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Abstract
Aim: Tissue hypoxia is an early key feature of acute kidney injury. Assessment of 
renal oxygenation using magnetic resonance imaging (MRI) markers T2 and T2* 
enables insights into renal pathophysiology. This assessment can be confounded 
by changes in the blood and tubular volume fractions, occurring upon pathologi-
cal insults. These changes are mirrored by changes in kidney size (KS). Here, we 
used dynamic MRI to monitor KS for physiological interpretation of T2* and T2 
changes in acute pathophysiological scenarios.
Methods: KS was determined from T2*, T2 mapping in rats. Six interventions 
that acutely alter renal tissue oxygenation were performed directly within the 
scanner, including interventions that change the blood and/or tubular volume. A 
biophysical model was used to estimate changes in O2 saturation of hemoglobin 
from changes in T2* and KS.
Results: Upon aortic occlusion KS decreased; this correlated with a decrease in 
T2*, T2. Upon renal vein occlusion KS increased; this negatively correlated with 
a decrease in T2*, T2. Upon simultaneous occlusion of both vessels KS remained 
unchanged; there was no correlation with decreased T2*, T2. Hypoxemia induced 
mild reductions in KS and T2*, T2. Administration of an X-ray contrast medium 
induced sustained KS increase, with an initial increase in T2*, T2 followed by a 
decrease. Furosemide caused T2*, T2 elevation and a minor increase in KS. Model 
calculations yielded physiologically plausible calibration ratios for T2*.
Conclusion: Monitoring KS allows physiological interpretation of acute renal 
oxygenation changes obtained by T2*, T2. KS monitoring should accompany MRI-
oximetry, for new insights into renal pathophysiology and swift translation into 
human studies.
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1   |   INTRODUCTION

Current options for the treatment of acute kidney injury 
(AKI) are not adequate. Major obstacles include the lim-
itations of serum creatinine-based metrics.1–7 To overcome 
this, several alternative blood- or urine-based markers re-
flecting renal injury, inflammation, fibrosis, or repair have 
been proposed. Despite the promise, the clinical perfor-
mance of these markers has been modest, and none has 
advanced to provide a point-of-care diagnosis for AKI.3–8 
In general, these markers fail to reveal early events in 
AKI pathophysiology, such as tissue hypoxia. Recognizing 
these limitations, synergistic approaches that include 
magnetic resonance imaging (MRI) are called for.1,3,5,9–13 
MRI facilitates the non-invasive assessment of several 
structural and functional kidney features.12–20 Among 
these, kidney size (KS) has gained substantial interest as 
a marker to diagnose and stage kidney disorders since KS 
changes are associated with several renal pathologies.21–23

What has not been considered, however, is that KS is also 
crucial for the interpretation of MRI-based assessments of 
renal tissue oxygenation obtained by blood oxygenation 
level-dependent (BOLD) MRI techniques. This approach 
relies on the fact that deoxygenated hemoglobin (deoxyHb) 
is paramagnetic and, therefore, impacts the MRI relaxation 
times T2* and T2. T2* and T2 decrease with increasing de-
oxyHb concentration. T2* reflects significant BOLD contri-
butions from large veins, whereas T2-based BOLD MRI is 
less sensitive to macrovessels.24,25 T2*, T2 provide a surro-
gate marker of tissue oxygenation due to their dependence 
on the O2 saturation of hemoglobin and its relationship to 
the partial pressure of O2 (pO2) in blood and tissue.9,19,26 
However, T2*, T2 reflect the amount of deoxyHb per tissue 
volume; therefore the renal T2*, T2 – tissue pO2 relationship 
is also dependent on the blood volume and the tubular vol-
ume fractions.9,19,27,28 Because acute changes in these frac-
tions are often accompanied by KS changes, simultaneous 
measurements of changes in KS and T2*, T2 are essential 
for the accurate physiological interpretation of MR-based 
assessments of renal oxygenation. Since tissue hypoxia is a 
common early feature in the pathophysiology of AKI and 
progression to chronic kidney disease (CKD),29–36 physio-
logical interpretation of MR probing of oxygenation could 
render non-invasive MR-oximetry a vital assay for research 
into renal (patho-)physiology and for clinical application.

Events leading to acute renal hypoxia are often associ-
ated with KS changes. Studies emulating clinical proce-
dures such as clamping of the suprarenal aorta or renal 
artery during surgery, or the low arterial target pressure 
during cardiopulmonary bypass, revealed KS reduc-
tions.27,37 Conversely, anecdotal evidence indicates op-
posite effects for obstructing the renal vein, such as in 
partial nephrectomy or thrombus formation in renal cell 

carcinoma.37,38 Studies emulating administration of X-
ray contrast media (CM) for cardiac procedures showed 
renal hypoxia and increased intratubular pressure.31,39–41 
Due to the relatively rigid renal capsule, the latter results 
in an “intrarenal compartment syndrome”: as intrarenal 
pressure increases, intrarenal blood vessels become com-
pressed, leading to tissue hypoxia.4,42–44 Accordingly, KS 
should significantly increase.

Recognizing the potential of MR-based probing of renal 
oxygenation as a meaningful tool for research into renal 
physiology and disorders, this study provides systematic 
tests for acute changes in T2* and T2 as markers of oxygen-
ation, and in KS determined from the T2*, T2 maps.37 Serial 
in vivo parametric MRI mapping of T2*, T2 was performed in 
rats during interventions that alter renal tissue oxygenation 
reversibly (a brief occlusion of the suprarenal aorta, the left 
renal vein or both; hypoxemia), and with longer-lasting ef-
fects (injection of CM or furosemide). We hypothesize that 
monitoring KS will allow physiological interpretation of 
acute changes in renal oxygenation measured by T2*, T2.

2   |   RESULTS

2.1  |  Aortic occlusion, renal venous 
occlusion, combined occlusion

By inflation of MR-safe remotely-controlled occluders, 
short-term occlusions of the suprarenal aorta, the left 
renal vein, and simultaneous occlusions of both vessels 
were performed.45–47

Upon occlusion of the suprarenal aorta, the coronal 
mid-slice cross-sectional area of the kidney (hereafter re-
ferred to as “kidney size,” KS) determined from T2 maps 
(Figure 1A) decreased by 6 ± 1% (mean ± SEM; Figure 1B). 
Upon occlusion release, KS returned to baseline. Aortic 
occlusion resulted in decreases in T2 in the renal cortex 
(CO), outer medulla (OM), and inner medulla (IM) of 
22 ± 2%, 27 ± 2%, and 13 ± 3% (Figure 1C–E). Upon release, 
T2 in the IM initially decreased further, yet T2 in all layers 
quickly returned to baseline. Similar results were obtained 
for T2*. Upon aortic occlusion, KS determined from T2* 
maps decreased by 6 ± 2% and returned to baseline upon 
release (Figure  1B). T2* changes during aortic occlusion 
were more pronounced than for T2, decreasing by 29 ± 3%, 
39 ± 3%, and 22 ± 4% in the CO, OM, and IM (Figure 1C–
E). Upon release, T2* in the IM initially decreased further, 
yet T2* for all layers returned to baseline. Changes in T2 
showed a strong correlation with changes in KS; correla-
tions with changes in T2* were more moderate (Table 1).

Upon occlusion of the renal vein, T2-derived KS in-
creased by 5 ± 1% and returned to baseline upon release 
(Figure  2B). Venous occlusion led to T2 decreases in all 
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renal layers which exceeded those observed for aortic oc-
clusion, with decreases of 33 ± 2%, 39 ± 2%, and 32 ± 6% 
in the CO, OM, and IM (Figure 2C–E). T2*-derived KS in-
creased by 7 ± 1% and returned to baseline upon release 
(Figure 2B). The T2* decreases in CO, OM, and IM were 
larger than those in T2 (60 ± 3%, 60 ± 2%, and 58 ± 4%; 
Figure  2C–E), and much larger than the T2* decreases 
during aortic occlusion. Restoration of T2 and T2* toward 
baseline upon release of venous occlusion occurred some-
what slower than following aortic occlusion. Changes in 
T2 showed moderate negative correlations with changes in 
KS, while negative correlations with changes in T2* were 
moderate in the CO, and weak in the OM and IM (Table 1).

Simultaneous occlusion of both the suprarenal aorta 
and the renal vein did not affect KS; yet there was a small 
drop in T2*-derived KS about 1 min after release of the 

occlusion (Figure 3B). Simultaneous aortic and venous oc-
clusion resulted in decreases in T2 of 23 ± 1%, 28 ± 1%, and 
20 ± 3% in the CO, OM, and IM (Figure 3C–E). Changes 
in T2* were more pronounced than T2 changes, though 
less dramatic than those observed with venous occlusion 
alone, with reductions of 46 ± 4%, 55 ± 2%, and 44 ± 4% in 
the CO, OM, and IM (Figure 3C–E). The T2 and T2* return 
to baseline were comparable to that upon release of aortic 
occlusion. Changes in T2 and T2* did not show any signifi-
cant correlation with changes in KS (Table 1).

2.2  |  Hypoxemia

A brief period of hypoxemia was induced by lowering the 
inspiratory oxygen fraction (FiO2) from 21% (normoxia) 

F I G U R E  1   Time courses during occlusion of the suprarenal aorta and recovery. (A) Exemplary T2* (left) and T2 (right) maps obtained 
for a rat kidney in vivo. Time course of relative changes (mean ± SEM) for (B) kidney size (cross-sectional area) and T2 (blue) and T2* (red) 
obtained for (C) cortex (CO), (D) outer medulla (OM), and (E) inner medulla (IM) before the intervention (baseline), during the intervention 
(green area), and during recovery. Absolute baseline values (mean ± SEM) are denoted; *p < 0.05; †p < 0.01; ‡p < 0.001.

(B) (C)

(D) (E)

(A)
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to 10% (hypoxia).45,48 Induction of hypoxemia reduced 
T2-derived KS by 2 ± 1%, and T2 in CO, OM, and IM by 
18 ± 3%, 15 ± 3%, and 8 ± 3% (Figure  4). T2*-derived KS 
was reduced by 3 ± 1%, and T2* was reduced by 23 ± 4%, 
29 ± 4%, and 25 ± 5% in the CO, OM, and IM. T2 changes 
correlated with changes in KS moderately in the OM, and 
weakly in the CO and IM; T2* changes correlated weakly 
only in the CO (Table 1).

2.3  |  X-ray CM iodixanol

Bolus injection of the CM, iodixanol, into the thoracic 
aorta induced a sustained increase in KS, as determined 
from T2 and T2* maps, with peaks of 10 ± 2% and 8 ± 2% 
about 6 min after the injection (Figure 5B). T2 increased 
by 14 ± 3% and 17 ± 5% in the CO and OM immediately 
after CM injection, then normalized (Figure  5C–E). In 
the IM, T2 decreased by 17 ± 7% about 17 min after CM 
and remained below baseline for the duration of the ob-
servation. T2* showed an initial increase of 21 ± 3% and 
24 ± 5% in the CO and OM immediately after CM, then 
decreased below baseline levels within about 16 min. In 
the IM, T2* decreased by 33 ± 11% by about 16 min and 
remained below baseline. T2 changes in the CO and OM 

were strongly correlated with changes in KS; T2* changes 
in the CO showed a weak correlation (Table 1).

2.4  |  Furosemide

Furosemide induced an increase of up to 4 ± 1% in T2-
derived KS (Figure  6B) and increased T2 in the CO and 
OM by up to 11 ± 2% and 19 ± 2%; changes in the IM were 
not significant (Figure 6C–E). T2*-derived KS changes did 
not reach statistical significance (Figure  6B). T2* in the 
CO and OM increased by up to 6 ± 1% and 28 ± 4%; T2* 
changes in the IM were not significant (Figure 6C–E). T2 
changes in the CO and OM showed strong correlations 
with changes in KS; T2 changes in the IM and T2* changes 
in the OM showed weak correlations (Table 1).

Urethane anesthesia provided stable systemic hemody-
namics throughout all experiments as monitored by arte-
rial pressure (Table S1).49

2.5  |  Biophysical model

Using the biophysical model described in the “Methods” 
section, we estimated changes in O2 saturation of Hb (Sat) 

T A B L E  1   Repeated-measures correlation between changes in kidney size and changes in T2 and T2* for six clinically relevant 
pathophysiological scenarios

Intervention Layer T2 RRM T2 R2 T2 p-value T2* RRM T2* R2
T2* 
p-value

Aortic Cortex 0.81 0.65 2 × 10−14 0.52 0.27 7 × 10−6

Occlusion Outer medulla 0.81 0.66 2 × 10−14 0.54 0.29 3 × 10−6

Inner medulla 0.66 0.43 3 × 10−8 0.44 0.19 2 × 10−4

Venous Cortex −0.54 0.29 7 × 10−6 −0.62 0.39 2 × 10−9

Occlusion Outer medulla −0.57 0.32 2 × 10−6 −0.42 0.18 2 × 10−4

Inner medulla −0.55 0.30 5 × 10−6 −0.38 0.15 6 × 10−4

Aortic-venous Cortex 0.18 0.03 0.26 −0.02 0.00 0.87

Occlusion Outer medulla 0.17 0.03 0.29 0.01 0.00 0.97

Inner medulla 0.23 0.05 0.15 0.10 0.01 0.45

Hypoxemia Cortex 0.38 0.15 1 × 10−2 0.43 0.18 1 × 10−3

Outer medulla 0.69 0.48 1 × 10−7 0.19 0.04 0.15

Inner medulla 0.46 0.21 1 × 10−3 0.24 0.06 0.07

Iodixanol Cortex 0.71 0.50 6 × 10−11 0.30 0.09 0.02

Outer medulla 0.60 0.36 2 × 10−7 0.10 0.01 0.45

Inner medulla −0.01 0.01 0.95 −0.02 0.00 0.90

Furosemide Cortex 0.79 0.64 2 × 10−5 0.30 0.09 0.19

Outer medulla 0.84 0.71 2 × 10−6 0.50 0.25 0.02

Inner medulla 0.51 0.26 0.02 0.19 0.04 0.40

Note: The bold values indicate p < 0.05, the exact p-values are given in columns 5 and 8.
Abbreviations: RRM, repeated measures correlation coefficient; R2, coefficient of determination.
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from measured changes in T2* and in kidney size for the 
three vascular occlusions. According to Equation (4) of 
the biophysical model, these changes are expressed by the 
ratio of (1 – Sat)occlusion/(1 – Sat0)before occlusion. The average 
(1 – Sat)/(1 – Sat0) ratio in all renal layers, for all three oc-
clusions, overall occlusion time points was approximately 
2.1 (range 1.9–2.9, Table 2). On average, a relative 2.1-fold 
increase in the proportion of deoxyHb was found.

3   |   DISCUSSION

Renal tissue hypoxia occurs very early in most forms of 
AKI and is a key feature in the progression to CKD and 
in diabetic kidney disease.29–36,50 MRI offers non-invasive 
full coverage of the kidney, and the MRI relaxation times 
T2*, T2 appear to be ideal surrogate markers of renal 

oxygenation. However, the relationship between renal 
tissue pO2 and T2*, T2 is confounded by changes in he-
matocrit, the O2 affinity of hemoglobin, and crucially, the 
blood and tubular volume fractions.9,19,27,28 Here, we per-
formed serial MR-based measurements of kidney size and 
T2*, T2 during clinically realistic interventions in rats, di-
rectly while they were in the MR scanner, to examine this 
relationship. Our results demonstrate that monitoring of 
KS allows physiological interpretation of acute renal oxy-
genation changes obtained by T2*, T2.

Several surgical procedures (e.g., partial nephrec-
tomy) require cross-clamping of the renal artery or 
suprarenal aorta, the renal vein, or simultaneous oc-
clusions of both.51,52 If maintained for too long, such 
occlusions risk renal ischemia–reperfusion injury. 
At the onset of occlusions, renal tissue perfusion and 
O2 delivery rapidly diminish, but O2 consumption by 

F I G U R E  2   Time courses during occlusion of the renal vein and recovery. (A) Exemplary T2,T2* maps obtained for a rat kidney in 
vivo. Time course of relative changes for (B) kidney size and T2,T2* for (C) CO, (D) OM, and (E) IM. Colors, absolute baseline values, and 
significance signs as in Figure 1.

(B) (C)

(D) (E)

(A)
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active tubular transports continues, leading to a rapid 
and massive decline in tissue pO2 and O2 saturation of 
hemoglobin in intrarenal blood.45 Our previous stud-
ies with invasive probes (the gold standard) showed an 
equivalent decrease in tissue pO2 and O2 saturation of 
hemoglobin following both venous occlusion and aor-
tic occlusion.27,45,53 However, in the present study, we 
observed that decreases in T2*, T2 following venous oc-
clusion were much more pronounced than for aortic 
occlusion. The reason for this discrepancy is that the 
changes in T2*, T2 reflect changes in the blood volume 
fraction in response to the occlusions, that is, changes 
in the amount of deoxyHb per tissue volume, rather 
than directly mirroring O2 saturation of hemoglobin. 
Upon aortic occlusion, the inflow of blood into the kid-
ney is abruptly stopped while outflow via the renal vein 
continues, until pressures in intrarenal vessels and the 

vena cava are equalized. This reduces intrarenal blood 
volume and deoxyHb.45,53 Conversely, upon venous 
occlusion, the outflow of blood is abruptly stopped, 
while the inflow via the renal artery continues until 
the distension of intrarenal vessels is counterbalanced 
by the resistance of the renal tissue and the relatively 
rigid capsule, leading to an increase in intrarenal blood 
volume and deoxyHb.45,53 Consequently, renal oxygen-
ation assessments by T2*, T2 alone will overestimate 
tissue hypoxia during venous occlusion and underes-
timate it during aortic occlusion. Simultaneous aortic 
and venous occlusion lowers tissue pO2 and O2 satura-
tion of hemoglobin by a comparable degree to aortic oc-
clusion and venous occlusion but does not change the 
blood volume fraction; accordingly, the decrease in T2*, 
T2 was less than for venous occlusion and more than for 
aortic occlusion, as illustrated qualitatively in Figure 7.

F I G U R E  3   Time courses during simultaneous occlusion of the aorta and the renal vein and recovery. (A) Exemplary T2,T2* maps 
obtained for a rat kidney in vivo. Time course of relative changes for (B) kidney size and T2,T2* for (C) CO, (D) OM, and (E) IM. Colors, 
absolute baseline values, and significance signs as in Figure 1.

(B) (C)

(D) (E)

(A)
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      |  7 of 16CANTOW et al.

Changes in renal blood volume in response to these 
interventions were associated with parallel changes 
in KS. Upon aortic occlusion, KS decreased, and this 
change was correlated with changes in T2*, T2 in all 
renal layers. Conversely, upon venous occlusion, KS in-
creased, and this was negatively correlated with changes 
in T2*, T2. With simultaneous aortic and venous occlu-
sion, there was no KS change, and no correlation with 
T2*, T2 changes (Figure 7). Thus, physiological interpre-
tation of T2*, T2 as surrogate markers for renal tissue 
oxygenation must take into account changes in KS. If 
T2*, T2 decrease and KS remains unchanged, tissue ox-
ygenation is reduced. If T2*, T2 decreases, and KS also 
decreases, the reduction in tissue oxygenation is more 
severe than if KS is unchanged; if T2*, T2 decreases, and 
KS increases, the reduction in tissue oxygenation is less 
severe.

Clinical scenarios with decreased hematocrit or re-
duced pulmonary O2 diffusion lead to arterial hypoxemia, 
and the risk of AKI.36,54 We induced arterial hypoxemia, 
thus reducing renal O2 supply. The decrease in blood pO2 
is attenuated by arterial chemoreceptor-actuated increase 
in ventilation. On the other hand, enhanced breathing 
reduces blood pCO2 and increases blood pH, which in-
creases the O2 affinity of hemoglobin so that it releases 
less O2 in the microcirculation.45 The ensuing decrease in 
renal tissue pO2 is milder than that during the vascular oc-
clusions,48 and the observed reduction in T2*, T2 are more 
subtle. The T2*, T2 decrease was accompanied by a KS 
reduction, which is related to hypoxemia-induced extra-
renal vasodilation, resulting in a drop in arterial pressure 
and an ensuing decrease in renal arterial inflow.45,48 Thus, 
T2*, T2 and KS measurements reveal even subtle changes 
in renal tissue oxygenation.

F I G U R E  4   Time courses during hypoxemia and recovery. (A) Exemplary T2,T2* maps obtained for a rat kidney in vivo. Time course of 
relative changes for (B) kidney size and T2,T2* for (C) CO, (D) OM, and (E) IM. Colors, absolute baseline values, and significance signs as in 
Figure 1.

(B) (C)

(D) (E)

(A)
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X-ray CM can induce AKI, especially at large doses ad-
ministered for cardiac interventions.4 This is the result of 
several mechanisms that lead to renal hypoperfusion and 
hypoxia,4 including fluid viscosity-induced increase in in-
tratubular pressure,39,40,55 resulting in intrarenal compart-
ment syndrome. We observed an initial increase in T2*, T2 
upon iodixanol injection in the CO and OM, followed by 
a decrease toward baseline levels for T2 and even lower 
levels for T2*. While these T2*, T2 changes are consistent 
with a previous MRI study,56 they differ from results we 
previously obtained with invasive pO2 probes.41 Using the 
same experimental paradigm as in the present study, we 
observed an immediate and massive drop in pO2 upon 
CM, that was sustained for 60 min.41 The explanation for 
this apparent discrepancy becomes clear when we note 
that KS increased upon CM injection, peaking within 
6 min, and remained enlarged throughout the observation 

period. This reflects the compartment syndrome that re-
sults in compression of the intrarenal vessels and thus 
decreased deoxyHb (Figure  7). While the initial T2*, T2 
increase in CO and OM appears to reflect improved tissue 
oxygenation, it in fact deteriorates, as demonstrated with 
the pO2 probes,41 and indicated here by the KS change. 
The sustained renal enlargement indicates continued 
compartment syndrome, and thus the apparent return of 
T2 toward baseline does not in fact reflect normalization 
of tissue oxygenation, and the T2* decrease below base-
line greatly underestimates the degree of hypoxia. These 
results underscore how MR-based assessment of renal ox-
ygenation by T2*, T2 is crucially dependent on monitoring 
accompanying changes in KS.

Furosemide has long been used in the clinic to in-
crease urine flow rate and sodium excretion, and a 
furosemide “stress test” is suggested to predict renal 

F I G U R E  5   Time courses following administration of an X-ray CM. (A) Exemplary T2,T2* maps obtained for a rat kidney in vivo. Time 
course of relative changes for (B) kidney size and T2,T2* for (C) CO, (D) OM, and (E) IM. Colors, absolute baseline values, and significance 
signs as in Figure 1.

(B) (C)

(D) (E)

(A)
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      |  9 of 16CANTOW et al.

disease progression.45,57 Furosemide decreases resorp-
tion in the thick ascending limb of the loop of Henle, 
resulting in increased tissue pO2, particularly in the 
OM,58 with reported increases in T2*, T2.45,59 While our 
present T2*, T2 results agree with these studies, our ob-
servation of a small KS increase indicates that this is 

not solely the result of improved oxygenation. Rather, 
the increased KS is likely due to increased tubular fluid 
volume in the distal nephron, resulting in a mild form 
of compartment syndrome, again illustrating how T2*, 
T2 overestimates tissue oxygenation if not adjusted by 
KS assessments.

F I G U R E  6   Time courses following administration of furosemide. (A) Exemplary T2,T2* maps obtained for a rat kidney in vivo. Time 
course of relative changes for (B) kidney size and T2,T2* for (C) CO, (D) OM, and (E) IM. Colors, absolute baseline values, and significance 
signs as in Figure 1.

(B) (C)

(D) (E)

(A)

1−Sat

1− Sat0
Cortex Outer medulla

Inner 
medulla

Aortic occlusion scan 1 2.15 ± 0.24 2.06 ± 0.13 2.35 ± 0.28

Aortic occlusion scan 2 2.25 ± 0.29 2.10 ± 0.14 2.32 ± 0.33

Venous occlusion scan 1 2.30 ± 0.15 2.23 ± 0.08 2.16 ± 0.19

Venous occlusion scan 2 2.29 ± 0.16 1.89 ± 0.11 2.90 ± 0.28

Combined occlusion scan 1 2.01 ± 0.13 2.20 ± 0.09 1.91 ± 0.10

Combined occlusion scan 2 2.01 ± 0.13 2.11 ± 0.11 2.04 ± 0.15

T A B L E  2   Ratio of (1 – Sat)occlusion/
(1 – Sat0)before occlusion obtained by the 
biophysical model for the three vascular 
occlusions (two consecutive T2* scans per 
occlusion)
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Measurements of acute changes in KS alone can not 
differentiate between changes induced by renal blood 
volume versus tubular volume changes. However, this 
distinction will often be clear from the specific inter-
vention performed in preclinical experiments, and will 
also be obvious in many clinical scenarios with acute 
KS changes. Furthermore, advanced MR methodology 
supports monitoring of acute changes in the tubular or 
in the blood volume fraction using diffusion-weighted 
imaging.60,61

The quantitative correction factors obtained for T2* 
and T2 (slope and intercept of the linear regressions with 
KS) for the specific interventions are only valid for the 
present experimental setting. Although similar qualitative 
relationships between acute changes in T2*, T2 and KS will 
exist for comparable acute interventions in preclinical and 
clinical studies, specific quantitative correction factors 
will naturally depend on the particular experimental or 
clinical setting including the magnetic field strength, and 
species. Chronic kidney diseases, especially those with 
fibrotic alterations, will greatly affect the quantitative re-
lationship between acute changes in T2*, T2 and KS. Our 
calculations for the three vascular occlusions demonstrate 
that the changes in O2 saturation of Hb (Sat) can be ex-
tracted from measured changes in T2* and in kidney size 
by use of a biophysical model.

Our data showed a (1 – Sat)/(1 – Sat0) ratio of ≈2.1, av-
eraged overall renal layers, all three occlusions, and over 
all occlusion time points, indicating a relative 2.1-fold in-
crease in the proportion of deoxyHb. To the best of our 
knowledge, to date the literature reports only Sat data for 
the cortex, but not for the outer and inner medulla of rats. 
Estimates based on invasive near-infrared spectroscopy 
suggest a baseline cortical blood Sat of approximately 
65%.53 The average (1 – Sat)/(1 – Sat0) ratio of 2.1 derived 
from our model calculations corresponds to a Sat decrease 
of about 60%. Assuming a baseline cortical Sat of 65%, 
the occlusion-induced Sat could be as low as 26%, which 
according to the oxyHb dissociation curve of rats, would 
be equivalent to a blood pO2 of about 22 mmHg.62 This is 
consistent with tissue pO2 data we previously obtained 
using invasive probes. During aortic or venous occlusions, 
cortical tissue pO2 decreased by 80–90%, reaching values 
<4 mmHg.27,53 This congruence indicates that the bio-
physical model yields physiologically plausible calibration 
ratios and Sat values.

The biophysical model facilitates quantitative assess-
ment of relative changes in Sat from relative changes 
in renal T2* and KS. It provided physiologically plau-
sible values for the specific setup used in our preclini-
cal study as a mandatory precursor to clinical studies. 
Due to its non-invasive nature, our approach suits swift 

F I G U R E  7   Schematic overview delineating the qualitative relationship between kidney size and T2*. T2* mirrors the amount of 
deoxygenated hemoglobin per tissue volume (voxel) represented here by blue erythrocytes. The scheme depicts the tubular volume, 
represented by radius (Rtub), the vascular volume represented by radius (Rvasc), the average tissue pO2, and the kidney size (KS) as well as 
their changes upon the acute interventions (not to scale). Changes in all parameters are expressed relative to normal baseline (arbitrarily 
defined as 1.0); approximate changes in tissue pO2 are derived from earlier studies.27,41,53,56 Changes in renal T2* result from changes in 
intrarenal oxygenation (the balance between O2 delivery and O2 consumption) and in the intrarenal blood volume fraction. Aside from 
changes exerted by active vasomotion, changes in blood volume result from passive distension of vessels (as during renal venous occlusion), 
or from passive compression of vessels (as during aortic occlusion or the distension of the tubules following X-ray contrast). In cases where 
the blood volume fraction is changed, T2* changes do not correctly mirror changes in oxygenation, that is, in renal tissue pO2. In acute 
scenarios such as occlusions and X-ray administration, changes in the vascular and tubular volume are often accompanied by changes in KS. 
Therefore, monitoring of changes in KS enables physiological interpretation of T2* as a measure of oxygenation.

normal baseline

T2* = 1.0
pO2 = 1.0
Rtub = 1.0
Rvasc = 1.0
KS= 1.0

arterial occlusion

T2* = 0.7
pO2 = 0.1
Rtub = 1.0
Rvasc = 0.8
KS= 0.9 arterio-venous occlusion

T2* = 0.5
pO2 = 0.1
Rtub = 1.0
Rvasc = 1.0
KS= 1.0

venous occlusion

T2* = 0.3
pO2 = 0.1
Rtub = 1.0
Rvasc = 1.2
KS= 1.1

x-ray contrast

T2* = 1.1
pO2 = 0.5
Rtub = 1.2
Rvasc = 0.9
KS= 1.1
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translation from pre-clinical research to human studies. 
It is very much conceivable that MR-based estimates of 
relative changes in Sat may ultimately become a diag-
nostic biomarker. However, a number of prerequisites 
must be fulfilled to meet this goal. While our study ob-
tained serial MR data in the same rats (intraindividual 
time courses) before the intervention (baseline) and 
during the acute intervention, this will be barely routine 
or practical in a typical clinical setting. To address this 
difference between our preclinical study and clinical re-
ality, it is essential to obtain age, BMI, sex, and magnetic 
field strength corrected normal reference values for 
renal T2* and KS in healthy humans using standardized 
MRI protocols. A similar approach has been used for 
myocardial T2* mapping, which is now very well estab-
lished for the quantitative assessment of tissue iron con-
tent and for the therapy of iron overload disorders.63–67 
It stands to reason that the normal reference values of 
renal T2* and KS can be deduced from large population 
imaging studies such as the German National Cohort 
or the UKBiobank.68,69 Using these standardized MR 
protocols in acute clinical scenarios, assessment of the 
deviation of the relationship between T2* and KS of 
individual patients or patient groups from the normal 
reference obtained for healthy subjects would allow 
quantitative estimation of alterations in O2 saturation of 
hemoglobin.

Our biophysical model assumes deoxyHb to be the 
dominating factor. This assumption applies very well to 
T2* which reflects the amount of deoxyHb per tissue vol-
ume. Its reciprocal value R2* is directly proportional to 
the fraction of deoxyHb (=1 – Sat) and the blood volume 
fraction (= blood volume/kidney volume).70 T2 is a phys-
ical constant for perfused tissue. Its reciprocal value R2 
scales linearly with blood oxygenation.71 R2 includes con-
tributions other than magnetic susceptibility. Modeling 
and calibration involved in converting T2 into Sat require 
further experimental studies.72 This calibration should 
include renal T2 mapping during hyperoxia (100% inspi-
ratory O2) to distinguish T2 contributions which are not 
related to magnetic susceptibility from those governed by 
the amount of deoxyHb per tissue volume.71 Upon suc-
cessful calibration of renal T2 versus Sat our biophysical 
model can be refined and applied for renal T2 oximetry, 
which will be our next target.

Previous studies showed that MR-based assessment of 
KS complements other markers for diagnosis and staging 
of kidney disorders. Here, we demonstrate that KS mon-
itoring is essential for the physiological interpretation of 
acute changes in renal tissue oxygenation derived from 
T2*, T2. As KS can be readily obtained from T2*, T2 maps 
without the need for additional scans, this should always 
accompany the assessment of MRI-derived oxygenation 

results. Driven by technical advances including simul-
taneous T2* and T2 mapping,61,73 renal MR oximetry can 
greatly support preclinical studies into the mechanisms 
of renal pathophysiology. Moreover, this non-invasive ap-
proach to probing renal oxygenation holds the promise of 
swift translation to human studies, for example, for the 
assessment of drug effects, and for clinically meaningful 
diagnosis. First steps toward this include adaptation of 
the MRI protocol for simultaneous KS and T2*, T2 mea-
surements, and reversible test interventions applicable to 
human beings.

4   |   METHODS

4.1  |  Animal preparation

Investigations were approved by the LaGeSo of Berlin 
in accordance with German Animal Protection Law and 
EU Directive 2010/63/EU. Male Wistar rats (n = 37, aged 
12–13 weeks, 270-300 g, Harlan-Winkelmann, Borchen, 
Germany) were studied. An intraperitoneal dose of ure-
thane (0.2  g/ml; 6  ml/kg, Sigma-Aldrich, Steinheim, 
Germany) was used as anesthesia throughout surgeries 
and MRI examinations. Urethane provides long-lasting 
anesthesia and has the least effects on cardiovascular 
and respiratory control compared to other anesthetics.49 
Preparation included insertion of vascular catheters and 
probes for measurements of hemodynamics and oxygena-
tion.41,46,53,74 In a subgroup (n = 13), two MR-safe remotely 
controlled inflatable occluders were applied around the 
suprarenal aorta and the left renal vein.45–47 Thereafter, 
rats were transferred into the MR scanner. They were 
spontaneously breathing and continuously provided with 
air (1 L/min). Body temperature was maintained at 37°. A 
balloon on the thorax was used for respiration-triggered 
MR data acquisition.45,46

4.2  |  MRI experiments

MRI data were acquired on a 9.4 Tesla small animal MR 
system (Bruker Biospec 94/20, Bruker Biospin, Ettlingen, 
Germany) using a linear radiofrequency volume resona-
tor and a 4-channel surface coil array tailored for rats 
(Bruker Biospin).37 For geometrical planning and slice 
positioning, T2-weighted pilot scans were acquired. Local 
volume selective magnetic field shimming was done on 
an ellipsoid accommodating the left kidney using an au-
tomatic optimization algorithm based on free induction 
decay length. T2* and T2 mapping were performed with 
respiration-gated protocols. Details of the MRI parameters 
are listed in Table 3.
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4.3  |  Image analysis

Parametric maps of absolute T2* and T2 were calculated by 
pixel-wise mono-exponential fitting to the signal intensities 
of the T2*-  and T2-weighted images acquired at different 
echo times.37 Median T2* and T2 values for regions-of-
interest (ROI) within the renal cortex (CO), outer medulla 
(OM), and inner medulla (IM) were calculated from the 
parameter maps. ROI placement was done with a stand-
ardized semi-automatic method, as previously described.75 
This procedure positions the ROIs (5 for CO and OM each, 
3 for IM) such that they exclude the transition regions be-
tween renal layers to avoid partial volume effects. For T2*, 
T2 mapping-based determination of KS, segmentation of 
the coronal mid-slice cross-sectional area of the kidney 
(here referred to as “kidney size,” KS) was done using a pre-
viously described automatic bean-shaped model.37

4.4  |  Longitudinal quantification of 
changes in kidney size and oxygenation 
upon pathophysiological interventions

To investigate the relationship between changes in T2*, T2 
and KS, six pathophysiologically relevant interventions 
that alter renal tissue oxygenation reversibly (brief occlu-
sion of the suprarenal aorta, the left renal vein or both; 
hypoxemia), and with longer-lasting effects (injection of 
CM or furosemide) were used. In addition to their effects 
on oxygenation, occlusion of the aorta results in decreased 
renal blood volume, occlusion of the renal vein induces 
an increase in renal blood volume, and simultaneous 
occlusion of both vessels does not affect renal blood vol-
ume. Administration of CM is expected to increase the 
tubular volume fraction concomitant with its effect on 
oxygenation.

Rats equipped with vascular occluders underwent a se-
ries of interleaved T2* and T2 mappings (short: MR scans) 
prior to the occlusions (control period), during occlusions, 
and following the release of occlusions. The aorta was oc-
cluded for 3.8 ± 0.3 min (n = 13 rats; time depending on 
respiration gating). The occluder was then deflated, and 
the animals were allowed to recover for at least 7  min 
to ensure complete restoration of pre-occlusion hemo-
dynamics and oxygenation. Time of flight-based MR an-
giography was performed immediately after inflation/
deflation of the occluder to confirm occlusion/reperfusion 
of the vessels.45–47 After recovery from the aortic occlu-
sion, the same procedure was performed for renal venous 
occlusion (n  =  12), and subsequently for simultaneous 
combined aortic and venous occlusion (n = 10).

In the second subgroup (n = 11), rats underwent MR 
scans during a control period of normoxia with an FiO2 
of 21%, during a short period (3.8 ± 0.1  min) of hypoxia 
(FiO2 = 10%) and 10 min of recovery (FiO2 = 21%). The 
FiO2 was monitored as previously described.45,48

In the third subgroup (n  =  8), rats underwent MR 
scans before (control) and following a 1.5  ml bolus of 
iodixanol solution (320 mg/ml iodine, GE Healthcare 
Buchler, Braunschweig, Germany) injected into the tho-
racic aorta, followed by 0.2 ml saline chaser, as previously 
described.40,41

In the fourth subgroup (n  =  5), rats underwent MR 
scans before (control) and following an i.v. bolus of furo-
semide (5 mg/kg, ratiopharm GmbH, Ulm, Germany) fol-
lowed by a 0.2 ml saline chaser.

4.5  |  Statistical analysis

Data were evaluated for Gaussian distribution using 
the Shapiro–Wilk test. Relative intervention-mediated 

T2*-mapping T2-mapping

Method Multi gradient-echo 
MRI

Multi spin-
echo MRI

Repetition time TR (ms) 50 500

Number of echoes 10 13

First echo time TE1 (ms) 2.1 6.4

Inter-echo time ΔTE (ms) 2.1 6.4

Excitation flip angle (°) 16 90

Number of averages NA 4 1

Acquisition time tacq. (s) 23 58

In-plane spatial resolution w/o zero filling (μm2) 226 × 445

Field of view (mm2) 38.2 × 50.3

Matrix size 169 × 113 (zero-filled to 169 × 215)

Slice thickness (mm) 1.4

T A B L E  3   Details of MRI protocols 
used for T2* and T2 mapping
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changes in KS and T2*, T2 were analyzed using the non-
parametric repeated-measures Friedman test, followed by 
Dunn's post hoc test with the Benjamini-Hochberg cor-
rection for multiple comparisons. Correlations between 
relative changes in KS and T2*, T2 were assessed using 
repeated-measures correlation.76 Data were analyzed 
using R v.3.6.3 with the packages “rstatix,” “dunn.test,” 
and “rmcorr.”77–79 p < 0.05 was considered significant.

4.6  |  Biophysical model

To evaluate the quantitative features of the observed T2*-
based signal changes and the relative changes in KS, we 
used a model to extract changes in O2 saturation of Hb 
(Sat) from measured changes in T2* and in KS for the 
three interventions involving vascular occlusions.

T2* reflects the amount of deoxygenated Hb per tissue 
volume. Its reciprocal value R2* is proportional to the frac-
tion of deoxygenated Hb (=1 – Sat) and the blood volume 
fraction (BVF = blood volume [BV]/kidney volume [KV]).70

For the model, we assume that all changes in KV (ΔKV) 
during the vascular occlusions are caused by blood volume 
changes ((ΔBV).

 With this assumption, the ratio of R∗
2
 obtained during the 

occlusions versus R∗
2
 observed for baseline conditions (R∗

20
) 

prior to the occlusion can be expressed as:

 Rearranging the ratio of the deoxygenated Hb fractions 
and substituting changes in the blood volume fraction (BVF 
= BV/KV) leads to:

 Equation (4) relates the R∗
2
 ratio to the ratio of the de-

oxygenated Hb fractions using the baseline blood volume 
fraction and the relative kidney volume change as correc-
tion factors.

Assuming (i) that the O2 saturation of Hb at baseline 
and the degree of its decrease during the occlusions do 
not differ among the three occlusions, and (ii) that the KV 

changes are uniform across the kidney, we can estimate 
the baseline BVF0 for the three renal layers. This estima-
tion permits the calibration of Equation (4) to convert R∗

2
 

ratios to ratios of (1 – Sat).
We measured kidney size by planimetry of the mid-

slice cross-sectional area (A). We converted this into kid-
ney volume under the assumption that changes in the 
third dimension are similar to changes in the two mea-
sured dimensions:

The calibration was done by minimizing the variance 
of the resulting 1−Sat

1−Sat0
 on the average deviation among the 

three occlusions. The calculated calibration factors BVF0 
were 0.268, 0.394, and 0.273 for CO, OM, and IM, 
respectively.
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