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ABSTRACT

This systematic review, initiated by the European Cooperation
in Science and Technology Action Magnetic Resonance Imaging
Biomarkers for Chronic Kidney Disease (PARENCHIMA), fo-
cuses on potential clinical applications of magnetic resonance
imaging in renal non-tumour disease using magnetic resonance
relaxometry (MRR), specifically, the measurement of the inde-
pendent quantitative magnetic resonance relaxation times T,
and T, at 1.5 and 3Tesla (T), respectively. Healthy subjects show
a distinguishable cortico-medullary differentiation (CMD) in T}
and a slight CMD in T,. Increased cortical T, values, that is, re-
duced T| CMD, were reported in acute allograft rejection (AAR)
and diminished T; CMD in chronic allograft rejection.
However, ambiguous findings were reported and AAR could not
be sufficiently differentiated from acute tubular necrosis and cy-
closporine nephrotoxicity. Despite this, one recent quantitative
study showed in renal transplants a direct correlation between fi-
brosis and T; CMD. Additionally, various renal diseases, includ-
ing renal transplants, showed a moderate to strong correlation
between T; CMD and renal function. Recent T, studies observed
increased values in renal transplants compared with healthy sub-
jects and in early-stage autosomal dominant polycystic kidney
disease (ADPKD), which could improve diagnosis and progres-
sion assessment compared with total kidney volume alone in
early-stage ADPKD. Renal MRR is suggested to be sensitive to

© The Author(s) 2018. Published by Oxford University Press on behalf of ERA-EDTA.

renal perfusion, ischaemia/oxygenation, oedema, fibrosis, hydra-
tion and comorbidities, which reduce specificity. Due to the lack
of standardization in patient preparation, acquisition protocols
and adequate patient selection, no widely accepted reference val-
ues are currently available. Therefore this review encourages
efforts to optimize and standardize (multi-parametric) protocols
to increase specificity and to tap the full potential of renal MRR
in future research.

Keywords: magnetic resonance imaging, kidney, mapping,
relaxometry, chronic kidney disease

INTRODUCTION

Kidneys are morphologically complex organs. Renal patholo-
gies induce (micro-) structural and functional changes that may
be captured with magnetic resonance imaging (MRI) owing to
its exceptional soft tissue contrast. Despite the frequent and suc-
cessful use of magnetic resonance relaxometry (MRR) in other
organs (e.g. cardiac MRI) to assess oedema, amyloid deposition
and fibrosis, the application of renal MRR is still scarce.

Renal MRR holds the promise to non-invasively quantify tis-
sue inflammation and alterations, such as interstitial or cellular
oedema and/or fibrosis, as well as renal function. This review
article evaluates and summarizes data on renal T; and T, map-
ping using clinical 1.5 and 3Tesla (T) systems and provides
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recommendations for upcoming research efforts to promote
MRR in clinical practice.

MATERIALS AND METHODS

The European Cooperation in Science and Technology (COST)
Action Magnetic Resonance Imaging Biomarkers for Chronic
Kidney Disease (PARENCHIMA) (www.renalmri.org) initiated
this systematic review by an extended PubMed search regarding
renal mapping (see Supplementary data) on 25 October 2017 to
identify human in vivo T, and T, measurements at 1.5 and 3T.
Titles and abstracts of 357 publications were processed to iden-
tify matches aligning with the aim of this article. Furthermore,
relevant references within the acquired papers and selected
studies by the authors were added. Our analysis reaches back to
the year 1983 and includes studies with field strengths below
1.5T. Some handpicked qualitative studies and preclinical stud-
ies were also included to present readers with relevant trends in
the measurement of renal T; and T, values. Studies regarding
renal neoplasms and/or dynamic contrast-enhanced MRI were
excluded. For details on data collection, see Supplementary
data.

BASIC PRINCIPLES OF MAGNETIC
RELAXATION MECHANISMS

MRI is a non-invasive technique to map the human body using
the interaction of three magnetic fields: (i) a strong static field
(Bo or main magnet) to magnetize the whole sample and to allow
the signal to be measured; (ii) gradient coils producing three (Gy,
y. ) linear, orthogonal gradients to allow the signal to be regis-
tered in space; and (iii) a dynamic radio frequency (RF) field (B,
or excitation field) to change steady-state magnetization pro-
duced by By and to enable the readout of the measured signal
(using an appropriately frequency-tuned coil or antenna) [1].

When subjects are placed inside the MRI scanner, nuclear
spins align with B, (Figure 1a and b). The application of an RF
pulse (By; usually in the range of milliseconds and millitesla)
changes this macroscopic magnetization and proton spins are
perturbed (i.e. tipped away from By). RF pulses are named after
their effect on the net magnetization vector, i.e. an RF pulse tilt-
ing the net magnetization vector by 90° from the z direction
(By) into the x/y plane is called a 90° pulse and a 180° pulse
inverts the magnetization vector (i.e. z to —z; Figure la and b).
The return of the tipped net magnetic vector to the steady-state
equilibrium along the B axis and the decay of net transverse
magnetization, respectively, are two independent processes that
can be measured [2]; namely spin-lattice (T;) and spin-spin
(T,) relaxation time. T} and T, relaxation times are characteris-
tic for the tissue composition (i.e. local microstructural magne-
tochemical environment) and provide the main sources of
tissue contrast in morphological MRI.

In order to actually quantify T or T, relaxation times (i.e. T
and T, mapping) different clinical MRI protocols are available
with specific advantages and disadvantages; the chosen method
is often determined by the available MRI hardware, sequence
and acquisition time. However, over the years, a plethora of
measurement sequences and acronyms have been published,

and the interested reader should refer to an in-depth textbook
written particularly for medical doctors [3].

T, relaxation time

The gold standard for T, measurement, the inversion recov-
ery (IR) technique, first inverts the magnetization in the z direc-
tion using a 180° pulse, which is followed by a waiting time, TT
(inversion time), and a successive 90° pulse to initiate data read-
out with further 180° pulses. This IR preparation module has to
be repeated several times by incrementing T1 to acquire three to
eight data points using a long TR (repetition time; i.e. five to
seven times T)), to ensure full relaxation before each inversion
pulse, which leads to long overall IR-T; measurement times
(Figure la and c).

The desire for faster T; measurement compatible with indi-
vidual breath-holds has given rise to several efficient methods,
the most common being variable flip-angle (VFA) and modi-
tied Look-Locker imaging (MOLLI).

In VFA, two or more spoiled gradient recalled-echo acquisi-
tions with differing excitation pulse flip-angles give rise to signals
modulated by T, [4]; while substantially faster than IR-T}, care
must be taken before considering VFA to provide quantitative,
rather than relative, T; measures [5]. VFA measurements are sus-
ceptible to B; inhomogeneity and thus require additional B; map-
ping. Also, the accuracy of the resulting T, depends on the relation
of the chosen flip-angles with respect to the observed T range.

The MOLLI sequence and its variants, based on the tech-
nique developed in 1970 by Look and Locker [6], sacrifice the
requirement of pre-excitation equilibrium to save time and
report a modified, shorter, apparent T, (often denoted T,*) de-
rived from repeated efficient sampling of a single excitation
pulse. This type of sequence is sufficiently fast, so it is well suited
for cardiac imaging, but the comparability between T, and T*
is limited [7, 8].

T, relaxation time

The most common method to measure T, relaxation time is
a multi-echo (fast) spin-echo sequence, which first applies a 90°
pulse to tilt the magnetization into the x/y plane and then
applies several 180° pulses in the x/y plane to recover (echo)
magnetization and hence enables T, estimates from the signal
envelope (Figure 1b and d). This approach is achieved within
one TR, which is much faster than T; (IR) measurements, and
allows full kidney coverage within a few breath-holds.

However, T, measurements are sensitive to imperfect slice
selection pulse profiles, diffusion, flow and field inhomogenei-
ties [9]. A T, preparation module decreases the influence of
imperfect slice selection profiles, diffusion and flow. Carr-
Purcell-Meiboom-Gill (CPMG) and similar preparations can
help to compensate for field inhomogeneities. Therefore T,
preparations yield more accurate (but slightly higher) T, values
as compared with a multi-echo spin-echo approach. T, prepa-
rations are widely used in cardiac imaging to visualize oedema
after myocardial infarction [10], and can be performed during
free breathing, although image registration prior to T, calcula-
tion is required. Commonly at least three source images with
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FIGURE 1: Simplified illustration of the quantification of T (a, ), and T, (b, d) relaxation time measurements in the cortex (red) and medulla
(blue). The illustration on the left (a, b) shows the patient lying inside the MRI scanner (view from above). The main magnetic field (By) is in the
foot-head direction. The static magnetic field causes some nuclear spins to align parallel with By, which is illustrated with the first big black arrow
in the graphic next to it. (a) Simplified sequence diagram for T; mapping. The gold standard for T relaxation time measurements is initiated by a
180° pulse (IR). As a consequence, the net magnetization is tilted in the z direction (from left to right; first grey arrow). Thereafter a waiting time
is applied, TI 1 (time of inversion), which ends after the application of a 90° pulse, so that the net magnetization is tilted in the x/y plane and the
readout with constant time of echo (TE c) begins. After a long time of repetition (TR) the next measurement begins; however, the waiting time is
longer (TI 2). The graphic below shows the acquired signal, which shows a stronger signal for the first measurement and a weaker signal for the
second measurement (see dashes boxes). (b) Simplified sequence diagram for T, mapping. The most commonly used protocol is initiated by a 90°
pulse and a 180° pulse, which tilts the net magnetization first into the x/y plane and thereafter into the opposite direction. This process is differ-
ently timed (TE 1 and TE 2). After successive 180° pulses the readout begins with TE c. Below, the acquired signal is shown. Notice the exempli-
fied and reduced signal magnitude of the second signal (dashed boxes). (c) Multiple inversion time acquisitions for T; mapping. On the bottom
left, the graph shows the measured signal magnitude for each inversion time of the IR sequence. Due to the IR the T; signal decays first towards
null and recovers afterwards, which can also be depicted in the corresponding images of the native kidney on the top left. The T, signal decay
curve is used to calculate a color-coded T map (examples of normal and transplanted kidney; colour bar in ms). (d) The graph on the bottom left
shows the T) signal decay during the multiple echo time acquisition for the T, mapping data. Corresponding images of the native kidney is shown
on the top left. The T, signal decay curve is used to calculate a colour-coded T, map (examples of normal and transplanted kidney; colour bar in
ms). Figure layout, design, and editing: Karin van Rijnbach, A.d.B., N.P.]J. and M.W; image data acquisition and reconstruction: A.d.B.

different echo times are recommended for accurate T, estima-
tion using two- or three-parameter exponential fittings [10-13].

RENAL T, MAPPING
Reference values and physiological modulations

In the early 1980s, renal MRI detected relatively increased T
values in the medulla compared with the cortex in healthy sub-
jects. This corticomedullary differentiation (CMD) is presum-
ably caused by the higher free water content, i.e. higher mobility
of water molecules, in the medullary tubules and collecting
ducts [14, 15]. Additionally Hricak et al. [14] reported that hy-
dration and the water balance management of the kidneys are
important influencing factors, because T; CMD decreases dur-
ing dehydration (relative cortical T, increase) and increases

after rehydration, i.e. forced diuresis [14], but the impact in
healthy subjects or patients was never reassessed at 1.5T and
3T. Another inevitable variation is caused by the increase of B,
from 1.5 and 3T, as T, generally increases. Further variation of
renal T; values was reported due to different MRI acquisition
schemes and breathing strategies [16, 17], even though high
interexamination repeatability for single acquisition schemes
was proven [18-20]. Therefore no widely accepted reference
values are published and the given limitations have to be con-
sidered when comparing different studies (Table 1).

T; modulation by the inhalation of oxygen and
carbogen. T, and T,* relaxation times are modulated by ox-
ygen level changes in the blood and/or tissue, although caused
by different mechanisms [21]. T,*, ie. blood oxygen level

Downl oaded VBRI Aif t-psnd/ Beamppingip. cont ndt/ arti cl e- abst ract/ 33/ suppl _2/ii 41/ 5078406 ii43
by Norges Tekni sk-Naturvitenskapelige Universitet user
on 24 August 2018



86 ¥ 8I€T - 8¢
q449
- - TL ¥ €501 He Sunsey y-¢ RERY ON - 8¢ AwqresH 2107 [81] 70 12 X0D
o¥T ¥ TLT1 1L = %201 Idd 9S b1 8
- S6 + 18¢€1 0S =+ L8 ITION Hd SUON PaInseat 10N ON - 6 Apreay 910z [£1] 12 92 UAYD
uoyouny
00T = 6911 11+ 8¢ Y Do Uedt A {Hd 0t [eua: paxreduy
ISV paansesturjoN = S0l = TCLL EEECR:I DL SUON WID? IAN ON
uonouny
o6 + 901 8 €L YO0 uealr :JHd ¢ B2 PERVEERIGT - Gy fsc] w7
IpIeqprIg
915 G YD ueawt
ISV PaISEOW JON 269 T 501 SS ¥ 0€01 ERECR DL JUON IO IAIN ON {SI99)UN[0A PIYDIEW-IFY 01 Apresy
89 T 0801 LIF 101 Y492 Uedy o1 Aeay Sunox
L1175 671 6LT F 1501 (5F €£) 09< 4192 12
oCEL F LT —  9€T+ €811 JyexSoqre euay
061 1291 <161 F T€2T (ST T¥) 09> WID? A
_ 1
- 484 SS I He Sunsey U+ YID? MIANW 3K (£5 08) 1107 BE m:w_ﬂ
_ 61T F L8€T _ 91T ¥ S66 09< YAD? Aduppy 2ATEN #, UMOUUN ISBISIP
8% & 68€T o6 F LSOT Suhs
(€1F 2€) (HERERAEET )
=0TT F T6€ET 91T & SPIT 09> Y ID? “Aoupny 2A0EN S
(F00
§S€ T 606 A, %S 8 0 %S6) uaBuoqre) 9 vl
c 2IMSEIUW JON a1 Sunsey y-y 2InSEAUW JON ON Aqpresy 6007
it B [LTF L68  PAlIOds-Dd A VA y4 ¥ 20 amg 9 Hal v 12 10UU0D O
s[8% 196 (%0 %I7) BrxouroN 9
(f00
0T T €L8 %S % “0 %S6) usBuogie) S ezl
- 2INSEIU 1O M Juo| 2INSEIUI 10, o Ayes
P N o6 T 98 I MIL A€ VIA RES N P N N Tpoma s PeeH  L00T 0 12 T0U07) O
ap Sl = SV6 (Y0 %17) eIxowIoN S
Ppaproa pue SV pey syuaned ¢ ‘uorsuay
uonsmboe A ) -12d4y Ajuo ym syuaned ¢
Joud TuQog~ Yueip VdLd-oL suorsua)adAy pue UMOW{UN 3SBISIP
- 8TT + 6CCI 67T + €801 dSIIenn {1 Hd s122(qng Sunsey oN wigedADAS YIOW ON (IO s juaned [ :paxiy (U Teuax Sudapun - £00T [ee] v 12 991
IaLNog [t1] w92
L 8S F TIVI 8S * 966 Jey gSd SS A1 H4 QUON pamseatr J0N ON - 14 ApesH  $00T dIrepzeq ap
LT F 6511 «0L F 618 S PLNog t0amg 6
= U DovUawSas He SUON panseaur JON ON ApreaH  zooz (1] 7w 12 sduof
811 T €911 s TTeg AP & epxowioN 6
- 9L ¥ 0T€l 1% & 996 HSVTI09nT I H4 QUON painseaus JoN ON - 6 ApresH  ge61  [91] v 90 [umig

YO e[mpay

X2}100)

douanbag

uonesuadurod

Aroyenidsay

uoneIpAH

gd4o

Ayqereadar

oAlA U] dnoin

az1s

spdureg

1€ pue 1 1e sa1pmys LT, saneinueny) '[ d[qeL,

13(qng TR X

sanIepour

loymny

M. Wolf et al.

2/ii41/5078406

4dt ps: // acadeni c. oup. conl ndt / articl e-abstract/ 33/ suppl

by Norges Tekni sk-Naturvitenskapelige Universitet user

on 24 August 2018

Downl oaded fromil



‘S0°0> dx V00 = d, €00 = dyg 100 = d, T0°0 > d_10°0 > d, 800°0 > d ‘S00°0 > d[ ‘1000 > dqepegsr, 1000°0>d,

:Apn3s PajeIdosse ) UIYIIM DULdYIUSIS [BITSTIE)S Y} 0} J2JI SJOQUIAS TOYI0

'SON[BA PIJIILI0D PUB PIIR[NO[LIY,

*od urds 0qIny “gs [, cuorssadaid aye)s-Apeals yym Jurdewr 3sey onx) ‘JSLon uonowr Suryreaiq oy spredor yym uonismboe DN pa1a3Sin ‘O, parySrom L] ‘M1, owm) uonexepar asraasuen) juaredde 71, owm uonexepar urds-urds <,

our) uonexe[ar dme[-urds 11, ‘e[sa, <1, 0ys a[Surs ‘g ‘oyda-urds qs 9senuod aseyd O QOYSHNUI ‘ST ‘OYDPI-N[NUI “IIA] DSLISIP [BUI UT JAIP JO UOnLIYIpOUr ‘(YA ‘uonejuerdsuer) Suny xnT ‘oyda urds oqmy joys adurs uonismboe 1a1mo
Y LLSVH Suryieaiq 221 ‘g1 J0ys a[Sue mo[ Isej ‘HSV'TI ‘0yda uids sy “4S.] 10y22 Py Isej ‘Yl 0y JuaTpetd GO (W ¢/ /ult/TuI ur) el UoHeL[Y JE[IAWO[S PAINsesw 10 pajewnsa Y IOw,/> Burdewn reueid-oyod 14 Surdewr pajySom
-UOISIIIP ‘[M( OPIXOIP UOqIed €D 25BSIP ASUpD| S1uoIyd ‘(D Ploy Yiealq ‘He “uepuadap [oad] uadxo poolq ‘qTOd ©OY2d Poy Isey padue[eq Fq Teak ‘e proe onadeejusd surwern) USAYIIP-OL,, 66 VALA Ly TRUOISUIWIP-3211) ‘€
*£218 ur payySiySy axe sarpnys JudneJ SW UT (JS F UBSW dJE B[[NPIW PUE X900 I} JO SIWT) UOTjexe[ar L], UaA1s oy,

ISV Od
IMA L 8L F 9TLT 466 F 0€ST JLER RIS OIL Sunsey y-¢ RiEN $3X ST * IS ¥dD° uesy 11 ao
8 F S891 4€6 F 66€1 e oy < a8y 8 Aqrespy
99 F S€91 = 1d4d 9S a1 e 0y > a8y fat Aqyeapy
- 99 F L¥EL e oy > By €1 Apeay £10T [81] v 12 X0D
1SV ©0d
a <z 9T1 F 88¢€1 = ONIL Sunsej y-¢ painseatr JoN 9K ST Aqirespy
IMA «“L EEECR:I]
- PII F ¥CI1 9z Aqrespy
9L F S91 = 0z Apreoq
Idd 9S 91
- 6L F L9€1 12 Aqreay
- 8% & €L¥1 LS F PECT ITION Ha SUON. YA9° Id9-AMO ON yeaSo[e [euay 6T yeadofe [euay 9107 [6¢] 7v 12 PRI
- Ppoaamseatr JON » [8 & 0SST ITION H4 QUON UIO? [dI-AIO ON ST ¥ 07 Y492 ULy L1 (eni0)
910C  [8T] 1292 STMD
- Ppaamseatr JON » CCL F 99¢1 ITION H4 QUON YI9° IdI-AMO ON 1 + 00T YID9 ULy 144 Apresy
- SS ¥ 0191 88 F ¥6I11 ITION H4 QUON ON ON - 9T Apresy 910 [£1] w12 uayD
L Y6 + 991 98 F 19C1 RN H4 QUON ON ON - < ApresH  s10C [e1] w21
08 + 6€91 96 ¥ 90%1T ST F 86 ¥dD? ‘T AN
- ITION HA Sunsey y-9 IO AMO $3X (41 Apresy  yroz  [0g] v 10 s
98 ¥ 191 POT + 9L€1 ST F 86 ¥dD2 T AN
€21 T 8LST TIT F 1L11 149 M1 uonsmboe paou 0 ang L
SIN [)IM PaARI[Ia) OIL uonyismboe
£, 121 F £9ST oc1 T opzr 1A IO HN SN auoN pamseaw 10N oN [PA0U ferxouLIoN L Aqeay €10z (2] p 10 Suiq
uonismboe
9TT * €SI TIT ¥ L8T1 rea1q LISVH U1 H4 [BUOTIUAUOD {BIXOULION 4,
I3LMOo,] [t1] w32
‘L 1 * ShST VST =+ P11 -JTeY ASd SS ¥l HA SUON Paimsestr 0N ON - 9 ApresH 00T alre[azeq ap
¥ * SIST 60T + LLET ST> Y492 8
L6 ¥ L6V1 ¥ €IT ¥ L6T1 6C-ST ¥ID? 8T paxiw
oy 1S F TPST 16 F €LT1 65-0€ D2 91 ydexSoyre reuar
Y492 pue X7 Ayi[esy
- I E= = ITIONW HA SUON ON — =]
€21 = 1281 . €1 F LL01 AED-RoDpPoD 68-09 YD 9z 2]
168 T LTh1 801 F 801 062 WAD° Vi 8102 12 sroyradag
9L ¥ 916G1 »a 10T + 66T1 Jye13o[[e [euay 67 jyeaSofe euay
<101 * ¥I¥1 496 + 8901 sKoupny 2A1EN. s XInT
RiERL
- .86 = 8TVI » (0T =+ £86 ITION H4 QUON nenH-yonPod ON sfoupny 2aneN jas Apresy

ii45

Downl oaded_f MoRI i t-psnd/ Bsadmpingp. conf ndt/ arti cl e- abstract/ 33/ suppl _2/ii 41/ 5078406

by Norges Tekni sk-Naturvitenskapelige Universitet user

on 24 August 2018



dependent (BOLD) MRI, associated changes are reviewed by
Pruijm et al. [30].

To our knowledge, modulations of renal T, values during
the inhalation of pure oxygen (O,) and carbogen (5% carbon
dioxide mixed with 95% O,) were only observed in healthy vol-
unteers. In 2002, Jones et al. [21] reported a significant decrease
in cortical T, values during O, inhalation at 1.5T. These find-
ings were confirmed in 2007 and 2009 with an even more pro-
nounced reduction in cortical T; values following the
inhalation of O, and carbogen [23, 24]. In these studies, the lack
of a renal hydration protocol [except in O’Connor et al. [24]],
the free breathing acquisition, the VFA method and dyspnoea
during the carbogen inhalation (leading to increased breathing
motion), as well as the temporal and spatial acquisition con-
straints, can be considered as important limitations [23, 24].

The first 3T study was carried out by Ding et al. [27] when
healthy subjects were evaluated during exposure to normoxia
and O,. Thereafter a multiparametric renal MRI study evalu-
ated five healthy volunteers who underwent a hyperoxia chal-
lenge (~80% O,); again cortical T, values decreased, but unlike
previous publications, no statistical significance was observed
[18].

These studies show that cortical T, is sensitive to oxygena-
tion level changes. However, the contribution of vasoconstric-
tion and vasodilatation as well as perfusion changes during O,
and carbogen inhalation, as well as the evaluation of renal oxy-
gen delivery (ischaemia), were never directly assessed, which
could have caused the reported ambiguous findings [18, 27].
Final conclusions regarding medullary T; modulations are cur-
rently not possible. Last but not least, it has not been clarified
yet as to what extent alterations in T} reflect tissue and/or blood
oxygenation. These questions remain a target for future
evaluations.

Clinical studies

Renal transplants—early qualitative and semi-quantitative
MRI studies. Imaging of renal transplants in the iliac fossae
is less confounded by breathing motion, which enabled renal
MRI evaluations in the 1980s [31]. Early qualitative and/or
semi-quantitative renal MRI studies revealed a reduced T,
CMD in acute allograft rejection (AAR), and even diminished
T, CMD in chronic allograft rejection (CAR) [15, 31-34].
However, acute tubular necrosis (ATN) could not be suffi-
ciently differentiated from AAR [32, 34-36], and even dimin-
ished T; CMD was reversible in some cases of ATN and AAR
[36]. Thus scrutiny of the reduced T; CMD linked both oedema
and fibrosis to prolonged T, values, which partially explains the
low specificity of these renal transplant evaluations [37].

Another interesting finding on renal transplant observation
was the clearly preserved T; CMD during an acute decline in re-
nal function under cyclosporine therapy, which was linked to
cyclosporine nephrotoxicity (CN) [32, 34]. However, three suc-
cessive studies presented ambiguous outcomes [33, 37, 38].
Thereafter, no further research efforts were made, so no final
conclusion can be made.

All these envisioned early MRI studies on renal transplants
applied field strengths <1.5T, which today are not frequently in

clinical use. However, in contrast to recent MRI evaluations, all
of these studies applied histological validation. A low specificity
was observed due to different acquisition settings (e.g. vendors
and protocols), low reproducibility of the two-point method to
calculate T, [31] and lack of a standardized patient preparation
(e.g. hydration protocol) [14, 15]. In addition, loss of T; CMD
was reversible after clinical improvement in some cases of ATN
and ARR, which could have decreased the specificity further
[36]. Therefore recommendations could not advocate qualita-
tive and/or semi-quantitative MRI evaluations over ultrasound
and scintigraphy [34].

Renal transplants—quantitative MRI studies. T; meas-
urements on renal transplants at 1.5T were presented by Huang
et al. [19] in 2011, when renal transplants and native kidneys
with unknown underlying renal disease confirmed the trend of
higher cortical and medullary T, values in renal transplants.
They also achieved a high short-term in vivo repeatability
(~*10%). In addition, strong correlations were observed be-
tween estimated glomerualr filtration rate (eGFR) and cortical
T, in both groups (native cortex: r=—0.83, P=0.0001;
transplant cortex: r = —0.80, P = 0.0017), but medullary T, val-
ues only significantly correlated with eGFR in the transplant
group (r=—0.94, P < 0.0001) [19].

The second quantitative T, assessment of renal transplant
was presented by Friedli et al. [29]. A total of 29 patients under-
went a multiparametric MRI approach at 3T, including a vali-
dation against histological samples. With regard to T}, only T,
CMD showed a moderate correlation with renal interstitial fi-
brosis (R*=0.29, P < 0.001) and eGFR (R*=0.22, P < 0.05).
No correlation was established between T, values and cellular
inflammation [29]).

In 2018, renal T, was evaluated in 49 renal transplant
patients, 52 patients after lung transplantation (LuTx; native
kidneys) and 14 healthy volunteers [26]. Their aim was to assess
acute kidney injury (AKI) after LuTx (reported incidence
~60%), and after a 3- and 6-month follow-up. T; CMD was sig-
nificantly decreased and mean cortical and medullary T, were
significantly higher in renal transplants compared with healthy
volunteers and the LuTx group (P < 0.001). However, T; CMD
was also reduced in the LuTx group compared with volunteers
(P < 0.05), which was linked to the incidence of AKI after
LuTx. All patients and healthy volunteers were further grouped
according to Kidney Disease Outcomes Quality Initiative
(KDOQI) stages. Remarkable were the significantly lower corti-
cal T; values in subjects with eGFR >60 mL/min/1.73 m? as
compared with <60 mL/min/1.73 m” and that cortical T, nega-
tively correlated (r=—0.642, P <0.001) and T; CMD posi-
tively correlated (r=0.542, P <0.001) with eGFR for all
participants. In contrast, medullary T showed only a weak cor-
relation with eGFR (r= —0.341, P < 0.001). During the 3- and
6-month follow-up, cortical Ty and T; CMD exhibited a signifi-
cant correlation with eGFR (P < 0.001 and < 0.01, respectively)
in the LuTx and renal transplantation groups [26].

In summary, we identified only three quantitative T, studies
on renal allografts at 1.5 and 3T. In contrast to early qualitative
and semi-quantitative MRI studies, only one quantitative study
applied a histological validation, in which it was shown that
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state-of-the-art T; measurements, i.e. T; CMD, could be used
to assess renal interstitial fibrosis in allografts [29]. Another im-
portant finding was that T, values were sensitive to presumable
AKI alterations in the context of post-LuTx [26]. However, the
specificity of renal MRR regarding AAR, CAR, ATN or drug-
induced toxicity was not further assessed or improved.
Furthermore, these studies show that T, mapping has the po-
tential to estimate renal function.

Non-invasive assessment of renal function. The first
quantitative T; measurements on patients at 1.5T were pub-
lished in 2007 [22]. A small and unbalanced group was primar-
ily enrolled for the evaluation of a renal artery stenosis: one
patient with CKD and hypertension and nine patients with hy-
pertension alone. A loose hydration protocol was applied before
the MRI acquisition, and afterwards all patients underwent
a *™Tc-diethylene triamine pentaacetic acid renography to
measure the single-kidney GFR (SKGFR). A significant correla-
tion was depicted only between cortical T, values and the
SKGFR (r=—0.5,P = 0.03) [22].

In 2015 the association between cortical T, renal perfusion
(from arterial spin labeling (ASL); see also Odudu et al. [39])
and eGFR in patients with chronic heart failure (HF) and con-
trol subjects with different levels of renal impairment was evalu-
ated [25]. Renal perfusion was similar in chronic HF patients
with and without renal impairment, but cortical T, showed a
significant correlation with eGFR (r = —0.41, P = 0.015), which
reflects the potential to assess CKD. Chronic HF patients had
significantly higher cortical T; compared with all control sub-
jects, and chronic HF patients with renal impairment had sig-
nificantly higher cortical T compared with chronic HF patients
without renal impairment [25].

After the ASL reproducibility study of Gillis et al. in 2014
[20], a follow-up study evaluated renal perfusion and cortical
T, in healthy volunteers and CKD patients with different a eti-
ologies at 3T. Significantly higher cortical T, values were found
in CKD patients and a correlation between cortical T; and
eGFR was observed (r= —0.58, P < 0.001) [28].

One year later a multiparametric renal MRI study assessed
T, in healthy subjects and CKD patients with various renal dis-
eases after a short fasting period (>2h) at 3T [18]. Compared
with volunteers, CKD showed significantly higher cortical T,
and Ty CMD was reduced (P <0.01). They achieved an
interscan coefficient of variation of <2.9% and high intraclass
correlation for the cortex and medulla (0.848 and 0.997, respec-
tively, using spin-echo echo-planar imaging) [18].

As previously envisioned also, three renal transplant studies
assessed the correlation of T, values and the renal function at
1.5 and 3T (see above) [19, 26, 29].

In summary, the envisioned studies show that the degree of
renal impairment correlates moderately to strongly with corti-
cal T; and T; CMD in CKD with various renal diseases [18, 22,
28], renal transplants [19, 26, 29], and chronic HF patients [25].
These findings are also in line with some qualitative assess-
ments in the 1990s [40, 41], but not with all [42], due to the fact
that renal T values are modulated by many confounders, such
as the degree of fibrosis [29], comorbidities (e.g. liver cirrhosis)
[43, 44], the acquisition protocol (e.g. breathing motion) and

fastening and hydration level [14], which all together seem to be
responsible for the accomplished correlations in the envisioned
quantitative studies at 1.5 and 3T. To our knowledge, only one
study correlated renal T, values with measured GFR [22]. It
should be noted that adequate patient preparation (e.g. hydra-
tion protocol, medication intake), patient selection in the con-
text of comorbidities and acquisition protocols (e.g. triggered
breath-hold) together with reference measurement of the renal
function can improve T, renal function correlations, which
advocates for further research in this field.

RENAL T, MAPPING
Reference values and physiological modulations

In healthy subjects, medullary T, is consistently longer than
cortical T,. As previously envisioned, Hricak et al. [14] evalu-
ated the effect of fasting and hydration and showed that T,
CMD decreased during hydration (ie. forced diuresis), but
these findings were never re-evaluated. Additional variation can
also be found due to the increase in By from 1.5 and 3T, which
is accompanied by a general decrease in T, and by the fact that
different MRI acquisitions and breathing strategies report un-
equal values. But for healthy subjects a high day-to-day repeat-
ability was shown by a multi-echo spin-echo method
with a mean variability of <4% for both cortex and medulla at
1.5T [45].

Closely linked to T, is T, which is thought to reflect tissue
oxygenation [45, 46]. For measurement of T/, both T, and T,*
are required. T*, i.e. renal BOLD MR, is discussed by Pruijm
et al. in this issue [30].

These variations have to be considered when comparing dif-
ferent studies (Table 2).

Clinical studies

In the 1980s renal transplants were evaluated regarding
T,, and MRI was shown to be useful to identify fluid
collections in necrotic transplant, perinephric lymphoceles and
haematoma [31].

To our knowledge, the first quantitative clinical, i.e. renal
transplant, study on T, values at 1.5Tesla (T) was reported in
2011. One of two T, acquisition protocols identified a signifi-
cant increase in cortical T, in 15 renal transplants compared
with 6 healthy subjects. However, no significant difference was
observed with regards to the allograft function [46].

In 2017, whole kidney T, values in animals with juvenile cys-
tic kidneys and nine autosomal dominant polycystic kidney dis-
ease (ADPKD) patients were reported. A strong significant
increase in T, values was seen in early-stage ADPKD patients
compared with healthy volunteers. Based solely on T, values,
early-stage ADPKD patients with a kidney volume <300 mL
could be distinguished from healthy volunteers, which was not
possible based on total kidney volume (TKV) [47].

In summary, human in vivo measurements of renal T, are
relatively scarce. Therefore no final conclusion can be made re-
garding renal function estimation or renal transplant assess-
ments. Nevertheless, interesting findings were obtained,
which clearly advocate for future research. Early-stage ADPKD
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patients could benefit from the T, evaluations and the poten-
tially improved assessment of early-disease progression com-
pared with TKV [47]. This might be of special interest in the
evaluation of novel therapeutic agents such as tolvaptan. The
assessment of AKI in the context of ischaemia reperfusion in-
jury, e.g. induced kidney damage during renal allograft surgery,
also seems to be a potential application for T, as in vivo meas-
urements were shown to be feasible [46]. Animal studies have
shown that T, is sensitive to ischaemia-reperfusion injury [48,
49]. During initial ischaemia, T, decreases, probably due to de-
oxygenation, followed by an increase during reperfusion [50].
In the longer term, an elevation of T, that is more pronounced
in the medulla compared with the cortex has been found [51,
52], which was attributed to consecutive inflammation and
oedema (T, increase) [50-52]. Human studies are necessary to
determine whether the T, changes following AKI can predict
the recovery of renal function.

DISCUSSION

In recent decades, quantitative renal T; and T, mapping have
been shown not only to be feasible, but also to provide non-
invasive valuable information regarding renal structure and
function in healthy, AKI, CKD, renal transplant and ADPKD
patients at 1.5 and 3T (Tables 1 and 2).

Renal T} has been shown to be modulated by hydration and,
in particular, cortical T; was sensitive to oxygenation. T; CMD
is a potential candidate biomarker to assess AAR, CAR, ATN,
CN, fibrosis and renal function. Renal T, was measured in only
a few studies but showed the potential to evaluate renal trans-
plants and to improve the diagnosis and progression of early-
stage ADPKD.

However, the variation in T} and T, values is large, mainly
due to the great diversity of the MRR methods applied, but also
due to physiological (e.g. water balance management during
fasting and forced diuresis) and pathological alterations (e.g. fi-
brosis) of the renal parenchyma. In virtually all renal diseases,
renal function and microstructure are altered together, and this
review on T and T, unveiled the high sensitivity towards each
of these processes as well as the complicated interpretation of
the acquired data due to the low specificity.

In conclusion, currently available data suggest that the full
potential of renal T and T, mapping has not yet been tapped
and adequate patient selection, with regard to comorbidities,
alongside technical and physiological standardization, will sig-
nificantly increase the specificity of renal MRR. On route to-
wards renal T or T, mapping as a biomarker it will be necessary
to validate renal MRR against widely accepted reference meas-
urements (e.g. nuclear medicine evaluations) as well as against
histological findings, when possible. Last but not least, the inte-
gration of different quantitative renal MRI data into a multi-
parametric approach will likely enable us to gain the best insight
into renal pathophysiology. The COST Action PARENCHIMA
(www.renalmri.org) is working on standardization of multipara-
metric renal MRI techniques to tackle these challenges.

SUPPLEMENTARY DATA

Supplementary data are available at ndt online.
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