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Abstract
Aim: Disturbances of renal medullary perfusion and metabolism have been impli-
cated in the pathogenesis of kidney disease and hypertension. Furosemide, a loop 
diuretic, is widely used to prevent renal medullary hypoxia in acute kidney disease 
by uncoupling sodium metabolism, but its effects on medullary perfusion in humans 
are unknown. We performed quantitative imaging of both renal perfusion and oxy-
genation using Magnetic Resonance Imaging (MRI) before and during furosemide. 
Based on the literature, we hypothesized that furosemide would increase medullary 
oxygenation, decrease medullary perfusion, but cause minor changes (<10%) in 
renal artery flow (RAF).
Methods: Interleaved measurements of RAF, oxygenation (T2*) and perfusion by 
arterial spin labelling in the renal cortex and medulla of 9 healthy subjects were 
acquired before and after an injection of 20 mg furosemide. They were preceded by 
measurements made during isometric exercise (5  minutes handgrip bouts), which 
are known to induce changes in renal hemodynamics, that served as a control for 
the sensitivity of the hemodynamic MRI measurements. Experiments were repeated 
on a second day to establish that the measurements and the induced changes were 
reproducible.
Results: After furosemide, T2* values in the medulla increased by 53% (P < 0.01) 
while RAF and perfusion remained constant. After hand‐grip exercise, T2* values 
in renal medulla increased by 22% ± 9% despite a drop in medullary perfusion of 
7.2% ± 4.7% and a decrease in renal arterial flow of 17.5% ± 1.7% (P < 0.05). Mean 
coefficients of variation between repeated measurements for all parameters were 7%.
Conclusion: Furosemide induced the anticipated increase in renal medullary oxy-
genation, attributable exclusively to a decrease in renal oxygen consumption, since 
no change of RAF, cortical or medullary perfusion could be demonstrated. All meas-
ures and the induced changes were reproducible.
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1 |  INTRODUCTION

The renal medulla has a complex structure of parallel tubules 
and vessels running from the cortex to the papillae and back, 
enabling the concentration of urine. The combination of low 
flow and high metabolism in this system creates a very low 
oxygen tension, on the edge of hypoxia. Alterations in per-
fusion or metabolic rate which further reduce medullary ox-
ygenation has been implicated in the pathogenesis of acute 
kidney disease (acute tubulointerstitial nephropathy),1 but 
also some forms of chronic kidney disease,2 essential hyper-
tension3 and hypertension secondary to other causes, such as 
renal artery stenosis.4

Reliable and non‐invasive methods to study these mecha-
nisms in the human kidney are therefore mandatory, but have 
not been accessible until recently.5-9 Renal blood oxygen-
ation can be monitored with Magnetic Resonance Imaging 
(MRI) using the paramagnetic property of deoxyhemoglobin 
as a surrogate measure using the blood oxygenation level‐
dependent contrast (BOLD). The BOLD imaging signal 
is expressed by the transverse relaxation time (T2*) or rate 
(R2* = 1/T2*). Renal tissue perfusion can be measured nonin-
vasively with MRI using arterial spin labelling (ASL), whilst 
phase contrast (PC) MRI can be used to measure renal artery 
flow (RAF). Changes in the human renal cortex and medulla 
oxygenation have been reported by several authors during 
various manipulations, including furosemide injection.10,11 
However, tissue oxygenation depends on the net balance be-
tween oxygen delivery and oxygen consumption.9 T2* mea-
surements do not differentiate between these factors and, 
for this reason, it has been suggested that the measurement 
of renal blood flow is mandatory to interpret renal T2* val-
ues.12,13 Recently, hand grip exercise has been demonstrated 
to induce a similar increase in medullary T2* values indicat-
ing increased blood oxygenation6 although renal blood flow 
and medullary perfusion contradicting common assumptions 
regarding perfusion and blood oxygenation. Hand grip ex-
ercise reduces RAF via a powerful stimulating effect on the 
renal sympathetic nerve activity.14

Furosemide, a loop diuretic, is among the most widely 
used drugs, being a cornerstone in the treatment of fluid 
overload in diseases such as heart failure and CKD and pre-
viously used to prevent acute tubulointerstitial nephropa-
thy.15 Furosemide has its main action as an inhibitor of the 
sodium‐potassium‐chloride cotransporter (NKCC2) in the 
tubular epithelium in the thick ascending limb of Henles 
loop, thus uncoupling the sodium reabsorption in the 
renal medulla. Inhibition of NKCC2 in the macula densa 
blunts the expected tubuloglomerular feedback response 
to the increased distal sodium delivery.16,17 It has become 
clear though, that furosemide has complex systemic and 
renal effects that may affect renal perfusion as well as 
metabolism.18

The purpose of this study is to determine whether or not 
the previously reported furosemide induced changes in renal 
blood oxygenation result from a haemodynamic response. We 
hypothesise that T2*, renal perfusion and renal artery blood 
flow measures will remain constant based on our belief that 
these changes in blood oxygenation are driven by reductions 
in metabolism.

2 |  RESULTS

All nine subjects completed the scanning protocol. 
Physiological monitoring (BP, SaO2 and HR) was completed 
in all but three scan sessions due to technical reasons.

2.1 | RAF, T2* and perfusion
Following the injection of furosemide, a significant increase in 
T2* (P < 0.001) was observed in the medulla (group average 
resting T2* value of 22.3 ± 2.6 ms increasing to 35 ± 2.6 ms 
on furosemide). In the renal cortex, mean T2* values increased 
slightly from 49.5 ± 2.0 ms to 51.3 ± 3.0 ms No significant 
changes in perfusion in the medulla or cortex were noted, nor 
were there any significant changes in RAF. Relative changes 
in all parameters are shown in Figure 2, and mean results from 
all MRI measurements with CVs between Day 1 and Day 2 
are presented in Table 1. Data from an extra trial from one 
subject showing changes in renal T2* each minute after the 
furosemide injection is also presented in Figure 3. After four 
minutes of handgrip exercise, perfusion decreased (P < 0.05) 
by −8.2% ± 1.% and −7.2% ± 4.7% in the cortex and medulla, 
respectively, whereas RAF decreased by −17.5% ± 1.7%. T2* 
increased in the medulla by 24.0 7.4% (P < 0.01) as opposed to 
no significant change in the cortex (Figure 2).

2.2 | Reproducibility
Resting measurements of T2* and renal artery blood flow 
were consistent between Day 1 and Day 2 with CV values of 
less than 6.5%. Perfusion measurements ranged from 230 to 
343 mL 100 g−1 min−1 in the cortex, 34‐50 mL 100 g−1 min−1 
in the medulla with CV values of 5% and 11%, respectively, 
between Day 1 and Day 2. An example perfusion map from 
one subject's Day 1 scan is shown in Figure 4. Renal artery 
blood flow ranged between 3.6 and 7.3 mL s−1 with a repro-
ducibility CV of 6.6%. Lastly, T2* values ranged from 45 to 
53 ms in the cortex and 18 to 26 ms in the medulla, with CV 
values of 4.2% and 6.4%, respectively.

2.3 | Hemodynamics
Blood pressure, oxygen saturation and pulse remained con-
stant after injection of furosemide (Table 2). Group average 
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blood pressure and oxygen saturation remained within 1% of 
preinjection values.

3 |  DISCUSSION

In this study, we demonstrate the applicability and repro-
ducibility of a combined multiparametric MRI protocol to 
concurrently measure variations in renal artery blood flow, 
and oxygenation (T2*) and perfusion (ASL) in the renal cor-
tex and medulla during an intervention. The combination of 
these interleaved measurements enables an improved inter-
pretation regarding oxygen consumption in the kidney. After 
the injection of furosemide, a significant increase in medul-
lary T2* was observed in the renal medulla, while renal artery 
blood flow and perfusion were unchanged. This suggests that 
changes in T2* are not the result of increased perfusion, but 
likely due to a decrease in metabolism caused by the uncou-
pling of sodium transport in the loop of Henle. In contrast, 
in our previously published study with renal sympathetic ac-
tivation elicited by handgrip exercise,6 T2* increased in the 
medulla despite a decrease in medullary perfusion. We inter-
pret this increase as being due to reduced metabolism caused 
by reduced renal artery blood flow and hence reduced distal 
sodium delivery.

Values obtained for baseline parameters are in good 
agreement with values reported in earlier studies. Cortical 
perfusion has previously been measured to be 321,19 278 mL 
100 g−1 min−1,20 and 254 mL 100 g−1 min−1 using Gd con-
trast21 which compares well with our group mean of 273 mL 
100  g−1 min−1. Other MR‐based approaches have also re-
ported similar results, with values of 339 mL 100 g−1 min−1 
using iron oxide nanoparticles.22 ASL was chosen for this 
study due to its ability to provide repeated measurements, not 
possible using methods requiring contrast or invasive proce-
dures. We find a difference between cortical and medullary 
T2* with a mean ratio of 2.4, in agreement with two other 3T 
studies in healthy subjects23,24 which have identical water ab-
stinence periods before the study, while subjects in the study 
by Pruijm et al25 were hydrated. After furosemide, T2* was 
unchanged in the cortex but increased in the medulla, reach-
ing a maximum value after approximately 5 minutes, which 

FIGURE 2 Response to Furosemide. Percent change in MRI 
parameters of T2* and perfusion in renal cortex and medulla, and renal 
artery flow, measured before and after the furosemide injection (A). 
Only T2* in the medulla increased significantly (P < 0.01) and there 
were no significant changes between the two post injection time points. 
Both flow and cortical flow remained constant with changes averaging 
less than 5%. (B): For comparison, we show changes during the subjects 
handgrip exercise for the same trials (this handgrip data is included in 
a larger dataset published in Haddock et al6) with renal artery blood 
flow and perfusion decreasing significantly during the intervention 
(P < 0.05). Error bars are ± SEM. Measures of T2* and renal artery flow 
are collected over ~30 s and for perfusion over ~3 min. Time points are 
centred to the middle of the measurement period

F I G U R E  1  Flowchart of MRI data 
acquisition. In the MRI session, two data 
sets were collected for each MRI parameter 
(perfusion, RAF and T2*) prior to the 
injection of furosemide and then again 
afterwards. Measurements were collected 
in the order shown in the figure. Total scan 
time was approximately 45 min



4 of 8 |   HADDOCK et Al.

is comparable to the findings of Tumkur et al23 In this study, 
the mean cortical/medullary T2* ratio fell to 1.5 after furo-
semide injection. Repeated examinations on separate days 
showed good reproducibility as expressed by low CV values 
for all parameters. This includes the response to furosemide 
in subjects having received an injection on both days. Two 
recent studies have found similar reproducibility when mea-
suring renal artery blood flow with phase contrast MRI (CV 
of 8%‐9%),26,27 though earlier studies have experienced larger 
variation.28 Likewise, cortical perfusion and T2* measure-
ments also had reproducibility values similar to or lower than 
CV values reported in the recent literature.5,19,27,29,30

An increase in T2* in the renal medulla after furosemide, 
indicating a decreased concentration of deoxyhemoglobin, 
has been reported by several other investigators11,13,23,24,31,32 
and has been ascribed to reduced oxygen consumption due 
to metabolic uncoupling of the sodium pump in the thick 
ascending limb of the loop of Henle. However, the possible 
influence of flow changes has not been addressed in human 
studies. Furosemide has additional effects on the kidney, in-
cluding a fast onset and a volume independent increase of 
the renal sympathetic nerve activity.33 It is also well recog-
nized that furosemide stimulates the renin‐angiotensin sys-
tem, increasing plasma renin concentrations within as little 
as 10 minutes after injection of furosemide. Therefore, flow 
changes in the medulla as well as cortex, and metabolic 
changes due to changes of sodium load and distal sodium 
delivery are likely to occur, and hence may also influence 
T2*. The effect of furosemide stimulation on medullary per-
fusion has, to our knowledge, not previously been studied in 
humans, and results in animal studies have been conflicting. 
Brezis et al34, using oxygen electrodes and Doppler probes, 
noted a marked increase in medullary oxygenation despite 
a 26% decrease in medullary blood flow in rats. Kirchner35 
found a decrease of medullary blood flow, but only in rats 
pre‐treated with indomethacin. Dobrowolski36 found a de-
crease in almost 50% of medullary blood flow in dogs within 
10 minutes after furosemide injection, and this decrease was 

preventable by AT‐II blockade with saralasin or losartan. 
Likewise, Spitalewitz et al37 found a decrease in medullary 
blood flow (despite an increase in total renal blood flow) 
after furosemide that could be prevented by saralasin. We 
note that the doses of furosemide administered in the afore-
mentioned animal studies were much higher ( ~4 mg kg−1 vs. 
~0.3 mg kg−1) than the dose we have used.

Limitations of this study can be attributed to unknown 
physiological factors, technical issues and a lack of stan-
dardization in this area. When comparing MRI‐based mea-
surements of the kidney, a standardized segmentation to 
define cortical and medullary tissue of the kidney is lack-
ing, and a clear consensus is yet to emerge. This challenge is 
amplified given that the cortex is a relatively thin layer and 
that contrast between the outer and inner medulla (which 
have been shown in animal studies to react differently to 
certain stimuli) is poor. In this study, the main emphasis 
was on reproducibility and changes in measured values 
after furosemide injection. Thus, since the same ROIs were 
used before and after injection, and the same techniques 

F I G U R E  3  Continuous measurements of T2*. Absolute T2* 
measures in a single subject before and after injection of furosemide

T A B L E  1  Measured values and coefficient of variation

Resting After furosemide

Mean value (all subjects)
CV Day1 to Day 2 
(all subjects) Mean value (all subjects)

CV Day 1 to Day 2 
(3 subjects)

T2* Cort 50 ± 2 ms 4.2% 51 ± 3 ms 4.7%

T2* Med 23 ± 4 ms 6.4% 35 ± 7 ms* 8.6%

Perf Cort 273 ± 38 mL 100 g−1 min−1 5.1% 280 ± 41 mL 100 g−1 min−1 8.4%

Perf Med 38 ± 5 mL 100 g−1 min−1 11.2% 39 ± 7 mL 100 g−1 min−1 5.6%

Renal Flow 709 ± 176 mL min−1 6.6% 710 ± 155 mL min−1 5.8%
Mean and standard deviation together with coefficient of variation (CV) for BOLD T2* values of oxygenation, perfusion measured using arterial spin labelling (ASL), 
and renal artery blood flow (right renal artery) calculated using phase contrast MRI. Subjects were scanned with these MRI techniques on two separate days though 
only 3 subjects received a second injection of furosemide. Mean values after furosemide include both measures for each parameter between 3 and 12 min post–injec-
tion for all subjects. For measurement time points see Figures 1 and 2 (*P < 0.01).
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for drawing ROIs and thresholding were used between Day 
1 and Day 2, limiting the impact of ROI choice. A second 
technical challenge in this study is the use of multiple im-
ages in calculations requiring coregistration due to breath-
ing. Other studies have evaluated the benefits of breath 
holding and respiratory gating to reduce movement,38,39 
though the reported improvements increase scanning time 
which would be a severe limitation in this study given the 
repeated interleaved measurements required. T2* has been 
validated to have a linear relationship to renal cortical and 
medullary tissue PO2 levels40,41 and changes in T2* (or 
BOLD signal) have been validated as an indirect measure 
of changes in renal blood oxygenation.7,9,42 Still, shifts in 
factors such as arteriovenous shunting, plasma skimming 
and pH may alter the relationship between T2* and oxygen-
ation.12 Lastly, physiological changes that vary from Day 
1 to Day 2 or that are induced by furosemide could affect 
our measurements including hydration and sodium levels.

3.1 | Perspectives
Measurements of renal cortical and medullary blood flow in 
combination with BOLD may be an important tool treating 

patient groups where complex interactions can be expected 
between renal perfusion and metabolism, such as CKD.13,43,44 
In diabetic nephropathy, signs of hypoxia have been demon-
strated in humans using MR‐BOLD in the renal cortex and 
medulla,45,46 and hypoxia in the medulla and cortex increases 
in the initial stages of nephropathy before decreasing to lev-
els lower than normal with increasing disease severity.47 
This effect can perhaps be explained using simultaneous 
measurements of cortical and medullary perfusion. Further, 
these techniques can be combined with additional MRI tech-
niques such as oxygen tension measures48 which may pro-
vide a more complete functional assessment and is clinically 
feasible. The pathogenesis of human essential hypertension 
is still unknown, but counteracting mechanisms that regulate 
medullary blood flow and oxygenation are believed to play 
a central role.3

In conclusion, using a contrast‐ and radiation‐free method, we 
have collectively measured changes in flow, perfusion and oxy-
genation in the renal cortex and medulla in humans. We could 
not only demonstrate the acknowledged increase in T2* in the 
medulla after injection of furosemide, but moreover confirm that 
it is not the result of changes in perfusion. The increase in T2* is, 
therefore, more likely ascribed to changes in oxygen tension due 

F I G U R E  4   T2* and perfusion maps 
from one subject. Perfusion maps A) in mL 
100 g−1 min−1 obtained from one subject 
during a single trial at baseline and after 
furosemide injection and B) T2* maps in 
ms for the same subject. There were no 
significant changes in medullary or cortical 
perfusion, whilst there was a significant 
increase in medullary T2*, reducing the 
corticomedullary contrasts

T A B L E  2  Physiological parameters

2 min prior to injection 0‐5 min 6‐10 min

Blood pressure (mmHg) 131/73 ± 9/8 131/72 ± 8/8 132/73 ± 10/8

Heart rate (bpm) 56 ± 6 55 ± 6 56 ± 7

SaO2 (%) 97.8 ± 0.9 97.7 ± 0.9 97.7 ± 0.6
Mean values of blood pressure, heart rate and blood saturation (SaO2) in all subjects prior to and at intervals after injection of furosemide. There were no significant 
changes in any of the three parameters after furosemide injection.
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to decreased metabolism. The combination of perfusion, renal 
flow and T2* may be useful in the future research.

4 |  MATERIALS AND METHODS

4.1 | Subjects
The study was approved by the local ethics committee, pro-
tocol H‐4‐2013‐132, and the participants gave informed 
written consent to participate according to the Helsinki decla-
ration. Nine healthy adult subjects (age 20‐48 years, 6 males, 
BMI = 23.6 ± 2.9) with no history of high blood pressure 
and systolic blood pressure < 130 mmHg were included in 
the study.

4.2 | Scanning protocol
The subjects were scanned on two occasions. All subjects 
were scanned between 6:00 AM and 12:00 PM, having fasted 
and thirsted from 11 PM the evening prior, to ensure similar 
degree of hydration with moderate activation of the urinary 
concentration mechanism. Scanning was performed on a 3‐T 
Philips Achieva scanner using the scanners body transmit and 
a four‐element SENSE cardiac receive coil. Subjects were 
scanned using MRI sequences to map ASL perfusion and 
BOLD T2* in the kidneys, and to measure blood flow in the 
renal artery. All three measurements were performed twice 
as shown in the scanning protocol in Figure 1. The scanning 
protocol was then repeated after the injection of 20  mg of 
furosemide. On a second day, subjects were scanned at the 
same time under the same conditions using an identical pro-
tocol, though the injection of furosemide and post injection 
scans were only repeated on a random subset of three sub-
jects. Blood pressure (BP), blood oxygenation (SaO2) and 
heart rate (HR) were measured using a Veris Monitor system 
(MEDRAD, Pittsburgh, Pennsylvania, USA). The total scan 
time was approximately 35 minutes.

Prior to furosemide injection, subjects were scanned 
during a 5 minute handgrip exercise paradigm, known to in-
stigate reductions in renal blood flow and perfusion using the 
same MRI measures as described in this procedure. Handgrip 
data from these subjects are also included in a larger pub-
lished study where the complete hand grip intervention and 
data analysis have been described and the results analysed.6 
Results for subjects in this study have not previously been 
reported as a separate subgroup.

4.3 | Arterial spin labelling
ASL data were collected using a FAIR labelling scheme with 
a post‐label delay of 1100 ms and a balanced fast field echo 
(bFFE) readout scheme (TR 3.2 ms/TE 1.6 ms, flip angle 60o 
SENSE factor 2 and linear acquisition).5 The matrix size was 

144 × 144 covering a FOV of 288 mm × 288 mm with a 5 mm 
slice thickness. Acquisition parameters employed for acquir-
ing ASL, T1 maps and M0 data are described in Gardener 
et al38 tag/control ASL pair was collected every 6  s with 
30 ASL pairs acquired for each ASL measurement. A base 
equilibrium M0 scan and T1 map (TI values of 200‐1300 ms 
(100 ms steps) and 1500 ms) were acquired using respiratory 
triggering to allow ASL perfusion quantification.

After motion correction, the mean perfusion weighted 
difference of the control‐label pairs of images were quanti-
fied on a voxel‐by‐voxel basis, using the simplified perfusion 
model neglecting transit time effects and exchange time.49

where M0 is tissue equilibrium magnetization, T1 is the lon-
gitudinal relaxation in seconds, f is the perfusion rate in 
mL 100 g−1 min−1, and λ is the blood‐tissue partition coeffi-
cient, assumed to be 0.8 mL g−1 for kidneys.20

4.4 | Transverse relaxation time, T2*
Single slice 2D multi‐echo fast‐field echo (mFFE) images 
were acquired using the same FOV and matrix as the ASL 
data with no SENSE factor, a TR of 59 ms and a flip angle of 
10o. A total of 8 echoes were acquired per measurement, with 
an initial echo time (TE) of 1.4 ms and echo spacing of 8 ms 
steps. All 8 echoes were acquired in a single breath hold of 
approximately 25 seconds. T2* maps were calculated using a 
least squares fit minimizing to the equation:

4.5 | Renal artery blood flow
Blood flow in the renal artery was calculated using phase 
contrast MRI (PC‐MRI). A single slice placed perpendicu-
lar to the renal artery of the right kidney was acquired using 
cardiac gating to image 20 time points of the cardiac cycle. 
Velocity encoding of 200  cm  s−1, a TE/TR of 2.8/4.7  ms 
and turbo field echo acquisition were used with acquisi-
tion voxel dimensions of 2.5 × 2.5 × 8 mm reconstructed to 
1.25 × 1.25 mm. All frames were acquired in a single breath 
hold of approximately 25 seconds. Renal artery blood flow 
was calculated from acquired images using Q‐flow software 
(Philips Medical Systems, Best), by selecting ROIs includ-
ing the entire area of the renal artery cross section with each 
frame after correction for motion.

4.6 | Data analysis
Reported values of cortical and medullary perfusion and T2* 
are mean values from ROIs drawn on both kidneys. ROIs 
were drawn to include as much as possible the entire volume 
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of tissue excluding artefacts. Medullary ROIs were drawn to 
cover the innermost half of the medulla volume. All image 
manipulation, coregistration, calculations and statistical 
analysis were performed using scripts created in MATLAB 
2013b (MathWorks, Natick, MA, USA).

4.7 | Statistical analysis
Changes in parameters from the first two baseline measures 
and the two measures during intervention (handgrip exer-
cise and after furosemide injection) were calculated and 
tested for significance using a two‐way ANOVA test with 
a threshold value of P  <  0.05. Measurements are reported 
as mean ± standard deviation (SD). The coefficient of varia-
tion (CV) was calculated between measures on the first and 
second day. Handgrip data have been included in a separate 
study where repeatability and comparisons with physiologi-
cal data are reported and discussed.6

CONFLICTS OF INTEREST

The authors declare no competing financial interests.

ORCID

Bryan Haddock   https://orcid.org/0000-0002-9721-4712 

REFERENCES

 1. Brezis M, Rosen S. Hypoxia of the renal medulla—its implications 
for disease. N Engl J Med. 1995;332:647‐655.

 2. Heyman SN, Khamaisi M, Rosen S, Rosenberger C. Renal paren-
chymal hypoxia, hypoxia response and the progression of chronic 
kidney disease. Am J Nephrol. 2008;28:998‐1006.

 3. Cowley AW, Abe M, Mori T, O'Connor PM, Ohsaki Y, Zheleznova 
NN. Reactive oxygen species as important determinants of medul-
lary flow, sodium excretion, and hypertension. Am J Physiol Renal 
Physiol. 2015;308:F179‐F197.

 4. Burke SL, Head GA, Lambert GW, Evans RG. Renal sympathetic 
neuroeffector function in renovascular and angiotensin II‐depen-
dent hypertension in rabbits. Hypertension. 2007;49:932‐938.

 5. Cox EF, Buchanan CE, Bradley CR, et al. Multiparametric renal 
magnetic resonance imaging: validation, interventions, and alter-
ations in chronic kidney disease. Front Physiol. 2017;8:696.

 6. Haddock BT, Francis ST, Larsson H, Andersen UB. Assessment of 
perfusion and oxygenation of the human renal cortex and medulla 
by quantitative MRI during handgrip exercise. J Am Soc Nephrol. 
2018;29:2510‐2517.

 7. Pruijm M, Mendichovszky IA, Liss P, et al. Renal blood oxygen-
ation level‐dependent magnetic resonance imaging to measure 
renal tissue oxygenation: a statement paper and systematic review. 
Nephrol Dial Transplant. 2018;33:ii22‐ii28.

 8. Niendorf T, Pohlmann A, Arakelyan K, et al. How bold is blood 
oxygenation level‐dependent (BOLD) magnetic resonance imag-
ing of the kidney? Opportunities, challenges and future directions. 
Acta Physiol (Oxf). 2015;213:19‐38.

 9. Liss P, Cox EF, Eckerbom P, Francis ST. Imaging of intrarenal 
haemodynamics and oxygen metabolism. Clin Exp Pharmacol 
Physiol. 2013;40:158‐167.

 10. Hall ME, Rocco MV, Morgan TM, et al. Chronic diuretic therapy 
attenuates renal BOLD magnetic resonance response to an acute 
furosemide stimulus. J Cardiovasc Magn Reson. 2014;16:17.

 11. Gloviczki ML, Glockner J, Gomez SI, et al. Comparison of 1.5 and 
3 T BOLD MR to study oxygenation of kidney cortex and medulla 
in human renovascular disease. Invest Radiol. 2009;44:566‐571.

 12. Pruijm M, Milani B, Burnier M. Blood oxygenation level‐depen-
dent MRI to assess renal oxygenation in renal diseases: progresses 
and challenges. Front Physiol. 2016;7:667.

 13. Gloviczki ML, Lerman LO, Textor SC. Blood oxygen level‐depen-
dent (BOLD) MRI in renovascular hypertension. Curr Hypertens 
Rep. 2011;13:370‐377.

 14. Drew RC. Baroreflex and neurovascular responses to skeletal 
muscle mechanoreflex activation in humans: an exercise in in-
tegrative physiology. Am J Physiol Regul Integr Comp Physiol. 
2017;313:R654‐R659.

 15. Joannidis M, Druml W, Forni LG, et al. Prevention of acute kidney 
injury and protection of renal function in the intensive care unit: 
update 2017: expert opinion of the Working Group on Prevention, 
AKI section, European Society of Intensive Care Medicine. 
Intensive Care Med. 2017;43:730‐749.

 16. Obermüller N, Kunchaparty S, Ellison DH, Bachmann S. Expression 
of the Na‐K‐2Cl cotransporter by macula densa and thick ascending 
limb cells of rat and rabbit nephron. J Clin Invest. 1996;98:635‐640.

 17. Wright FS, Schnermann J. Interference with feedback control of 
glomerular filtration rate by furosemide, triflocin, and cyanide. J 
Clin Invest. 1974;53:1695‐1708.

 18. Huang X, Dorhout Mees EJ, Vos PF, Hamza S, Braam B. 
Everything we always wanted to know about furosemide but were 
afraid to ask. Am J Physiol Renal Physiol. 2016;310:F958‐F971.

 19. Gillis KA, McComb C, Foster JE, et al. Inter‐study reproducibil-
ity of arterial spin labelling magnetic resonance imaging for mea-
surement of renal perfusion in healthy volunteers at 3 Tesla. BMC 
Nephrol. 2014;15:23.

 20. Roberts DA, Detre JA, Bolinger L, et al. Renal perfusion in hu-
mans: MR imaging with spin tagging of arterial water. Radiology. 
1995;196:281‐286.

 21. Vallée JP, Lazeyras F, Khan HG, Terrier F. Absolute renal blood 
flow quantification by dynamic MRI and Gd‐DTPA. Eur Radiol. 
2000;10:1245‐1252.

 22. Morell A, Ahlstrom H, Schoenberg SO, Abildgaard A, Bock M, 
Bjørnerud A. Quantitative renal cortical perfusion in human sub-
jects with magnetic resonance imaging using iron‐oxide nanoparti-
cles: influence of T1 shortening. Acta Radiol. 2008;49:955‐962.

 23. Tumkur S, Vu A, Li L, Prasad PV. Evaluation of intrarenal oxygen-
ation at 3.0 T using 3‐dimensional multiple gradient‐recalled echo 
sequence. Invest Radiol. 2006;41:181‐184.

 24. Li L‐P, Vu AT, Li B, Dunkle E, Prasad PV. Evaluation of intrare-
nal oxygenation by BOLD MRI at 3.0 T. J Magn Reson Imaging. 
2004;20:901‐904.

 25. Pruijm M, Hofmann L, Piskunowicz M, et al. Determinants of renal 
tissue oxygenation as measured with BOLD‐MRI in chronic kidney 
disease and hypertension in humans. PLoS ONE. 2014;9:e95895.

 26. Keegan J, Patel HC, Simpson RM, Mohiaddin RH, Firmin DN. 
Inter‐study reproducibility of interleaved spiral phase velocity 
mapping of renal artery haemodynamics. J Cardiovasc Magn 
Reson. 2015;17:8.

https://orcid.org/0000-0002-9721-4712
https://orcid.org/0000-0002-9721-4712


8 of 8 |   HADDOCK et Al.

 27. Khatir DS, Pedersen M, Jespersen B, Buus NH. Reproducibility of 
MRI renal artery blood flow and BOLD measurements in patients 
with chronic kidney disease and healthy controls. J Magn Reson 
Imaging. 2014;40:1091‐1098.

 28. Bax L, Bakker C, Klein WM, Blanken N, Beutler JJ, Mali W. Renal 
blood flow measurements with use of phase‐contrast magnetic res-
onance imaging: normal values and reproducibility. J Vasc Interv 
Radiol. 2005;16:807‐814.

 29. Chowdhury AH, Cox EF, Francis ST, Lobo DN. A randomized, 
controlled, double‐blind crossover study on the effects of 2‐L in-
fusions of 0.9% saline and plasma‐lyte® 148 on renal blood flow 
velocity and renal cortical tissue perfusion in healthy volunteers. 
Ann Surg. 2012;256:18‐24.

 30. Cutajar M, Thomas DL, Hales PW, Banks T, Clark CA, Gordon I. 
Comparison of ASL and DCE MRI for the non‐invasive measure-
ment of renal blood flow: quantification and reproducibility. Eur 
Radiol. 2014;24:1300‐1308.

 31. Textor SC, Glockner JF, Lerman LO, et al. The use of magnetic 
resonance to evaluate tissue oxygenation in renal artery stenosis. J 
Am Soc Nephrol. 2008;19:780‐788.

 32. Epstein FH, Prasad P. Effects of furosemide on medullary oxygen-
ation in younger and older subjects. Kidney Int. 2000;57:2080‐2083.

 33. Petersen JS, DiBona GF. Reflex control of renal sympathetic 
nerve activity during furosemide diuresis in rats. Am J Physiol. 
1994;266:R537‐R545.

 34. Brezis M, Agmon Y, Epstein FH. Determinants of intrarenal oxygen-
ation. I. Effects of diuretics. Am J Physiol. 1994;267:F1059‐F1062.

 35. Kirchner KA. Role of medullary plasma flow in the attenuated fu-
rosemide response in indomethacin‐treated rats. J Pharmacol Exp 
Ther. 1989;249:757‐761.

 36. Dobrowolski L, Badzyńska B, Grzelec‐Mojzesowicz M, Sadowski 
J. Renal vascular effects of frusemide in the rat: influence of salt 
loading and the role of angiotensin II. Exp Physiol. 2001;86:611‐616.

 37. Spitalewitz S, Chou SY, Faubert PF, Porush JG. Effects of di-
uretics on inner medullary hemodynamics in the dog. Circ Res. 
1982;51:703‐710.

 38. Gardener AG, Francis ST. Multislice perfusion of the kidneys 
using parallel imaging: image acquisition and analysis strategies. 
Magn Reson Med. 2010;63:1627‐1636.

 39. Robson PM, Madhuranthakam AJ, Dai W, Pedrosa I, Rofsky NM, 
Alsop DC. Strategies for reducing respiratory motion artifacts in 
renal perfusion imaging with arterial spin labeling. Magn Reson 
Med. 2009;61:1374‐1387.

 40. Pedersen M, Dissing TH, Mørkenborg J, et al. Validation of quan-
titative BOLD MRI measurements in kidney: application to unilat-
eral ureteral obstruction. Kidney Int. 2005;67:2305‐2312.

 41. Zhang JL, Morrell G, Rusinek H, et al. Measurement of renal tissue 
oxygenation with blood oxygen level‐dependent MRI and oxygen 
transit modeling. Am J Physiol Renal Physiol. 2014;306:F579‐F587.

 42. Milani B, Ansaloni A, Sousa‐Guimaraes S, et al. Reduction of 
cortical oxygenation in chronic kidney disease: evidence obtained 
with a new analysis method of blood oxygenation level‐depen-
dent magnetic resonance imaging. Nephrol Dial Transplant. 
2017;32:2097‐2105.

 43. Pruijm M, Milani B, Pivin E, et al. Reduced cortical oxygenation 
predicts a progressive decline of renal function in patients with 
chronic kidney disease. Kidney Int. 2018;93(4):932‐940.

 44. Gloviczki ML, Glockner JF, Lerman LO, et al. Preserved ox-
ygenation despite reduced blood flow in poststenotic kidneys 
in human atherosclerotic renal artery stenosis. Hypertension. 
2010;55:961‐966.

 45. Inoue T, Kozawa E, Okada H, et al. Noninvasive evaluation of kid-
ney hypoxia and fibrosis using magnetic resonance imaging. J Am 
Soc Nephrol. 2011;22:1429‐1434.

 46. Hansell P, Welch WJ, Blantz RC, Palm F. Determinants of kidney 
oxygen consumption and their relationship to tissue oxygen ten-
sion in diabetes and hypertension. Clin Exp Pharmacol Physiol. 
2013;40:123‐137.

 47. Yin W‐J, Liu F, Li X‐M, et al. Noninvasive evaluation of renal 
oxygenation in diabetic nephropathy by BOLD‐MRI. Eur J Radiol. 
2012;81:1426‐1431.

 48. Haddock B, Larsson H, Hansen AE, Rostrup E. Measurement of 
brain oxygenation changes using dynamic T(1)‐weighted imaging. 
NeuroImage. 2013;78:7‐15.

 49. Karger N, Biederer J, Lüsse S, et al. Quantitation of renal perfu-
sion using arterial spin labeling with FAIR‐UFLARE. Magn Reson 
Imaging. 2000;18:641‐647.

How to cite this article: Haddock B, Larsson HBW, 
Francis S, Andersen UB. Human renal response to 
furosemide: Simultaneous oxygenation and perfusion 
measurements in cortex and medulla. Acta Physiol. 
2019;227:e13292. https ://doi.org/10.1111/apha.13292 

https://doi.org/10.1111/apha.13292

