
UNIVERSITE DE LAUSANNE - FACULTE DE BIOLOGIE ET DE MEDECINE 

Département de médecine 
Service de néphrologie 

Effect of Sodium Loading/Depletion on Renal Oxygenation in Young 
Normotensive and Hypertensive Men 

THESE 

préparée sous la direction du Docteur Bruno Vogt, Privat-Docent et 
Maître d'Enseignement et de Recherche 

avec la collaboration du Professeur Michel Burnier 

et présentée à la Faculté de biologie et de médecine de 
l'Université de Lausanne pour l'obtention du grade de 

DOCTEUR EN MEDECINE 

par 

Menno PRUIJM 

Médecin diplômé de la Belgique 
Originaire de Rotterdam (Pays-Bas) 

Lausanne 

2010 

. 11 1utr1eu, ' Universitaire 
.ic 1\!!c' 1H:1ne / BiUM 

>Ili\. ! ,hC:b - Bugnon 46 
(';-·: i C" j ·1 Lausanne 



Ecole Doctorale 
Doctorat en niédecine 

Imprimatur 
Vu le rapport présenté par le jury d'examen, composé de 

Directeur de thèse 

Co-Directeur de thèse 

Monsieur le Docteur Bruno Vogt 

Expert Monsieur le Professeur Laurent Schild 

Directrice de !'Ecole Madame le Professeur Stephanie Clarke 
doctorale 

la Commission MD de l'Ecole doctorale autorise l'impression de la thèse de 

Monsieur Menno Pruij1n 

intitulée 

Effect of Sodiu111 Loading/Depletion on Renal Oxygenation in 
Young Nonnotensive and Hypertensive Men 

Lausanne, le 6 juillet 2010 

pour Le Doyen 
de la Faculté de Biologie et de Médecine 

Madame le Professeur Stephanie Clarlœ 
Directrice de l 'Ecole doctorale 



Rapport de synthèse: 

Le but de cette étude était d'investiguer pour la première fois chez l'homme l'effet du sodium 

alimentaire et de l'hypertension artérielle sur l'oxygénation tissulaire par une technique 

spéciale d'imagerie à résonance magnétique nommée 'BOLD-IRM' (Blood Oxygen Level 

Dependent-IRM). Le BOLD-IRM est une technique nouvelle qui permet de mesurer la bio 

disponibilité tissulaire d'oxygène de façon non-invasive chez l'homme, en utilisant le 

déoxyhémoglobine comme produit de contraste endogène. 

Le rational de cette étude était double. Premièrement, des changements dans l'apport sodique 

alimentaire devraient théoriquement influencer l'oxygénation tissulaire rénale, étant donné 

que la réabsorption tubulaire du sodium est un transport actif nécessitant de l'énergie et de 

l'oxygène. Deuxièmement, des études chez l'animal suggèrent une rôle possible de l'hypoxie 

tissulaire dans le développement de la néphropathie hypertensive. 

Nous avons déterminé l'oxygénation rénale avec le BOLD-IRM chez dix hommes normo 

tendus (âgés de 26.5±7.4 ans) et huit hommes hypertendus non-traités (âgés de 28.8±5.7 ans) 

une semaine après un régime riche en sel (>200 mmol/jour), et de nouveau une semaine après 

un régime pauvre en sel (<100 mmol/jour). En parallèle, nous avons mesuré la clearance de 

l'inuline, du p- aminohippurate (PAH) et du lithium endogène, afin de déterminer 

respectivement la filtration glomérulaire, le flux sanguin rénal et le 'renal sodium handling', 

tous des paramètres ayant la capacité d'influencer la consommation et/ou la disponibilité 

d'oxygène tissulaire. Nous nous attendions d'une côté à une oxygénation rénale diminuée 

chez les sujets hypertendus par rapport aux sujets nom10 tendus, et d'une autre côté à une 

augmentation de l'oxygénation tissulaire rénale après une semaine de régime pauvre en sel 

par rapport à la phase d'un régime riche en sel. 

Nous retenons comme résultat principal une augmentation de l'oxygénation rénale médullaire 

suite à une restriction sodique par rapport à un régime riche en sel chez tous les participants 

(normo-et hypertendus). Chez les participants normotendus ces changements c01Telaient avec 

des changements dans le transport actif du sodium, et ceci indépendamment du flux sanguin 

rénal. Contrairement à ce qu'on attendait, l'oxygénation rénale médullaire était plus élevé 

chez les sujets hypertendus par rapport aux sujets normotendus. 

En résumé, ces observations offrent possiblement une explication pour les bénéfices rénaux 

liés à un régime pauvre en sel. En plus, la combinaison d'études de clearance et le BOLD

IRM comme utilisé dans cette étude se sont révélés un outil performant et prometteur qui peut 

stimuler la recherche dans ce domaine. 
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Eff ect of Sodium Loading/Depletion on Renal Oxygenation 
in Young Normotensive and Hypertensive Men 

Menno Pruijm, Lucie Hofmann, Marc Maillard, Sylvie Tremblay, Nicolas Glatz, Gregoire Wuerzner, 
Michel Burnier, Bruno Vogt 

Abstract-The goal of this study was to investigate the effect of sodium intake on renal tissue oxygenation in humans. To 
this purpose, we measured renal hemodynamics, renal sodium handling, and renal oxygenation in normotensive (NT) 
and hypertensive (HT) subjects after 1 week of a high-sodium and 1 week of a low-sodium diet. Rena! oxygenation was 
measured using blood oxygen level-dependent magnetic resonance. Tissue oxygenation was determined by the 
measurement of R2* maps on 4 coronal slices covering both kidneys. The mean R2* values in the medulla and cortex 
were calculated, with a low R2* indicating a high tissue oxygenation. Ten male NT (mean age: 26.5±7.4 years) and 
8 matched HT subjects (mean age: 28.8±5.7 years) were studied. Cortical R2* was not different under the 2 conditions 
of sait intake. Medullary R2* was significantly lower under low sodium than high sodium in both NT and HT subjects 
(28.1 ±0.8 versus 31.3±0.6 s- 1

; P<0.05 in NT; and 27.9± 1.5 versus 30.3±0.8 s- 1
; P<0.05, in HT), indicating higher 

medullary oxygenation under low-sodium conditions. ln NT subjects, medullary oxygenation was positively correlated 
with proximal reabsorption of sodium and negatively with absolute distal sodium reabsorption, but not with renal plasma 
flow. In HT subjects, medullary oxygenation correlated with the 24-hour sodium excretion but not with proximal or with 
the distal handling of sodium. These data demonstrate that dietary sodium intake influences renal tissue oxygenation, 
low sodium intake leading to an increased renal medullary oxygenation both in normotensive and young hypertensive 
subjects. (Hypertension. 2010;55: 1116-1122.) 

Key Words: BOLD-MRI 11111 hypertension 1111 sodium 1111 renal tissue oxygenation 1111 proximal tubule 11111 medulla 1111 inulin clearance 

The role of sodium in the pathogenesis and treatment of 
essential hypertension is well established. Several 

population-based studies have found a strong association 
between sodium intake and blood pressure level, and in 
animais as well as in humans, low-sodium (LS) intake bas 
proven to be an effective nonpharmacological approach to 
Jower blood pressure. 1-4 Patients with essential and second
ary forms of hypertension are often characterized by in
creased sodium retention either in the proximal or in the distal 
nephron segments.5- 7 

Experimcntally, the renal handling of sodium is a process 
known to have an important impact on renal tissue oxygen 
consumption.8 Indeed, the tubular sodium reabsorption re
quires active transport systems that are energy consuming.9 •10 

Moreover, changes in sodium balance induce hormonal 
changes, particularly in the activity of the renin-angiotensin 
system that may affect renal perfusion and, hence, intrarenal 
tissue oxygenation distribution.6·"·12 Consequently, changes 
in sodium intake should have an effect on renal tissue 
oxygenation. 

Until recently, quantifying changes in intrarenal oxygena
tion was only possible in animal models using microelec
trodes and other invasive techniques.'3 Recently, a new 

technology called blood oxygen level-dependent MRI (BOLD
MRI) was developed that offers the possibility of measming 
renal tissue oxygenation noninvasively in humans. 14.1s BOLD
MRI uses deoxyhemoglobin as an endogenous contrast agent. 
Deoxyhemoglobin is a paramagnetic molecule that induces 
magnetic field perturbations in gradient echo T2*-weighted 
sequences. Acquisition of MRis with increasing echo times 
allows for computation of their regression with the logarithm 
of the signal. This slope is an estimate of the relaxivity R2*, 
defined as lff2*, related to the concentration of deoxyhemo
globin. Because the concentration of blood (de)oxyhemoglo
bin is proportional to the Po2 of blood, and blood Po2 is in 
balance with tissue Po2, R2* as measured by BOLD-MRI bas 
been shown to correlate well with tissue Po2 •14·15 

BOLD-MRI of the kidneys bas been used in different 
disease states, such as renal artery stenosis and renal allograft 
rejection, but, to our knowledge, not in essential hyperten
sion.16·17 Moreover, renal tissue oxygenation bas been shown 
to vary with age, level of hydration, diuretics, and hemoglo
bin levels. 14·18 However, so far, no study bas examined the 
role of sodium intake on renal tissue oxygenation or whether 
changes in externat sodium load induce different trends of 
renal tissue oxygenation in normotensive and hypertensive 
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individuals. On theoretical grounds, we expected to find 
lower R2* values, indicating higher local tissue Po2' under 
LS conditions, in both normotensive and hypertensive indi
viduals. The goal of this study was, therefore, to investigate 
the impact of changes in sodium intake on renal tissue 
oxygenation in young male normotensive subjects and un
treated age-rnatched hypertensive patients. 

Methods 
Subjects 
The study was conducted in 10 male healthy, normotensive contrais 
(NTs) and in 8 young male untreated hypertensive patients (HTs). 
Inclusion criteria for ail of the participants were male sex, age 18 to 
50 years, no history of renal disease, no illicit drug intake, and ability 
to understand the study protocol. Hypertensive patients could be 
included if they had stage 1 to II hypertension (blood pressure: 
2::140/90 and <180/110 mm Hg). Baseline blood pressure of HT 
patients was the average daytime blood pressure as recorded during 
24-hour ambulatory blood pressure measurement. For the NT group, 
normal blood pressure was defined as an average of 6 office measure
ments :s;l35/85 mm Hg on 2 different occasions using an automated 
Omron 705IT oscillometric device, as measured according to the 
recommendations of the European Society of Hypertension. 19 

Exclusion criteria for ail of the participants were instable asthma, 
estimated glomerular filtration rate (GFR) <90 mL/min per 1.73 m2 

(using the Modification of Diet in Rena! Disease formula), 20 anemia, 
and/or the presence of proteinuria on dipstick testing; a known 
hypersensitivity to inulin, PAH, or bath; claustrophobia; and the 
presence of a pacemaker or other metallic implanted devices. After 
explaining the nature and purpose of the study, informed written 
consent was obtained from each subject. The protocol was approved 
by the local institutional review committee (Ethical Committee of the 
Faculty of Medicine, Lausanne). 

Dietary Sodium Intake 
Ali of the participants started with a high-sodium (HS) diet 
(> 150 mmol of NaCI per day) for 7 days. In the NT group, HS diet 
was obtained by adding 6 g of NaCI to their regular diet. The HT 
group followed the HS diet during the first study period by 
consuming salt-rich foods. The addition of 6 g of NaCI daily in this 
group was not permitted by the local ethical committee. Rena! 
BOLD-MRI and renal hemodynamics were assessed in the 2 groups 
on day 8 using exactly the same protocol (see below). Adherence to 
sait intake in the LS and HS diets was verified by 24-hour urine 
collection on day 7. No vigorous exercise was allowed during the 
study period to avoid important extrarenal sait lasses. 

After a washout period of 2:: 1 week, the same volunteers entered 
the second study period and followed a LS diet for 7 days. LS diet 
was obtained by providing careful, identical dietary instructions 
(menu lists). At the end of the LS period, measurements of 24-hour 
urine collection, renal BOLD-MRI, and renal hemodynamics were 
repeated as described above. 

Clearance Studies 
On day 8, participants were asked to return to our research depart
ment after fasting overnight. lnulin, p-aminohippurate (PAH), and 
endogenous lithium clearances were performed between 8:00 and 
11 :30 AM, as described previously.21 In brief, 2 intravenous catheters 
were inserted into antecubital veins, one for the infusion of inulin 
and PAH and a second into the contralateral arm for drawing blood. 
Participants started with an oral water Joad of 5 mL/kg and continued 
to drink 3 mL/kg hourly throughout the clearance studies. After a 
2-hour equilibration period, two 1-hour inulin and PAH clearances 
were obtained to measure GFR and effective renal plasma Flow 
(ERPF), respectively. Blood pressure and heart rate were measured 
every 30 minutes using the same automated oscillometric device 
(Omron 705IT) in both HT and NT participants. Plasma renin 
activity, plasma aldosterone, blood urea nitrogen, creatinine, hemo-

globin, and sodium were measured at baseline and at the end of the 
clearance studies as described previously. 21 Inulin was dosed by 
microadaptation of a diphenylamine procedure on an autoanalyzer, 
PAH by photometry, and lithium by electrothermal absorption 
spectrophotometry.21 

Calculation of Renal Parameters 
The inulin, PAH, and endogenous lithium clearances (Cxl were 
calculated with the formula Cx=UxXY/Px, where Ux and Px are 
urinary and plasma concentrations of the x solute, and V is the urine 
flow rate in milliliters per minute. Rena! blood Flow (RBF) was 
calculated as ERPF/[ 1-(hematocrit/l OO)]. The fractional excretions 
of lithium (FEu) and sodium (FEN,) were calculated using the 
formula FEx= UxXPcrcatininj(PxXUcrcatinincl· Fractional distal reab
sorption of sodium was estimated as [(FEu-FENa)/Feu]ll OO. Ab
solute distal (postproximal) sodium reabsorption (ADRNal was 
estimated by the difference between the clearances of lithium and 
sodium multiplied by the plasma concentration of sodium.21 

Blood Oxygen Level-Dependent MRI 
BOLD-MRI was performed in the radiology department directly 
after the clearance studies between 1 :OO and 2:00 PM on day 8 of each 
phase of the diet. Magnetic resonance measurements were carricd 
out on a 3-T whole-body magnetic resonance system (Trio Tim, 
Siemens Medical Systems). Four coronal slices with good cortico
medullary differentiation were selected from morphological images 
for functional evaluation with BOLD-MRI. Twelve T2*-weighted 
images were recorded within a single breath hold of 17.4 s (in 
inspiration) with a modified Multi Echo Data Image Combination 
sequence with the following parameters: repetition time of 68 ms, 
echo time from 6.0 to 52.2 ms (equidistant echo time spacing: 4.2 
ms), flip angle of 20°, field of view of 400X400 mm2

, voxel size of 
l.6X l.6X5 mm3, bandwidth of 700 Hz per pixel, and matrix of 
256X256. The range of ccho time was limited to 52.2 ms to avoid 
(also for voxels with a lower signal:noise ratio) getting into the area 
of the Rician distribution of noise. R2* maps were calculated voxel 
by voxel by fitting an exponential fonction to the signal intensities 
measured for cach echo lime. Regions of interest were selected in the 
medulla and the cortex by the same experienced investigator, and a 
mean value of R2* index was estimated as validated and published 
previously. In brief, the reported mean R2* value of evcry participant 
was the mean of 4 slices, each slice with 8 regions of interest (4 in 
the cortex and 4 in the medulla). This technique has been shown to 
have a good reproducibility (mean coefficient of variance of 3% in 
the medulla and 4% in the cortex) for diffcrent slice directions (axial 
or coronal).22·23 

Statistical Analysis 
On the basis of an expected diet-induced difference in renal 
oxygcnation (as expressed by R2*) of 10% between the 2 groups, an 
a of 0.05 at 2-sided significance level, and using the highest SD 
obtained in former studies, 2::8 patients per group were needcd to 
have a power of 90%. Data arc expressed as mean±SD. Compari
sons between deoxyhemoglobin content of medullary and cortical 
regions for each kidney were made by using the 2-sided paired t test 
and differences between groups with ANOV A. Spearman rank test 
and linear regression were used to examine correlations. A P value 
<0.05 was considered statistically significant. 

Results 
Normotensive Subjects 
Normotensive participants (rnean age: 26.5±7.4 years) were 
whites, except one who was of Asian descent. Baseline serurn 
creatininc was 85.9± 10.4 µmol/L, corresponding with an 
estirnated creatinine clearance ( estimated GFR, Modification 
ofDiet in Renal Disease) of 103.2± 17.0 mL/rnin per J .73 m.2 

Changes in clinical pararneters and results of clearance 
studies under H.S and LS diets are shown in Table 1. 
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Table 1. Baseline Characteristics and Changes of Renal 
Hemodynamics in NT lndividuals Under HS/LS Conditions 

NT Group, 
Baseline±SD 

Parameter (n=10) HS LS 

Body weight, kg 77.9±12.8 78.4±13.1 77.4±13.2 

SBP, mm Hg 125±8 122±6 119±5 

DBP, mm Hg 67±7 67±8 65±5 

24-h urinary 2442±903 1780±683 
volume, ml 

24-h urinary 328±96 20.2±14 
sodium, mmol 

P-sodium, mmol/L 139±1.4 138±1.9 

Hematocrit, % 42.9±2.6 43.9±1.9 

GFR, mUmin 107.9±24.9 92.7±15.7 

ERPF, mUmin 725.9±187 634.4±179 

RBF, mUmin 1277±344 1134±338 

FF, % 15.1±2.1 15.2±3.1 

FEu, % 18.7±3.9 10.3±3.7 

FENa• % 1.6±0.6 0.1 ±0.07 

Cl lithium, mUmin 20.3±6.6 9.4±3.0 

Cl sodium, mUmin 1.65±0.5 0.1 ±0.07 

ADRNa• mmol/min 2.6±0.9 1.3±0.42 

PRA, ng/ml per h 0.49±0.44 1.98±0.62 

Aldosterone, pg/mL 59.5±51 296±108 

P* 

0.07 

0.09 

0.45 

0.047 

<0.005 

0.62 

0.19 

0.03 

0.19 

0.29 

0.94 

<0.005 

<0.005 

<0.005 

<0.005 

<0.005 

<0.005 

<0.005 

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; FF, 
filtration fraction; Cl, clearance; PRA, plasma renin activity. Values are shown 
as mean±SD unless otherwise specified. 

*Paired ttest was performed to compare means under HS and LS conditions. 

Higher levels of GFR, ERPF, and RBF were found under 
HS as compared with LS conditions; filtration fraction did not 
change. FENa' FEu, and ADRNa were, as expected, higher 
under the HS than the LS diet. Mean values for cortical and 
medullary R2*, reflecting local deoxyhemoglobin levels, are 
shown for each normotensive participant in Figure 1. 

There were no significant changes in cortical R2* levels 
under HS as compared with LS conditions in the NT group 
(17.8:±: 1.3 versus 18.2:±:0.6 s- 1

; P=0.27). The situation was 

Normotensive 
33 33 
32 32 
31 31 
30 30 

Medulla 29 29 
28 28 
27 27 

~(.) 26 (.) 26 
Q) Q) 

.':!}_, 25 .':!}_, 25 . . 
N 

il l 
N 

11 l 
Il:'. Il:'. 

~ Cortex 

different when analyzing the renal medulla, with R2* levels 
significantly higher under HS versus LS conditions 
(31.3:±:0.6 versus 28.1 :±:0.8 s- 1

; P<0.05) corresponding with 
higher local Po2 levels under LS. Of note, the mean coeffi
cient of variance for R2* values averaged over ail of the 
participants between slices was 4.0% (range: 1.0% to 10.0%) 
in the medulla and 4.3% (range: 2.0% to 7.0%) in the cortex 
under HS conditions versus 4.1 % (range: 1.0% to 10.0%) in 
the cortex and 4. 7% (range: 1.0% to 9 .0%) in the medulla 
under LS conditions. 

To further investigate the raie of renal sodium handling on 
renal tissue oxygenation, linear regression analyses were 
performed. Medullary R2* levels correlated positively with 
24-hour urinary sodium excretion (r=0.55; P=0.01) and also 
with FENa (r=0.56; P=0.01), FEu (r=0.46; P=0.04), and 
ADRNa (r=0.48; P=0.04). No correlations were found be
tween medullary R2* levels and ERPF (r=0.06; P=0.8), 
GFR (r=0.29; P=0.2), or fractional distal rcabsorption of 
sodium (r=0.41; P=0.08; Figure 2). There were no correla
tions between cortical R2* levels and renal hemodynamics or 
renal sodium handling. 

Hypertensive Patients 
Eight hypertensive subjects (mean age: 28.8:±:5.8 years) were 
included; 6 were whites and 2 wcre black. Baseline serum 
creatinine was 84.0:±: 10.7 µ,mol/L, corresponding with an 
estimated GFR of 106.9:±:15.6 mL/min per 1.73 m2

• Ali of the 
hypertensives were never treated, except 1 in whom treatment 
(/3-blocker) was stopped 2 weeks be fore the study. Changes 
in clinical characteristics and clearance studies are shown in 
Table 2. 

In HT subjects, there were no significant differences 
among GFR, ERPF, and RBF undcr LS or HS conditions. 
FENa was lower under LS conditions, but FEu was low, 
irrespective of sait intake. Changes in plasma renin activity 
and aldosterone levels were as expected. There was no 
difference between mean cortical R2* in the HT group when 
comparing HS with LS conditions (17.4:±:0.6 versus 
17.8:±:0.9 s- 1

; P=0.16). Howevcr, as in the NT group, 
medullary R2* levels were significantly lower under LS 
conditions (30.3:±:0.8 versus 27.9:±:1.5 s- 1

; P<0.05; Figure 

Hypertensive 

~ Figure 1. R2* values (in secondç1
) in 

the medulla and cortex under HS and LS 
conditions for normotensive and hyper-
tensive subjects. 

~~ ~ 

High sait Low sait High sait Low sait 

Saltdiet Salt diet 
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Figure 2. Scatterplots showing the relation between medullary R2* values and parameters of renal hemodynamics and renal sodium 
handling for normotensive subjects. Each subject is represented twice in this figure: once under HS conditions and once under LS con
ditions. To better approximate a normal distribution of the parameters, all of the parameters were log-transformed in this figure. The 
straight lines are the linear regression lines. 

1 ). Again, dietary sodium intake, as estimated by 24-hour 
urinary sodium excretion, was positively correlated with 
medullary R2* levels (r=0.62; P=0.01 ). However, no cor
relation was found between medullary R2* levels and GFR 
(r=0.03; P=0.91), ERPF (r=0.20; P=0.48), FEu (r=0.40; 
P=0.15), or ADRNa (r=0.42; P=0.13). No correlations were 
found between cortical R2* levels and any of the previously 
mentioned parameters. 

Table 2. Baseline Characteristics and Changes of Rena! 
Hemodynamics in HT lndividuals Under HS/LS Conditions 

Hypertensive 
Group, 

Baseline±SD 
Parameter (n=8) HS LS 

Body weight, kg 80.8±17.6 81.8±17.4 80.9±17.8 

SBP, mm Hg 142±7 141±10 136±9 

DBP, mm Hg 92±5 85±12 84±12 

24-h urinary 2036±952 1718±826 
volume, ml 

24-h urinary 239±126 76.8±87 
sodium, mmol 

P sodium, mmol/L 139±1.3 139±0.5 

Hematocrit, % 43.9±2.5 44.1±1.7 

GFR, mUmin 104.6±21.8 96.4±19.3 

ERPF, mUmin 572±152 567±158 

RBF, mUmin 1018±272 1085±264 

FF, % 19.2±4.5 17.2±3.1 

FEu, % 11.4±2.0 12.4±2.4 

FENa• % 1.2±0.6 0.5±0.5 

Cl lithium, mUmin 11.8±3.1 11.9±3.1 

Cl sodium, mUmin 1.2±0.7 0.4±0.42 

ADRNa• mmol/min 1.5±0.33 1.6±0.45 

PRA, ng/ml per h 0.56±0.54 1.62±1.18 

Aldosterone, pg/mL 53.1 ±37.9 159±91.3 

P* 

0.045 

0.026 

0.39 

0.45 

<0.005 

0.62 

0.76 

0.35 

0.93 

0.26 

0.36 

0.43 

<0.005 

0.95 

<0.005 

0.59 

<0.005 

<0.005 

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; FF, 
filtration fraction; Cl, clearance; PRA, plasma renin activity. Values are shown 
as mean±SD unless otherwise specified. 

*Paired ttest was performed to compare means under HS and LS conditions. 

Figure 3 shows the relationship between 24-hour sodium 
excretion and medullary tissue oxygenation in bolh NT and 
HT subjects. Above a urinary sodium excretion of 
=300 mmol/d, medullary R2* appears to reach a plateau 
(Figure 3A). In addition, at each level of sodium excretion, 
medullary R2* levels were lower in HT than NT individuals 
(mean: 29.1±1.7 versus 30.5±1.7 s- 1

; P=0.02), suggesting 
an increased tissue oxygenation in HT subjects. No difference 
was noted for cortical R2* levels (mean: 17.6±0.8 versus 
18.6±1.3 s- 1

; P=0.11; Figure 3B). When analyzing blood 
pressure as a continuons variable rather than a dichotomous 
separator of groups, and independently of sait intake, an 
inverse correlation between the mean arterial blood pressure, 
as measured on the days of clearance and MR studies, and 
medullary R2* values was found (r= -0.37; P=0.026). 

Discussion 
The main finding of this study is that variations in dietary 
sodium intake induce changes in the renal R2* signal mea
sured by BOLD-MRI corresponding with changes in renal 
tissue oxygenation in male normotensive as well as hyper
tensive subjects. Our data demonstrate clearly that an LS 
intake is associated with an increased oxygenation of the 
renal medulla with no change in renal cortical oxygenation. In 
normotensive subjects, the changes in medullary oxygenation 
correlated with the salt-induced changes in sodium transport 
by the kidney but not wilh the changes in renal hemodynam
ics. In hypertension, renal medullary oxygenation correlated 
only with the 24-hour sodium excretion. Interestingly, at any 
sodium intake, medullary R2* levels were slightly lower for 
HT as compared with NT subjects, suggesling an increased 
medullary oxygenation in young subjecls with mild hyper
tension when compared with young normotensives. 

Previous studies using BOLD-MRI have shown that renal 
tissue oxygenalion is affected by several factors, including 
age, level of hydration, use of diuretics, and hemoglobin 
levels. 14•18 In the present study, we show for the first time in 
humans that dietary sodium intake also modulates renal tissue 
oxygenation, an LS intake increasing significantly renal 
medullary oxygenation without affecting the oxygenation of 
the renal cortex. This observation made both in normotensive 
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Figure 3. Comparison of (A) medullary and (B) cortical R2* sig
nais between NT and HT subjects at different levels of sait 
intake, as measured by 24-hour urine excretion. Each subject is 
represented twice in this figure: once under HS conditions and 
once under LS conditions. Solid and dashed lines connect 
points of the HT and NT groups by local linear regression. 

and young hypertensive subjects has several clinical implica
tions. The first is that dietary sodium intake should now be 
considered as a potential confounder in BOLD-MRI studies. 
Today, water diuresis and the administration of furosemide 
are well recognized as factors lowering medullary R2* 
values. 18•24.25 Hence, most protocols using BOLD-MRI are 
standardized for these factors as we did in our study. 
Although the effect of diuretics and water loading partly 
depend on dietary sodium intake,26·27 sodium intake has 
largely been ignored so far as a potential factor affecting renal 
tissue oxygenation. According to our data, future protocols 
using BOLD-MRI should either standardize for sodium 
intake or at least consider sodium intake as a determinant of 
tissue oxygenation in the analysis. 

Our data also provide insights into the mechanisms in
volved in the regulation of renal medullary tissue oxygena
tion. The local tissue Po2 is determined by the oxygen 

delivery (a fonction of renal perfusion and blood oxygen 
content) and by the 0 2 consumption, which is driven essen
tially by the GFR and the active tubular transport. More than 
90% of ail renal oxygen consumption is used for tubular 
sodium transport, which differs between the cortex and 
medulla. The well-perfused proximal tubules are mainly 
located in the renal cortex. Proximal sodium reabsorption is 
partly based on energy consuming active transport via baso
lateral Na+ ,K + -ATPase and parti y on passive transport via 
paracellular pathways.28 Hence, despite the fact that the 
proximal tubules reabsorb 67% of ail filtered sodium, they 
consume only 27% of total 02' resulting in local Po2 of 
=50 mm Hg. 9·11l· 16 In contrast, the Henle loops in the medulla 
receive 10% of RBF and reabsorb 30% of sodium at a 
relatively high energy cost. They use 67% of ail 0 2, and local 
Po2 is as low as 10 to 15 mm Hg un der normal circumstances, 
which renders them susceptible to ischemic injury.9· 10 In our 
study, both renal hemodynamics and renal tubular handling of 
sodium were measured in parallel to the determination of 
renal tissue oxygenation providing opportunities to correlate 
the salt-induced changes in renal oxygenation with the 
salt-induced modifications of renal perfusion and renal so
dium handling. Reported medullary R2* values represent the 
average of higher oxygen levels in superficial medullary 
zones and lower Po2 levels at deeper zones, so correlations 
describe trends without providing absolute regional Po2 

levels. 
As expected from animal data, 11 •12 in NT subjects, medul

lary oxygenation was positively correlated with the 24-hour 
sodium excretion but also with the proximal and distal 
sodium reabsorption, as illustrated by the correlation between 
R2* values and FEu and ADRNa- This suggests that, under 
LS conditions, medullary oxygen consumption decreases 
because the enhanced proximal sodium absorption (illustrated 
by the low FEu) leads to a reduced distal delivery of sodium 
and, hence, reduces the metabolic workload of medullary and 
distal segments of the nephron. Theoretically, lower oxygen 
consumption under LS conditions could have been counter
balanced by a lower blood flow because of the activation of 
the renin-angiotensin system leading to a lower oxygen 
delivery under LS conditions. In our salt-depleted subjects, a 
decrease in renal plasma flow and a stimulation of the 
renin-angiotensin system was observed but this did not 
reduce cortical or medullary oxygenation, and no correlation 
was found between medullary oxygenation and ERPF. This 
illustrates the potential of kidneys to preserve and even 
augment local Po2 levels, independent of global RBF as a 
marker of oxygen delivery. 

In healthy subjects, variations in dietary sodium intake did 
not influence renal cortical oxygenation. This is in line with 
other BOLD-MRI studies, showing little changes in cortical 
oxygenation in different situations17•23; only extreme condi
tions, such as acute iatrogenic arterial obstruction in animal 
models, have been shown to significantly alter cortical R2* .29 

This is explained by the technical limitation of BOLD-MRI 
for renal cortex analyses. BOLD-MRI is less sensitive to 
changes in cortical Po2, because cortical blood Po2 lies on the 
shoulder of the hemoglobin oxygenation curve, in contrast to 
medullary Po2 , which lies on the linear part of the curve, and 
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is more sensitive to small changes in oxygen tension. Thus, 
larger differences in local Po2 are necessary to observe 
similar changes in the R2* signal for the cortex as compared 
with the medulla. 14 

In young hypertensive patients, a significant increase in 
medullary oxygenation was found in response to the LS diet. 
The changes in medullary oxygenation correlated with the 
24-hour urinary sodium excretion, but in contrast to normo
tensive subjects, no correlation was found with segmental 
renal sodium handling. Moreover, no correlation was found 
between medullary R2* values and ail of the tested parame
ters of global renal hemodynamics. Although we do not have 
a clear explanation for the Jack of association of sodium 
transport and oxygen consumption in these young hyperten
sives, some potential explanations might be proposed. The 
first is the rather small number of hypertensive subjects 
included in the study. The second is the Jack of changes in 
FEu when the diet was changed from HS to LS. We have 
reported previously that FEu remains inappropriately low in 
some hypertensive patients, reflecting an enhanced proximal 
sodium reabsorptîon and sait sensitivity.7 A third possible 
factor is the smaller decrease in sodium excretion under the 
LS diet in the hypertensive participants. Although the same 
dietary regimen was applied to normotensive and hyperten
sive subjects, the compliance of the latter appears to be Jess 
than that of the former. At last, the rise in medullary Po2 in 
HT subjects could be explained by changes in renal mîcro
circulation with an intrarenal redistribution of blood flow. 
However, this hypothesis remains to be confirmed, with more 
precise measurements of intrarenal blood flow. 

On the basis of animal studies, we merely expected to find 
higher R2* levels in the HT as compared with the NT group, 
reflecting more intense medullary hypoxia, both under HS 
and LS diets.30 Although our subjects and patients were well 
matched for several parameters, we rather found an increased 
renal tissue oxygenation in our young hypertensive patients, 
as presented in Figure 3 and as îllustrated by the inverse 
relationship between blood pressure as a continuons trait and 
medullary R2* values. 

Studies in hypertensive rats using oxygen microelectrodes 
found pronounced medullary hypoxia as compared with 
normotensive controls 10•31 ; this has been linked to reactive 
oxygen species, disturbed renal microcirculation, and ineffi
cient use of oxygen for tubular transport. To the best of our 
knowledge, no other studies have examined renal oxygena
tion in humans with essential hypertension using BOLD
MRI. One BOLD-MRI study has been performed in hyper
tensive patients experiencing renal artery stenosis.24 In this 
context, normal-sized kidneys with high-grade artery stenosis 
had high medullary R2* levels at baseline that fell after the 
administration of furosemide. Atrophie kidneys with high
grade artery stenosis had reduced R2* values at baseline that 
did not change after furosemide. A possible explanatîon for 
the lower medullary R2* in the HT group in our study could, 
tlrns, be increased tissue oxygen content because of Jess 
active medullar sodium transport, as an adaptation to earlier 
medullary hypoxia, for example, in the form of hypoxia 
inducible factor-induced interstitial fibrosis, or adaptations in 
medullar microcirculation. Recent data from rabbit studies 

suggest that renal tissue Po2 is relatively independent of RBF, 
possibly because preglomerular diffusional shunting of oxy
gen from arteries to veins decreases with decreasing RBF and 
vice versa.32 It is, thus, possible that HT subjects present 
altered arterial-venous shunting as compared with NT sub
jects. However, this remains hypothetical, because our data 
on renal hcmodynamics provided information on the total 
renal perfusion and filtration rate but not on renal microcir
culation. At last, it is important to note that the study was 
conducted in young men with mild untreated hypertension. It 
is conceivable that different patterns of renal oxygenation 
might be seen in long-standing or more severe forms of 
hypertension. 

Perspectives 
This study demonstrates that an LS intakc leads to increased 
renal medullary oxygenation as compared with HS intake in 
normotensive as well as in hypertensive subjects. This finding 
might have some clinical implications. First, it dcmonstrates 
the importance of considering sodium intake as a potential 
confounding factor in BOLD-MRI analyses, and it illustrates 
the high sensitivity of this technique to detect changes in 
renal oxygen content. It also providcs additional positive 
arguments for the recommendation of an LS intake in 
hypertension, although the potential role of an LS intake on 
renal tissue oxygenation and, hence, on the progression of 
chronic renal diseases in normotensive and hypertensive 
patients, remains to be documented. Nonetheless, it bas been 
shown that rcnal hypoxia is associated with the progression of 
several renal disease states, such as diabetes mellitus, renal 
artery stenosis, and analgesic nephropathy. 13 Howevcr, this 
does not necessarily imply that high local medullar Po2 

values are renoprotective. To the best of our knowledge, no 
studies have examined the prognostic value of local Po2 

levels in humans. Prospective studies including other age 
groups with different comorbidities are, tlrns, needed to 
assess whether the beneficial effects of an LS diet can be 
explained by its impact on renal tissue oxygenation. 
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