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A B S T R A C T

Aim: Animal studies have suggested that acute hyperglycemia induces transient renal

hypoxia and kidney damage, yet this has not been tested in humans. Therefore, we assessed

in human subjects the effect of acute hyperglycemia on renal tissue oxygenation as mea-

sured with blood oxygenation level-dependent magnetic resonance imaging (BOLD-MRI).

Methods: In this single center prospective interventional study, healthy overweight subjects

were recruited. BOLD-MRI was performed before and immediately after the intravenous

administration of 0.15 g/kg of glucose in a 20% solution under standard hydration and fast-

ing conditions. R2* maps were analyzed using the twelve layer concentric objects (TLCO)

technique, a semi-automatic procedure which divides the kidney parenchyma in 12 equal

layers at increasing depth. R2* is a measure of local desoxyhemoglobin concentrations, with

high R2* values corresponding to low oxygenation.

Results: Nineteen overweight subjects were enrolled (age 37 ± 10 years, BMI 28.9 ± 3 kg/m2,

HbA1c 5.4 ± 0.3%, 57.9% women): 5 were glucose intolerant, none had diabetes. The mean

glycemia rose from 4.5 ± 0.3 mmol/l to 9.0 ± 0.9, 8.9 ± 0.7, 7.7 ± 0.6 and 6.8 ± 0.8 mmol/l at

respectively 1, 10, 20 and 30 min after IV glucose. Circulating insulin levels quadrupled.

The mean R2* values decreased significantly in all kidney layers, irrespective of glucose

intolerance. The lower BMI, the larger the decrease in R2*(spearman’s r = 0.41, p = 0.035).

Conclusion: These data show that acute hyperglycemia decreases the R2* signal in humans,

suggesting an acute increase in renal tissue oxygenation. The precise mechanism of this

observation remains unknown, and whether this phenomenon also occurs in patients with

diabetes needs additional studies.
� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Diabetic nephropathy has become the main cause of end-

stage renal disease (ESRD) in many countries due to the

increasing incidence in type 2 diabetes. Although nephropro-
tective treatments have improved with better glycemic and

blood pressure control, epidemiological studies show that

stage 3 chronic kidney disease (CKD) has not decreased in

subjects with diabetes [1], and that subjects with type

1 diabetes and macroalbuminuria progress to ESRD at the
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same rate as twenty years ago [2]. For this reason, experts

around the world are calling for a better characterization of

kidney disease in diabetes and for the exploration of other

pathological pathways.

Experimental studies have shown that chronic renal

hypoxia may be one of these pathways and contributes to

the progression of diabetic nephropathy (chronic hypoxia

hypothesis) [3,4]. Several factors can theoretically cause renal

hypoxia in diabetes, including oxidative stress, altered renal

hemodynamics, increased glomerular filtration rate (hyperfil-

tration), tubular hypertrophy and increased active transport

of electrolytes [4]. Animal studies have demonstrated that

cortical and medullary hypoxia are present in diabetes [5].

According to some, acute hyperglycemia causes renal tissue

hypoxia [6], whereas other studies emphasize the role of

oxidative stress in the pathophysiology of diabetic nephropa-

thy, independently of circulating glucose levels [7]. Whether

acute hyperglycemia leads to renal tissue hypoxia in humans

is currently unknown.

Blood Oxygenation-Level Dependent MRI (BOLD-MRI)

enables non-invasive assessment of renal tissue oxygenation

in humans [8–11]. BOLD-MRI uses the paramagnetic proper-

ties of desoxyhemoblobin. Increases in its outcome value

R2* (apparent relaxation rate, expressed as sec�1 or Hz) corre-

spond to higher local deoxyhemoglobin levels and thus lower

oxygenation, assuming that blood pO2 is in equilibrium with

tissue pO2. Hence, high R2* levels correspond to low oxygena-

tion and vice versa.

Several studies have used BOLD-MRI to measure renal tis-

sue oxygenation in patients with diabetes. One study reported

that subjects with diabetic nephropathy have a decrease in

medullary R2* compared to healthy volunteers, suggesting

increased medullary oxygenation [12]. In another study, corti-

cal and medullary R2* values were higher in diabetes, thus

rather supporting the hypoxia hypothesis [12]. However, these

studies did not explore the influence of acute blood glucose

changes and changes in HbA1c on the BOLD-MRI signal. In

previous studies we reported a positive correlation between

blood glucose measured just before MRI and cortical R2* levels

in subjects with [13] or without diabetes [14]. This correlation

was strongest for blood glucose levels above 7 mmol/l, sug-

gesting that hyperglycemia is negatively associatedwith renal

tissue oxygenation. This observation could actually provide

an explanation for the discrepancy in results of previous stud-

ies, since blood glucose levels were not systematically mea-

sured before image acquisition. However, the described

relationship between R2* and glycemia was based on cross-

sectional analyses, which limit causal inferences, and needed

confirmation using an interventional protocol.

The aim of this interventional study was therefore to

assess whether acute changes in blood glucose levels lead

to changes in renal R2* values as a proxy of renal tissue

oxygenation.

1.1. Subjects and methods

This was a single center study performed in the Nephrology

and Hypertension division at the University Hospital of Lau-

sanne. All subjects were recruited through the display of pos-

ters in the region of Lausanne. Overweight subjects
(BMI > 25 kg/m2) with a positive familial history of diabetes

(defined as having at least one parent or sibling with diabetes)

and normal kidney function (estimated glomerular filtration

rate (eGFR) > 60 ml/min/1.72 m2) were enrolled in this study.

Subjects with diabetes were not recruited as the main goal

was to examine the effects of acute hyperglycemia on renal

R2* levels independently from chronic hyperglycemia and

antidiabetic therapy. We also excluded subjects with signifi-

cant comorbidities such as documented cardiac disease, doc-

umented liver disease, renal malformations, kidney diseases

or documented renal artery stenosis and a history of organ

transplantation. Other exclusion criteria were compromised

life expectancy, anemia, psychiatric illness, pregnancy or

breastfeeding and chronic drug therapy. Subjects with a blood

donation 2 months before the MRI investigation day, contra-

indications to MRI-imaging such as claustrophobia or pres-

ence of an implanted metallic device were also excluded.

After explaining the nature and purpose of the study, a writ-

ten informed consent was obtained. The protocol was

approved by the local institutional review committee (Ethical

Committee of the Canton de Vaud, Switzerland) and regis-

tered as clinical trial (clinical trial.gov, NCT02346149).
1.2. Study protocol

Once subjects had signed the informed consent, a complete

physical examination was performed, including renal ultra-

sound to exclude kidney abnormalities. We also performed

an oral glucose tolerance test (OGTT) with 75 g of glucose

and measured HbA1c for classification according to the ADA

criteria [15].

If subjects met criteria for diabetes, they were excluded

from further participation. Subjects with a normoglycemic

profile or impaired glucose tolerance (IGT) continued the

study. Because sodium intake can influence the BOLD-MRI

R2* signal [16], 24 h urinary collections were collected the

day prior to the study visit to assess sodium intake. The day

of the study visit, enrolled subjects started at 8 am with an

oral hydration protocol at home (oral water load of 3 ml/kg

followed by 1 ml/kg every hour) that was continued until

12am. Upon arrival in our service at 11 am, a complete phys-

ical examination was repeated. Blood pressure was measured

five times according to the guidelines of the European Society

of Hypertension with a validated Omron 705IT oscillometric

device [17]. One venous catheter was placed into each arm

(one for blood sampling and one for IV glucose administra-

tion). Thereafter, they were escorted to the Radiology Depart-

ment. Baseline blood sampling was performed once installed

in the MRI, followed by the first BOLD MRI. An intravenous

bolus of 0.75 ml/kg glucose 20% (containing 200 g/l of glucose)

was administered over 5 min. Subsequently, four BOLD-MRIs

were performed, respectively 1, 10, 20 and 30 min after the

IV administration of glucose; after each BOLD-MRI, blood

was drawn for dosage of glycemia and insulin levels.
1.3. Acquisition and analysis of BOLD-MRI images

The principles and acquisition of BOLD-MRI have been pub-

lished by our group in more detail previously [18]. In brief,



Table 1 – Baseline characteristics of the participants.

N 19

Sex (% female) 57.9
Age (years) 36.2 ± 9.8
Non-smoker (%) 63.1
Body Mass Index (kg/m2) 29.2 ± 2.5
Systolic blood pressure (mmHg) 121 ± 15
Diastolic blood pressure (mmHg) 76 ± 15
Pulse rate (beats/min) 71 ± 9
Creatinine (µmol/l) 75.4 ± 16.1
eGFR (ml/min/1.73 m2) 101.4 ± 15.7
Fasting glucose (mmol/l) 4.6 ± 0.5
HbA1c (%) 5.4 ± 0.3
Hemoglobin (g/l) 140.2 ± 8.4

Values are expressed as mean (±Standard Deviation) or percentage,

as appropriate.
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BOLD-MRI uses the paramagnetic properties of deoxyhe-

moglobin to assess cortical and medullary oxygenation.

Magnetic resonance (MR) images were acquired using four

coronal slices on a 3 T-whole-body MR system (Magnetom

Prisma Fit, Siemens Healthcare SA, Erlangen, Germany). The

volunteers were installed in head first-supine position on

the table, and the images were acquired through the combi-

nation of the 32 channels spine coil and the 18 channels body

array coil. Twelve T2*-weighted images were recorded for each

coronal slice within a single breath-hold of 16.6 s (in expira-

tion) with a modified Multi Echo Data Image Combination

sequence (MEDIC) for BOLD analysis with the following

parameters: repetition time (TR) 65 ms, echo time (TE) 6–

52.2 ms (equidistant echo time spacing of 4.2 ms), radiofre-

quency excitation angle 30�, field of view (FOV)

400 � 400 mm2, voxel size 0.8 � 0.8 � 5 mm3, slice thickness

5 mm, slice distance 5.5 mm, bandwidth 331 Hz/pixel, matrix

256 � 256 (interpolated to 512 � 512).

The analysis of MR images was done using the Twelve

Layer Concentric Objects (TLCO) technique as described pre-

viously in more detail [19]. In brief, the circumference of the

total kidney parenchyma is defined manually, with special

care to exclude the pelvis and the calyxes. Two boundaries

are defined: the external boundary corresponds to the cortical

side and the internal to the medullary side. The depth

between the external and internal boundary can be expressed

as a percent of the total parenchymal thickness, the external

boundary being at depth 0% and the internal boundary at

depth 100%. Longitudinal curves can be computed throughout

the kidney at any fixed depth with a mean R2* value for each

level of depth in order to represent the evolution of R2* levels

from the outer to the inner border. Depths at 0–30% (layer 1–3)

correspond to mainly cortical tissue and those between 60

and 90% (layer 8–10) to mainly medullary tissue.

2. Statistics

STATA 14.0 (StataCorp, College Station, TX) was used for sta-

tistical analyses. All values are expressed as mean ± SD, med-

ian (interquartile range) or percentage, as appropriate.

A physicist specialized in MRI research (B.M.) and blinded

for baseline characteristics analyzed the BOLD-MRI data.

The R2* values corresponding to renal deoxyhemoglobin con-

tent were expressed as means ± standard deviation (SD) for

each kidney layer. Intravenous glucose-induced changes in

R2* are shown for the outer, cortical layers (layer 1–3), for

the inner, more medullary layers (8–10), and for all layers

pooled together (mean change in R2*). Changes in R2* were

expressed as absolute changes or as percentage. Repro-

ducibility of the TLCO analysis has been demonstrated previ-

ously [19].

Analysis of variance (anova), Student’s t-test or v2 test

were used as appropriate to compare trends of quantita-

tive or qualitative variables at different acquisition time-

points. Correlations between two quantitative variables

were estimated with spearman’s test and linear regres-

sion analysis. P values below 0.05 were considered as

significant.
3. Results

3.1. Baseline characteristics

Table 1 shows the baseline characteristics of the participants.

Twenty-seven subjects were screened, and 19 could be

included. Two were excluded because of previously unknown

diabetes; at renal ultrasound screening, two had cysts, and

one an atrophic left kidney; one subject had disturbed liver

function tests, and one had an eGFR < 60 ml/min/1.73 m2

and one claustrophobia, leaving 19 subjects for participation.

Mean age of included participants was 36.7 ± 9.8 years and 11

out of 19 (57.9%) were women. Fourteen had a normoglycemic

profile and 5 had impaired glucose tolerance.

3.2. Changes in baseline characteristics after IV glucose:

Table 2 summarizes the mean R2*, plasma glucose and insulin

levels at baseline (T0), 1 min (T1), 10 min (T2), 20 min (T3), and

30 min (T4) after the intravenous glucose bolus.

Glucose administration induced a significant increase in

plasma glucose level (p trend (anova) <0.001) peaking after

1 min (T1) at 9.0 ± 0.9 mmol/l. After a stable period between

T1 and T2, glucose decreased between T2-T3 (p < 0.01) and

T3-T4 (p < 0.01). Plasma insulin also increased significantly

(p trend <0.001) with a peak at T1 (34.5 ± 16.1 mmol/l) fol-

lowed by a regular decrease (see Fig. 1).

The mean renal R2* (mean of all layers) decreased signifi-

cantly after IV glucose (p trend 0.008); the largest difference

was seen between T4 and baseline (DT4T0, �1.1 ± 0.68 sec�1

(p < 0.01). The decrease in mean R2* occured quickly and

was already noticed one minute after glucose injection (T1)

compared to baseline (DT1T0 = -0.6 ± 0.58 sec�1, p = 0.0003).

However, the change in mean R2* between T3 and T4 was

small and not significant (DT4T3= � 0.04 ± 0.48 sec�1, p = 0.7).

Decreases of R2* were found in each layer, as shown in

Fig. 2. The largest decrease was reached after 30 min (T4)

(DT4T0: all p values <0.015). Decreases in R2* over time were

observed in both cortical and more medullary layers (p anova

respectively 0.006 and 0.03), although the change in R2*



Table 2 – Changes in glycemia, insulin and mean R2* level (all layers of both kidneys combined) after intravenous injection of
glucose.

T0 T1 (+1 min) T2 (+10 min) T3 (+20 min) T4 (+30 min)

R2* (sec�1) 23.4 ± 1.2 22.8 ± 1.4* 22.6 ± 1.5* 22.3 ± 1.3* 22.3 ± 1.3
Plasma glucose (mmol/l) 4.5 ± 0.3 9.0 ± 0.9* 8.9 ± 0.7 7.7 ± 0.6* 6.8 ± 0.8*

Plasma insulin (mmol/l) 6.4 ± 4.6 34.5 ± 16.1* 25.9 ± 12.6* 19.5 ± 5.8* 15.6 ± 4.7*

p trend (anova) <0.05.
* p t-test vs baseline (t0) < 0.05.

Fig. 1 – illustrates global mean R2* (defined as the mean R2*

value of all twelve layers together at each time point) and

glucose level variation in time (x-axis, minutes).

Fig. 2 – illustrates the R2* values of each layer at baseline and

after IV glucose administration. Layers 1–3 correspond to

cortical layers, whereas layers 8–10 correspond to medullary

layers. R2* curves were downshifted after glucose

administration, suggesting increased oxygenation. R2*

difference between baseline (T0) and T4 was statistically

significant for each layer (p < 0.01, Student’s paired t-test).
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between T0 and T4 was slightly but not significantly lower in

the cortex than the medulla (�5.4 ± 3.3% versus �4.0 ± 3.6%,

p = 0.09).
There was no significant change in renal volume after the

administration of glucose: the renal length was unchanged

(11.2 ± 1.3 cm before and 11. 3 ± 1.5 cm after IV glucose

(p = 0.42), whereas the volume, expressed as the number of

pixels present in the total renal parenchyma analyzed was

5274 ± 1151 before versus 5132 ± 1034 after IV glucose

(p = 0.07).

Urine glucose concentration after IV glucose was mea-

sured in three participants. Urine glucose concentration was

0.23 ± 0.06 mmol/l after 15 min and reached its maximum of

1.16 ± 1.0 mmol/l (corresponding to 0.07 mmol/min) thirty

minutes after IV glucose (T4).

3.3. Associations between glucose-induced changes in R2*

and other factors

Mean renal R2* values correlated inversely and significantly

with plasma glucose levels (all values at all timepoints com-

bined: spearman’s r = �0.21, p = 0.043). The change in glyce-

mia was also inversely correlated with the change in R2*

between baseline (T0) and T4 (r = �0.48, p = 0.038). In univari-

ate linear regression analysis a similar negative association

was found (regression coefficient b = �0.46, �95% CI �0.79 to

�0.11p = 0.012), that remained significant after adjustment

for age and sex (regression coefficient b = �0.38, 95%

CI = �0.73 to �0.031, p = 0.035).

There was a significant association between BMI and the

glucose-induced change in mean R2* (r = 0.41, p = 0.03): the

higher BMI, the smaller the decrease in mean R2* (Fig. 3).

In univariate regression analysis, the glucose-induced

change in mean R2* was also associated with BMI, but not

with age, sex, eGFR, circulating insulin levels or 24 h urinary

sodium excretion (see Table 3). Of note, the participants with

a BMI above the median (>29.1 kg/m2) were older, more often

male, had higher HbA1 and lower eGFR (see Suppl. Table 1).

Supplementary data associated with this article can be

found, in the online version, at https://doi.org/10.1016/j.dia-

bres.2019.03.009.

When stratifying according to glucose status (normal vs

prediabetes), the decrease in mean R2* was slightly lower in

prediabetes than in normal subjects, but this was not statisti-

cally significant (�0.40 ± 1.11 sec�1 vs �1.23 ± 0.78 sec�1,

p = 0.08).

4. Discussion

Themain finding of this study is that acute changes in plasma

glucose influence renal R2* levels and should therefore be

https://doi.org/10.1016/j.diabres.2019.03.009
https://doi.org/10.1016/j.diabres.2019.03.009


Fig. 3 – Body mass Index (BMI) versus glucose-induced

change in R2*: higher BMI resulted in smaller decreases in

R2* after IV glucose.
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taken into account when performing renal BOLD-MRI. The

higher plasma glucose levels, the lower was renal R2*, sug-

gesting an increase in tissue oxygenation. The decrease in

R2* occured both at the outer and inner layers of the renal par-

enchyma, indicating that the effect of glucose takes place in

the cortex and medulla.

To the best of our knowledge, this is the first study that

assessed the influence of an IV bolus of glucose on renal tis-

sue oxygenation as measured with BOLD-MRI in humans.

The acute decrease in R2*, suggesting an acute increase in

renal oxygenation, contrasts with previous observational

studies in humans that reported positive associations

between glycemia and cortical R2* levels, both in patients

with and without diabetes [13,14]. On a larger scale, our find-

ing appears to be in disagreement with the generally accepted

concept that chronically elevated glucose levels in patients

with badly controlled diabetes are associated with adverse

renal outcome, and also with the recent finding that chronic

cortical hypoxia is associated with faster decline in renal

function and end-stage renal disease (ESRD) in patients with

chronic kidney disease (CKD) [20]. However, the major differ-

ence between the above mentioned studies and the present

one is that in all previous studies, measurements were per-

formed in steady state situations with relatively stable blood
Table 3 – Univariate linear regression analysis of factors
possibly associated with the glucose-induced change in R2*

(outcome variable). The higher BMI, the smaller the
decrease in R2*.

Regression
coefficient b

p

Age (per year) 0.03 0.068
Sex (female vs male) �0.07 0.84
Body mass Index (per kg/m2) 0.13 0.03
eGFR (per ml/min/1.73 m2) 0.007 0.96
Baseline Insulin (per mmol/l) 0.038 0.49
Change in Insulin (per mmol/l) 0.003 0.91
24 h Sodium excretion (per mmol) 0.005 0.80
glucose levels. Moreover, this study was performed in healthy

overweight volunteers in order to avoid interference of

glucose-lowering medication: thus, one cannot ascertain that

acute hyperglycemia also increases renal tissue oxygenation

in patients with diabetes or CKD.

There are several potential explanations for our observa-

tion, although they should all be interpreted with caution,

as renal hemodynamics were not measured. This study

should therefore be considered as a hypothesis-generating

pilot study, that may stimulate further research, but that does

not provide answers for all the observations.

In theory, tissue oxygenation improves either by increases

in oxygen delivery (renal perfusion) or by decreases in con-

sumption (mainly oxygen-consuming tubular reabsorption

of electrolytes). However, in the kidneys, an increase in renal

plasma flow (RPF) doesn’t necessarily lead to an improvement

in oxygenation, as increases in RPF at a constant filtration

fraction will also lead to increases in filtered sodium, which

will on its term increase oxygen-consuming tubular transport

[21]. In the literature, the impact of high glucose levels on

renal hemodynamics appears to be heterogeneous. In a study

by Christiansen et al conducted in healthy volunteers,

glomerular filtration rate (GFR) increased whereas RPF did

not change after IV glucose [22]. This should merely result

in a decrease in oxygenation. In contrast, a more recent study

in obese subjects (some with impaired glucose tolerance)

reported a decrease in GFR and RPF after IV glucose adminis-

tration [23]. If the decrease in GFR was larger than the change

in RPF, this could result in an increase in oxygenation. As we

did not measure GFR and RPF, we cannot confirm nor reject

this hypothesis. Future studies could integrate other tech-

niques such as arterial spin labelling (ASL) in the same MRI

session to answer this question. ASL enables the measure-

ment of regional (cortical and medullary) blood flow without

the use of contrast product and is approaching clinical use

[24].

As expected, the administration of IV glucosewas followed

by an immediate and steep increase in circulating insulin

levels. Insulin has several effects on renal functions. Hyperin-

sulinemia results in time- and dose-dependent increases in

renal plasma flow and decreases proximal tubular sodium

reabsorption [25]. Insulin also lowers gluconeogenesis; hence,

as gluconeogenesis is oxygen-consuming and takes partly

place in the kidneys, the rise in insulin may increase oxy-

genation [21]. However, we did not find any association

between circulating insulin-levels and R2* values, rendering

this explanation less likely.

Of interest, the glucose-induced change in R2* was associ-

ated with BMI, but not with age, sex, prediabetes status or cir-

culating insulin levels. The lower the BMI, the larger the

glucose-induced change in R2*. Nevertheless, it is difficult to

interpret this finding, as those with the highest BMI were also

oldest, had lower eGFR, higher HbA1c and were more often

women. Due to the modest sample size of our study, we can-

not adjust for all these variables, and larger studies are

needed to clarify the underlying mechanisms.

The last possible explanation is a measurement artifact.

Hyperglycemia may induce a partial volume effect affecting

the recorded signal. Indeed, previous studies have shown that

hyperglycemia increases plasma volume up to 10% [26]. The
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impact on plasma volume may be more prominent during

acute changes in glycemia than during chronic variations in

blood glucose. However, we did not find a change in MRI-

assessed renal volume, which argues against this possibility.

As mentioned, all these explanations are hypothetical and

should be interpreted with the greatest caution, as we did not

measure GFR nor RPF. Other limitations of our study are its

small sample size, the short duration of hyperglycemia, the

relatively small rise in glycemia obtained after IV glucose

and the absence of patients with diabetes.

Nevertheless, we believe that our data clearly demonstrate

that acute changes in glycemia influence R2* values. There-

fore, glycemia should be measured before each BOLD-MRI.

Further studies in patients with diabetes are necessary to

assess whether similar changes in R2* occur in this

population.

Declarations of interest

The authors declared that there is no conflict of interest.

Acknowledgements

This study was supported by grants of the Swiss Society

National Science Foundation (FN 32003B-149309 and FN

320030-169191).
R E F E R E N C E S
[1] de Boer IH, Rue TC, Hall YN, Heagerty PJ, Weiss NS,
Himmelfarb J. Temporal trends in the prevalence of diabetic
kidney disease in the United States. JAMA 2011;305
(24):2532–9.

[2] Rosolowsky ET, Skupien J, Smiles AM, Niewczas M, Roshan B,
Stanton R, et al. Risk for ESRD in type 1 diabetes remains high
despite renoprotection. J Am Soc Nephrol 2011;22(3):545–53.

[3] Palm F. Intrarenal oxygen in diabetes and a possible link to
diabetic nephropathy. Clin Exp Pharmacol Physiol 2006;33
(10):997–1001.

[4] Heyman SN, Khamaisi M, Rosen S, Rosenberger C. Renal
parenchymal hypoxia, hypoxia response and the progression
of chronic kidney disease. Am J Nephrol 2008;28(6):998–1006.

[5] dos Santos EA, Li LP, Ji L, Prasad PV. Early changes with
diabetes in renal medullary hemodynamics as evaluated by
fiberoptic probes and BOLD magnetic resonance imaging.
Invest Radiol 2007;42(3):157–62.

[6] Rosenberger C, Khamaisi M, Abassi Z, Shilo V, Weksler-
Zangen S, Goldfarb M, et al. Adaptation to hypoxia in the
diabetic rat kidney. Kidney Int 2008;73(1):34–42.

[7] Friederich-Persson M, Persson P, Fasching A, Hansell P,
Nordquist L, Palm F. Increased kidney metabolism as a
pathway to kidney tissue hypoxia and damage: effects of
triiodothyronine and dinitrophenol in normoglycemic rats.
Adv Exp Med Biol 2013;789:9–14.

[8] Prasad PV. Evaluation of intra-renal oxygenation by BOLD
MRI. Nephron Clin Pract 2006;103(2):c58–65.

[9] Prasad PV, Edelman RR, Epstein FH. Noninvasive evaluation
of intrarenal oxygenation with BOLD MRI. Circulation 1996;94
(12):3271–5.

[10] Simon-Zoula SC, Hofmann L, Giger A, Vogt B, Vock P, Frey FJ,
et al. Non-invasive monitoring of renal oxygenation using
BOLD-MRI: a reproducibility study. NMR Biomed 2006;19
(1):84–9.

[11] Li LP, Ji L, Santos EA, Dunkle E, Pierchala L, Prasad P. Effect of
nitric oxide synthase inhibition on intrarenal oxygenation as
evaluated by blood oxygenation level-dependent magnetic
resonance imaging. Invest Radiol 2009;44(2):67–73.

[12] Wang ZJ, Kumar R, Banerjee S, Hsu CY. Blood oxygen level-
dependent (BOLD) MRI of diabetic nephropathy: preliminary
experience. J Magn Reson Imaging 2011;33(3):655–60.

[13] Pruijm M, Hofmann L, Zanchi A, Maillard M, Forni V, Muller
ME, et al. Blockade of the renin-angiotensin system and renal
tissue oxygenation as measured with BOLD-MRI in patients
with type 2 diabetes. Diab Res Clin Pract 2013;99(2):136–44.

[14] Pruijm M, Hofmann L, Piskunowicz M, Muller ME, Zweiacker
C, Bassi I, et al. Determinants of renal tissue oxygenation as
measured with BOLD-MRI in chronic kidney disease and
hypertension in humans. PloS One 2014;9(4):e95895.

[15] American Diabetes Association. 2. Classification and
diagnosis of diabetes: standards of medical care in diabetes-
2018. Diabetes Care 2018;41(Suppl 1):S13–27.

[16] Pruijm M, Hofmann L, Maillard M, Tremblay S, Glatz N,
Wuerzner G, et al. Effect of sodium loading/depletion on
renal oxygenation in young normotensive and hypertensive
men. Hypertension 2010;55(5):1116–22.

[17] O’Brien E, Asmar R, Beilin L, Imai Y, Mallion JM, Mancia G,
et al. European Society of Hypertension recommendations
for conventional, ambulatory and home blood pressure
measurement. J Hypertens 2003;21(5):821–48.

[18] Pruijm M, Milani B, Burnier M. Blood oxygenation level-
dependent MRI to assess renal oxygenation in renal diseases:
progresses and challenges. Front Physiol 2016;7:667.

[19] Milani B, Ansaloni A, Sousa-Guimaraes S, Vakilzadeh N,
Piskunowicz M, Vogt B, et al. Reduction of cortical
oxygenation in chronic kidney disease: evidence obtained
with a new analysis method of blood oxygenation level-
dependent magnetic resonance imaging. Nephrol Dialys
Transpl Off Publ Eur Dialys Transpl Assoc – Eur Renal Assoc
2016.

[20] Pruijm M, Milani B, Pivin E, Podhajska A, Vogt B, Stuber M,
et al. Reduced cortical oxygenation predicts a progressive
decline of renal function in patients with chronic kidney
disease. Kidney Int 2018.

[21] Hansell P, Welch WJ, Blantz RC, Palm F. Determinants of
kidney oxygen consumption and their relationship to tissue
oxygen tension in diabetes and hypertension. Clin Exp
Pharmacol Physiol 2013;40(2):123–37.

[22] Christiansen JS, Frandsen M, Parving HH. Effect of
intravenous glucose infusion on renal function in normal
man and in insulin-dependent diabetics. Diabetologia
1981;21(4):368–73.

[23] Frank H, Pscherer S, Fliser D, Heemann U. Effect of
experimental hyperglycaemia on renal haemodynamics in
prediabetic patients with and without AT1 receptor blockade.
Eur J Clin Invest 2010;40(5):414–21.

[24] Odudu A, Nery F, Harteveld AA, Evans RG, Pendse D,
Buchanan CE, et al. Arterial spin labelling MRI to measure
renal perfusion: a systematic review and statement paper.
Nephrol Dialys Transpl Off Publ Eur Dialys Transpl Assoc –
Eur Renal Assoc 2018;33(suppl_2):ii15-ii21.

[25] Stenvinkel P, Bolinder J, Alvestrand A. Effects of insulin on
renal haemodynamics and the proximal and distal tubular
sodium handling in healthy subjects. Diabetologia 1992;35
(11):1042–8.

[26] Hahn RG, Nystrom T. Plasma volume expansion resulting
from intravenous glucose tolerance test. Comput Math
Methods Med 2011;2011:965075.

http://refhub.elsevier.com/S0168-8227(19)30093-2/h0005
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0005
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0005
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0005
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0010
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0010
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0010
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0015
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0015
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0015
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0020
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0020
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0020
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0025
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0025
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0025
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0025
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0030
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0030
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0030
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0035
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0035
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0035
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0035
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0035
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0040
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0040
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0045
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0045
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0045
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0050
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0050
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0050
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0050
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0055
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0055
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0055
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0055
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0060
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0060
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0060
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0065
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0065
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0065
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0065
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0070
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0070
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0070
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0070
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0075
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0075
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0075
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0080
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0080
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0080
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0080
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0085
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0085
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0085
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0085
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0090
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0090
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0090
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0095
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0095
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0095
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0095
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0095
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0095
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0095
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0100
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0100
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0100
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0100
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0105
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0105
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0105
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0105
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0110
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0110
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0110
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0110
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0115
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0115
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0115
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0115
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0120
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0120
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0120
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0120
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0120
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0125
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0125
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0125
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0125
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0130
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0130
http://refhub.elsevier.com/S0168-8227(19)30093-2/h0130

	Acute hyperglycemia increases renal tissue oxygenation as measured by BOLD-MRI in healthy overweight volunteers
	1 Introduction
	1.1 Subjects and methods
	1.2 Study protocol
	1.3 Acquisition and analysis of BOLD-MRI images

	2 Statistics
	3 Results
	3.1 Baseline characteristics
	3.2 Changes in baseline characteristics after IV glucose:
	3.3 Associations between glucose-induced changes in R2* and other factors

	4 Discussion
	Declarations of interest
	Acknowledgements
	References


