reson. Mater. Phys. Biol. Med. 32 (2019) 559-566, https://doi.org/10.1007/
510334-019-00762-2.

R. Treier, A. Steingoetter, M. Fried, W. Schwizer, P. Boesiger, Optimized and
combined T1 and B1 mapping technique for fast and accurate T1 quantification in
contrast-enhanced abdominal MRI, Magn. Reson. Med. 57 (2007) 568-576,
https://doi.org/10.1002/MRM.21177.

T. Tirkes, J.R. Mitchell, L. Li, X. Zhao, C. Lin, Normal T 1 relaxometry and
extracellular volume of the pancreas in subjects with no pancreas disease:
correlation with age and gender, Abdom. Radiol. 44 (2019) 3133-3138, https://
doi.org/10.1007/5s00261-019-02071-7.

M. Higashi, M. Tanabe, M. Okada, M. Furukawa, E. lida, K. Ito, Influence of fat
deposition on T1 mapping of the pancreas: evaluation by dual-flip-angle MR
imaging with and without fat suppression, Radiol. Med. 125 (2020) 1-6, https://
doi.org/10.1007/s11547-019-01087-9.

N. Vietti Violi, T. Hilbert, J.A.M. Bastiaansen, J.F. Knebel, J.B. Ledoux,

A. Stemmer, R. Meuli, T. Kober, S. Schmidt, Patient respiratory-triggered
quantitative T2 mapping in the pancreas, J. Magn. Reson. Imaging 50 (2019)
410-416, https://doi.org/10.1002/jmri.26612.

C.M.J. De Bazelaire, G.D. Duhamel, N.M. Rofsky, D.C. Alsop, MR Imaging
Relaxation Times of Abdominal and Pelvic Tissues Measured in Vivo at 3.0 T:
Preliminary Results1, 230, 2004, pp. 652-659. https://doi.org/10.1148/RADIOL.2
303021331.

C.L. Hoad, E.F. Cox, P.A. Gowland, Quantification of T2 in the abdomen at 3.0 T
using a T2-prepared balanced turbo field echo sequence, Magn. Reson. Med. 63
(2010) 356-364, https://doi.org/10.1002/MRM.22203.

D. Bencikova, F. Han, S. Kannengieser, M. Raudner, S. Poetter-Lang, N. Bastati,
G. Reiter, R. Ambros, A. Ba-Ssalamabh, S. Trattnig, M. Kr$sdk, Evaluation of a single-
breath-hold radial turbo-spin-echo sequence for T2 mapping of the liver at 3T, Eur.
Radiol. 32 (2022) 3388-3397, https://doi.org/10.1007/5S00330-021-08439-Y.

E. Aslan, J.W. Luo, A. Lesage, P. Paquin, M. Cerny, A.S.L. Chin, D. Olivié,

G. Gilbert, D. Soulieres, A. Tang, MRI-based R2* mapping in patients with
suspected or known iron overload, Abdom. Radiol. 46 (2021) 2505-2515, https://
doi.org/10.1007/500261-020-02912-w.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

European Journal of Radiology Open 12 (2024) 100572

M.Y. Tang, T.W. Chen, X.H. Huang, X.H. Li, S.Y. Wang, N. Liu, X.M. Zhang, Acute
pancreatitis with gradient echo T2*-weighted magnetic resonance imaging, Quant.
Imaging Med. Surg. 6 (2016) 157-167, https://doi.org/10.21037/
qims.2016.04.03.

A. Meloni, D. De Marchi, V. Positano, M.G. Neri, M. Mangione, P. Keilberg,

M. Lendini, C. Cirotto, A. Pepe, Accurate estimate of pancreatic T2* values: how to
deal with fat infiltration, Abdom. Imaging 40 (2015) 3129-3136, https://doi.org/
10.1007/500261-015-0522-9.

A. Meloni, D. De Marchi, L. Pistoia, E. Grassedonio, G. Peritore, P. Preziosi,

G. Restaino, R. Righi, A. Riva, S. Renne, N. Schicchi, A. Vallone, A. Peluso,

C. Gerardi, V. Positano, A. Pepe, Multicenter validation of the magnetic resonance
T2* technique for quantification of pancreatic iron, Eur. Radiol. 29 (2019)
2246-2252, https://doi.org/10.1007/s00330-018-5783-6.

M. Cheng, M.A. Gromski, E.L. Fogel, J.M. Dewitt, A.A. Patel, T. Tirkes, T1 mapping
for the diagnosis of early chronic pancreatitis: correlation with Cambridge
classification system, Br. J. Radiol. 94 (2021), https://doi.org/10.1259/
bjr.20200685.

T. Tirkes, D. Yadav, D.L. Conwell, P.R. Territo, X. Zhao, S.A. Persohn, A.K. Dasyam,
Z.K. Shah, S.K. Venkatesh, N. Takahashi, A. Wachsman, L. Li, Y. Li, S.J. Pandol, W.
G. Park, S.S. Vege, P.A. Hart, M. Topazian, D.K. Andersen, E.L. Fogel, Quantitative
MRI of chronic pancreatitis: results from a multi-institutional prospective study,
magnetic resonance imaging as a non-invasive method for assessment of pancreatic
fibrosis (MINIMAP), Abdom. Radiol. 47 (2022) 3792-3805, https://doi.org/
10.1007/500261-022-03654-7.

T. Tirkes, D. Yadav, D.L. Conwell, P.R. Territo, X. Zhao, S.K. Venkatesh,

A. Kolipaka, L. Li, J.R. Pisegna, S.J. Pandol, W.G. Park, M. Topazian, J. Serrano, E.
L. Fogel, Magnetic resonance imaging as a non-invasive method for the assessment
of pancreatic fibrosis (MINIMAP): a comprehensive study design from the
consortium for the study of chronic pancreatitis, diabetes, and pancreatic cancer,
Abdom. Radiol. 44 (2019) 2809-2821, https://doi.org/10.1007/500261-019-
02049-5.

M. Wang, F. Gao, X. Wang, Y. Liu, R. Ji, L. Cang, Y. Shi, Magnetic resonance
elastography and T1 mapping for early diagnosis and classification of chronic
pancreatitis, J. Magn. Reson. Imaging 48 (2018) 837-845, https://doi.org/
10.1002/jmri.26008.

N. Ashihara, T. Watanabe, S. Kako, Y. Kuraishi, M. Ozawa, S. Shigefuji, K. Kanai,
Y. Usami, A. Yamada, T. Umemura, Y. Fujinaga, Correlation of pancreatic T1
values using modified look-locker inversion recovery sequence (MOLLI) with
pancreatic exocrine and endocrine function, J. Clin. Med. 9 (2020) 1-9, https://
doi.org/10.3390/jcm9061805.

Y. Noda, S. Goshima, Y. Tsuji, K. Kajita, Y. Akamine, N. Kawai, H. Kawada,

Y. Tanahashi, M. Matsuo, Pancreatic extracellular volume fraction using T1
mapping in patients with impaired glucose intolerance, Abdom. Radiol. 45 (2020)
449-456, https://doi.org/10.1007/s00261-019-02384-7.

Y. Noda, S. Goshima, Y. Tsuji, K. Kajita, H. Kawada, N. Kawai, Y. Tanahashi,

M. Matsuo, Correlation of quantitative pancreatic T 1 value and HbAlc value in
subjects with normal and impaired glucose tolerance, J. Magn. Reson. Imaging 49
(2019) 711-718, https://doi.org/10.1002/jmri.26242.

L. Zhu, Y. Lai, M. Makowski, W. Zhang, Z. Sun, T. Qian, D. Nickel, B. Hamm,

P. Asbach, M. Duebgen, H. Xue, Z. Jin, Native T1 mapping of autoimmune
pancreatitis as a quantitative outcome surrogate, Eur. Radiol. 29 (2019)
4436-4446, https://doi.org/10.1007/s00330-018-5987-9.

M.D. Chouhan, L. Firmin, S. Read, Z. Amin, S.A. Taylor, Quantitative pancreatic
MRI: a pathology-based review, Br. J. Radiol. 92 (2019), https://doi.org/10.1259/
bjr.20180941.

L.J. Noetzli, J. Papudesi, T.D. Coates, J.C. Wood, Pancreatic iron loading predicts
cardiac iron loading in thalassemia major, Blood 114 (2009) 4021-4026, https://
doi.org/10.1182/BLOOD-2009-06-225615.

M. Kosaryan, M. Rahimi, H. Darvishi-Khezri, N. Gholizadeh, R. Akbarzadeh,

A. Aliasgharian, Correlation of pancreatic iron overload measured by T2*-weighted
magnetic resonance imaging in diabetic patients with p-thalassemia major,
Hemoglobin 41 (2017) 151-156, https://doi.org/10.1080/
03630269.2017.1340306.

W.Y. Au, WW.M. Lam, W. Chu, S. Tam, W.K. Wong, R. Liang, S.Y. Ha, A T2*
magnetic resonance imaging study of pancreatic iron overload in thalassemia
major, Haematologica 93 (2008) 116-119, https://doi.org/10.3324/
haematol.11768.

L. Wang, S. Gaddam, N. Wang, Y. Xie, Z. Deng, Z. Zhou, Z. Fan, T. Jiang, A.

G. Christodoulou, F. Han, S.K. Lo, A.M. Wachsman, A.E. Hendifar, S.J. Pandol,
D. Li, Multiparametric mapping magnetic resonance imaging of pancreatic disease,
Front. Physiol. 11 (2020) 8, https://doi.org/10.3389/fphys.2020.00008.


https://doi.org/10.1007/s00261-019-02192-z
https://doi.org/10.1007/s00261-019-02192-z
https://doi.org/10.1016/j.mric.2020.03.003
https://doi.org/10.2214/AJR.17.18606
https://doi.org/10.2214/AJR.17.18606
https://doi.org/10.1002/jmri.25428
https://doi.org/10.1016/J.CRAD.2019.02.013
https://doi.org/10.1016/J.CRAD.2019.02.013
https://doi.org/10.1016/J.EJRAD.2011.07.014
https://doi.org/10.1016/J.EJRAD.2011.07.014
https://doi.org/10.1038/NATURE11971
https://doi.org/10.1038/NATURE11971
https://doi.org/10.1038/s41598-020-74462-6
https://doi.org/10.1002/MRM.20791
https://doi.org/10.1002/MRM.20791
https://doi.org/10.1097/00004728-199203000-00031
https://doi.org/10.1007/s10334-019-00762-2
https://doi.org/10.1007/s10334-019-00762-2
https://doi.org/10.1002/MRM.21177
https://doi.org/10.1007/s00261-019-02071-7
https://doi.org/10.1007/s00261-019-02071-7
https://doi.org/10.1007/s11547-019-01087-9
https://doi.org/10.1007/s11547-019-01087-9
https://doi.org/10.1002/jmri.26612
https://doi.org/10.1148/RADIOL.2303021331
https://doi.org/10.1148/RADIOL.2303021331
https://doi.org/10.1002/MRM.22203
https://doi.org/10.1007/S00330-021-08439-Y
https://doi.org/10.1007/s00261-020-02912-w
https://doi.org/10.1007/s00261-020-02912-w
https://doi.org/10.21037/qims.2016.04.03
https://doi.org/10.21037/qims.2016.04.03
https://doi.org/10.1007/s00261-015-0522-9
https://doi.org/10.1007/s00261-015-0522-9
https://doi.org/10.1007/s00330-018-5783-6
https://doi.org/10.1259/bjr.20200685
https://doi.org/10.1259/bjr.20200685
https://doi.org/10.1007/s00261-022-03654-7
https://doi.org/10.1007/s00261-022-03654-7
https://doi.org/10.1007/s00261-019-02049-5
https://doi.org/10.1007/s00261-019-02049-5
https://doi.org/10.1002/jmri.26008
https://doi.org/10.1002/jmri.26008
https://doi.org/10.3390/jcm9061805
https://doi.org/10.3390/jcm9061805
https://doi.org/10.1007/s00261-019-02384-7
https://doi.org/10.1002/jmri.26242
https://doi.org/10.1007/s00330-018-5987-9
https://doi.org/10.1259/bjr.20180941
https://doi.org/10.1259/bjr.20180941
https://doi.org/10.1182/BLOOD-2009-06-225615
https://doi.org/10.1182/BLOOD-2009-06-225615
https://doi.org/10.1080/03630269.2017.1340306
https://doi.org/10.1080/03630269.2017.1340306
https://doi.org/10.3324/haematol.11768
https://doi.org/10.3324/haematol.11768
https://doi.org/10.3389/fphys.2020.00008

	T1 and T2-mapping in pancreatic MRI: Current evidence and future perspectives
	1 Introduction
	2 T1 and T2 relaxation times
	3 Current relaxometry sequences and protocols
	4 T1-mapping and ECV quantification
	5 T2 and T2* mapping
	6 Actual limitation and future perspectives
	7 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


