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Abstract
Eckerbom, P. 2022. Assessment of Renal Physiology Using Functional MRI. Digital
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93 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1449-5.

Kidney injury is a major cause of morbidity and mortality throughout the world, leading to
substantial individual suffering and to a heavy financial burden for the society. A large number
of common conditions such as diabetes, hypertension, autoimmune diseases and infections
are highly associated with kidney injury. Disturbances in renal perfusion and oxygenation are
believed to be involved in the pathogenesis of kidney injury and are therefore of interest to
investigate closely. Studies to further the understanding of kidney injury have previously most
often involved invasive procedures or ionizing radiation which have limited studies in humans
due to ethical reasons. Hence there is a need to explore and implement noninvasive, nonionizing
techniques to carry out human studies of renal physiology in health and disease. This thesis
aimed to do so using a number of novel, noninvasive magnetic resonance imaging (MRI)
techniques.

In the first study of this thesis, we scanned the kidneys of healthy volunteers with noninvasive
MRI and found significant differences between the renal cortex, inner and outer medulla
regarding blood flow, oxygenation, water diffusion and tissue characteristics. In the second
study we scanned the kidneys with MRI and collected urine from healthy volunteers every
fourth hour for 24 hours and found circadian variations for total renal blood flow as well as for a
number of urinary parameters. Renal oxygenation was stable with only small diurnal variations.
In the third study we implemented the MRI techniques used in study 1 and 2 and one additional
MRI technique in COVID-19 patients admitted to the intensive care unit for severe respiratory
failure, with and without acute kidney injury (AKI). We found significantly reduced total renal
blood flow as well as  cortical and medullary perfusion in patients with AKI compared to
patients without AKI. No significant difference was found between the two groups regarding
renal oxygenation, water diffusion or tissue characteristics. In the fourth study we used the same
MRI techniques as in study 3 to follow up patients previously treated for severe COVID-19
without and with different degrees of AKI. We found significantly reduced apparent diffusion
coefficient (ADC) and total renal blood flow in patients that had high grade AKI compared to
patients that did not have AKI during hospitalization for COVID-19. No significant difference
regarding oxygenation was found between the groups.

In conclusion, this thesis shows that it is possible to use multiparametric noninvasive MRI
for renal studies in clinical practice.
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ACE2 Angiotensin converting enzyme 2 
ADC Apparent diffusion coefficient 
AGE Advanced glycation end products 
AKI Acute kidney injury 
ANA Anti-nuclear antibody 
ARDS Acute respiratory distress syndrome 
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eGFR Estimated glomerular filtration rate 
EPO Erythropoietin 
ESRD End stage renal disease 
FDG Fluoro deoxy glucose 
Gd Gadolinium 
HIF Hypoxia inducible factor 
IC Immune complexes 
ICU Intensive care unit 
IL-6 Interleukin 6 
Ig Immunoglobulin 
IVIM Intra voxel incoherent motion 
KDIGO Kidney disease improving global outcomes 
MRI Magnetic resonance imaging 
NM Nuclear medicine 



NSF Nephrogenic systemic fibrosis 
PC Phase contrast 
PET Positron emission tomography 
PKC Protein kinase C 
RAAS Renin-angiotensin-aldosterone system 
RBF Renal blood flow 
RF Radio frequency 
RI Resistive index 
ROI Region of interest 
ROS Reactive oxygen species 
RRT Renal replacement therapy 
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2 
SLE Systemic lupus erythematosus 
TKV Total kidney volume 
TRUST T2 relaxation under spin tagging 
VO2 Renal oxygen consumption 
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Introduction 

Perspectives on imaging and this thesis 
Since the dawn of the radiology era, now more than a century ago, medical 
imaging has evolved into being an essential part of almost every medical prac-
tice, no matter the specialty. It has gone from being a solely diagnostic tool 
giving anatomical information to today’s comprehensive diagnostic and ther-
apeutic modality yielding not only anatomical, but also functional physiologic 
information. Over the years, a number of different imaging techniques have 
been implemented in daily practice and the global availability of radiology has 
increased dramatically. Also, new and better treatments for many different 
diseases with extended life expectancy have increased the demand for contin-
uous follow up examinations. Together, this has led to a tremendous increase 
in the number of radiological examinations. In addition to this, the digital era 
and new modalities have multiplied the amount of information in each exam-
ination.  

Many of today’s standard examinations are performed with modalities us-
ing ionizing radiation to yield images and even though radiation doses have 
decreased significantly through the years, ionizing radiation remains an issue, 
in particular in younger patients and when conducting research studies. Other 
challenges in both clinical practice and in research are related to invasive pro-
cedures and to the use of contrast media in radiological examinations.  

Invasive procedures always pose a certain risk for complications and 
should, if possible, be avoided. Contrast media for radiological use might 
cause adverse reactions of different severity. Iodinated contrast media for con-
ventional radiography (CR) and computed tomography (CT) has been linked 
to kidney injury and Gadolinium based contrast media for use in magnetic 
resonance imaging (MRI) has been shown to be able to, though rarely, cause 
systemic disease. Taking the above-mentioned issues into account there is a 
need to develop and implement nonionizing, noninvasive radiological tech-
niques with the ability to provide anatomical as well as functional information. 
Such techniques exist today and the aim of this thesis was to explore them in 
healthy kidneys and implement them in clinical cases. This is a challenging 
task calling for close cooperation between radiologists, physicians in other 
specialties, MRI-technicians, MRI-physicists and physiologists.  

Kidney injury is a major cause of morbidity and mortality throughout the 
world affecting millions of people, leading to substantial individual suffering 
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and to a heavy financial burden for the society. A large number of common 
conditions such as diabetes, hypertension, autoimmune diseases and infec-
tions are highly associated with kidney injury. Our research group has a long 
history in the field of preclinical renal research where studies have been con-
ducted invasively in animals. In this thesis we aimed to take this previous renal 
research from invasive studies in animals to noninvasive studies in humans.  

The Kidney 
The urinary tract and its function to drain urine from the kidneys, has been 
known since long and was already described by Galen in the second century 
AD (1). The kidney is involved in removal of waste products and toxins, the 
control of the extracellular fluid volume, acid-base balance, fluid osmolality 
and various electrolyte concentrations. The renal parenchyma is divided into 
two major parts, the cortex and the medulla, together forming a number of 
cone-shaped renal lobes. Each lobe contains renal medulla surrounded by a 
portion of renal cortex making up a renal pyramid. Renal columns are projec-
tions of cortex between the renal pyramids (Fig. 1). The functional, urine-pro-
ducing unit of the kidney is called a nephron, extending through the cortex 
and the medulla. In an adult human, each kidney contains around one million 
nephrons (2). The nephron is under control of the juxtaglomerular apparatus, 
responsible for regulation of blood pressure and blood volume. The filtration 
barrier, located in the cortex is made up of endothelial cells of the capillaries, 
the basement membrane and the podocytes (Fig. 2). Here smaller particles as 
water and salts are filtered whereas larger particles as proteins are retained. It 
is followed by a proximal renal tubule passing from the cortex deep into the 
medullary pyramids, back up to the cortex again (the loop of Henle) and fi-
nally draining into a collecting duct. During the passage of the ultrafiltrate 
through the tubule and collecting duct many necessary substances and water 
are reabsorbed to the blood by both active and passive transport (Fig. 3). From 
each kidney, a ureter transports the excreted urine to the urinary bladder. The 
kidneys also carry out functions independent of the nephron like for example, 
converting the precursor of vitamin D to its active form, calcitriol (3), and 
synthesizing hormones like erythropoietin (EPO), important for red blood cell 
formation (4), and renin, involved in blood pressure control and sodium ho-
meostasis (5). 
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Fig 1. Anatomy of the kidney. 
https://commons.wikimedia.org/wiki/File:Blausen_0592_KidneyAnatomy_01.png 

Fig 2. The glomeruli. 
https://commons.wikimedia.org/wiki/File:Renal_corpuscle-en.svg 
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Fig 3. Secretion and reabsorption of various substances throughout the nephron. 
https://commons.wikimedia.org/wiki/File:2618_Nephron_Secretion_Reabsorp-
tion.jpg 

Kidney injury 
Kidney injury/disease has been known and recorded for about as long as writ-
ten historical records exist (6, 7) and kidney malfunction is today one of the 
leading causes of morbidity and mortality throughout the world (8-11). 
Around 700 million people are estimated to be affected by chronic kidney dis-
ease (CKD), a prevalence of around 9% and in 2017, 1,2 million people died 
due to CKD (12). The number of people receiving renal replacement therapy 
(RRT), ie dialysis exceeds 2,5 million and is expected to increase in the future 
(13). Renal disease often has a great impact of the affected person’s life (14) 
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and is a heavy financial burden for the society as can be understood from the 
figures above. Harm to the kidneys is usually divided into acute kidney injury 
(AKI) and CKD depending on the rate of progression and reversibility. AKI, 
defined as a rapid deterioration of renal function (within 24-48 hours) (15, 16) 
is a common clinical condition affecting a bit more than 20% of hospitalized 
patients (17). AKI is associated with high mortality (18, 19) and for survivors, 
development of CKD even with apparent clinical recovery (20). Today, the 
incidence and prevalence of both AKI and CKD are increasing due to a num-
ber of reasons, among them an increase in the incidence and prevalence of 
predisposing conditions and a steadily aging population (21, 22). 

As previously mentioned, a large number of diseases and conditions are 
known to cause kidney injury, many of them widely spread and common such 
as diabetes, hypertension and autoimmune diseases (23-26). Different drugs 
as well as infections and septic conditions are also common causes of renal 
injury (24) (17) . In patients receiving intensive care, sepsis is the most im-
portant cause of AKI affecting up to 60% (27) with 10-20% of the cases even-
tually needing RRT (18, 28, 29). In spite of intensive care, outcome is not 
seldom poor with a high mortality rate (29, 30). AKI might be completely 
reversible or to different extent become permanent (CKD) (31). In sepsis, 
many organs along with the kidneys might be involved leading to multiorgan 
failure – a life threatening condition often calling for intensive care. Numerous 
theories have been launched and a large number of studies have been done in 
the field, yet the mechanisms behind renal injury is still not clear. 

Mechanisms of kidney injury 
The mechanisms of kidney injury are, as mentioned above, not fully under-
stood. Through the years, a number of hypotheses have been launched and a 
huge amount of research has been done in the field. Key biological processes 
such as cell proliferation, cell death, inflammation, and fibrosis, as well as 
common biomarkers, are seen in all kinds of nephropathy. 

Principally, kidney injury has either prerenal, renal or postrenal causes. 
Prerenal causes such as hypovolemia/hypoperfusion of renal tissue due to 
blood loss, heart failure, diarrhea, vomiting, sepsis or thrombosis leading to 
secondary renal hypoxia are presumed to be highly involved in the pathophys-
iology of kidney injury and its further possible progression to CKD (32-36). 
Renal causes, described more in detail below, include acute tubular necrosis 
(ATN), glomerular or interstitial diseases, often with immunological etiology 
(37-41). Post renal causes are of obstructive nature, having many possible eti-
ologies such as stones, prostate enlargement or malignancies. As mentioned 
above, for intrinsic causes of kidney injury multiple etiologies can be found, 
among them: 
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Diabetes 
Diabetes, contributing largely to morbidity, mortality and health care costs is 
one of the leading causes of CKD and end stage renal disease (ESRD) glob-
ally. Diabetic nephropathy is a heterogenous and complex condition with sev-
eral overlapping etiologic pathways including changes in glomerular hemo-
dynamics, oxidative stress and inflammation as well as interstitial fibrosis and 
tubular atrophy. Around 20% of diabetic patients develop nephropathy indi-
cating that there are strong genetic determinants of individual susceptibility 
(42) but also individual factors such as hypertension and hyperlipidemia (43).  

The diabetic milieu activates a number of important control mechanisms, 
among them the renin-angiotensin-aldosterone system (RAAS) (44), im-
portant for control of blood pressure and fluid balance. This increases the re-
sistance of the efferent arteriole of the glomeruli giving hemodynamic changes 
with increased intraglomerular pressure causing hyperfiltration and, after 
some time, glomerulosclerosis (45).  

Prolonged hyperglycemia as well as insulin resistance lead to increased mi-
tochondrial production of superoxide, a free radical or reactive oxygen species 
(ROS) involved in oxidative stress (46). This in turn generates: 

 
1: Disturbances of the polyol pathway reducing toxic aldehydes to inactive 

alcohols (43). 
2: Increased production of advanced glycation end products (AGEs) that 

accumulate in the kidney. AGEs are formed during ageing as a physio-
logical process but increased generation occurs in a number of chronic 
diseases. AGEs harm many different celltypes, among them vascular 
cells. Also, the accumulation of AGEs in the matrix gives interstitial fi-
brotic changes with increased resistance to diffusion of for example ox-
ygen (47, 48). 

3: Disturbances in protein kinase C (PKC) activation, responsible for func-
tional control of other proteins involved in many processes, for example 
vascular control (43).  

4: Increased hexosamine pathway activity, a part of the glycolysis process 
converting glucose into adenosine triphosphate (ATP). Disturbances of 
this process give pathological changes in gene expressions affecting 
blood vessels (46).  

All these mechanisms cause damage to the cells and vasculature in the kidneys 
as well as on other sites of diabetic complications (43).  

Hyperglycemia and insulin resistance also induce production of numerous 
cytokines through increase in AGEs driving an inflammatory response (49). 
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Nephrosclerosis  
Characterized by increased glomerulosclerosis, tubular atrophy, interstitial fi-
brosis and arteriosclerosis, nephrosclerosis can be seen as a physiological part 
of ageing (50). A number of conditions are known to speed up this process, 
most commonly hypertension (51). Hypertension causes a hypertrophic re-
sponse in vessels with intimal thickening resulting in a narrowing of the vas-
cular lumen (52, 53). Nephrosclerosis is probably due to ischemic injury of 
the nephron caused by arteriosclerosis of capillaries leading to thickened base-
ment membranes and pericapsular fibrosis eventually resulting in globally 
sclerosed glomeruli with collagen filling Bowmans space (50). 

Immunologic causes 
Because of the kidney´s specialized function, it is exposed to significant stress 
from exogenous factors like toxins, pathogens and cytokines filtered from the 
bloodstream. In order to handle this, the kidney relies on a finely calibrated 
immune system ensuring proper responses. Immunoglobulins (Ig), ie antibod-
ies and complement are important parts of the immune system serving as a 
first-line defense against pathogenic infections (37, 38). They are necessary  
for the defense against infections and for clearance of immune complexes and 
injured cells. Antibodies might be kidney specific or nonspecific. 

Examples of conditions involving kidney specific antibodies: 
• Anti-GBM disease or Goodpatures syndrome is a rare autoimmune 

condition that affects the capillary beds of the kidneys and lungs with 
circulating antibodies directed against the glomerular basement mem-
brane (GBM) (54). The disease is characterized by rapidly progressive 
glomerulonephritis. The antibodies involved in anti-GBM disease are 
usually of IgG (55) and more rarely of IgA-type (56). The cause of 
the disease is unknown but the production of the antibodies involved 
is believed to be the response to a certain stimulus (54). The disease 
has been associated with prior kidney or pulmonary injury and with 
infections like for example COVID-19 (57). 

• Membranous nephropathy is a common cause of nephrotic syndrome 
with circulating antibodies against the phospholipase A2 receptor (58) 
on podocytes resulting in subepithelial immune deposits. These de-
posits then in turn activate complement, leading to formation of a 
membrane attack complex damaging the podocyte plasma membrane 
(59). This leads to two main changes characterizing the renal aspect 
of the disease. Proteinuria due to podocyte damage (60) and GBM-
thickening due to overproduction of collagen by the injured podocytes 
(61). 
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Examples of conditions involving nonspecific kidney antibodies: 
• IgA nephropathy is the most common cause of primary glomerulone-

phritis (62) and is the result of deposition of IgA and complement 
factor C3 in the mesangium (63, 64). Four main elements contribute 
to IgA nephropathy (65): 1. Generation of IgA immune complexes 
that favor mesangial deposition. 2. The body’s ability to remove path-
ogenic IgA complexes. 3. Mesangial cell affinity for IgA. 4. An in-
herent tendency of injury responsive inflammation leading to tissue 
fibrosis instead of resolving without sequele. Etiology of IgA 
nephropathy is unknown though it has been linked to genetic predis-
position (66). 

• Systemic lupus erythematosus (SLE) is a chronic autoimmune disease 
characterized by increased production of auto antibodies such as anti-
nuclear antibodies (ANAs) and the creation of immune complexes 
(ICs) (67). SLE might affect virtually any organ in the body and is 
more common in women (68). The cause of SLE is unknown but 
probably multifactorial including genetic predisposition (69), hormo-
nal factors (68), immune abnormalities (70, 71) and infections (72). 
Much of the renal tissue damage in SLE is caused by deposition of 
ICs and subsequent complement activation causing an infiltration of 
leukocytes. These cells phagocytose IC and release mediators, for ex-
ample cytokines, leading to glomerular inflammation (73). 

• Infective endocarditis is another condition in which several forms of 
kidney disease might develop, among them renal infarction from sep-
tic emboli, bacterial infection-related immune complex-mediated glo-
merulonephritis and renal cortical necrosis (74, 75).  

Hypoxia 
Renal hypoxia is an important contributing factor to kidney injury and in re-
cent years, it has been proposed as a unifying path to kidney injury (35, 76). 
It has been shown in animals that common conditions like diabetes and hyper-
tension cause renal hypoxia (77, 78) which in turn causes renal fibrosis (60).  

Oxygen and the kidneys 
Renal oxygenation, based on the balance between oxygen supply and oxygen 
consumption, is determined by oxygen supply by the renal arteries, cellular 
oxygen consumption and arterio-venous shunting (79). Even though the kid-
ney makes up just about 0.5% of the total human body weight, it uses around 
7% of the oxygen consumed by the body (80). The kidneys are vastly per-
fused, receiving approximately 20% of cardiac output corresponding to 
around one liter blood/min. Under normal steady state conditions, oxygen 
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supply well exceeds the oxygen demand with a renal oxygen extraction of just 
around 8-15% (77, 81) compared to around 50% in for example the liver (82). 
Consequently, oxygen tension (pO2) in the renal vein is notably high. These 
figures would suggest an abundance of oxygen supplied to the kidney, pro-
tecting it from hypoxic injury.  

Already in 1960, Aukland et al. showed in dogs that oxygenation in the 
renal medulla is notably lower than in the cortex (83) with renal medullary 
oxygen tension continuously below 10 mm Hg whereas it is averaging around 
30 mm Hg in the cortex (81). The lower pO2 in the medulla is mainly due to 
oxygen consuming active reabsorption of sodium by Na+/K+ adenosin triphos-
phatase (ATP-as) in the ascending limb of the loop of Henle (84, 85). A re-
duction in renal blood flow does therefore not only impair oxygen supply, but 
– if it falls outside of the autoregulatory range of the glomerular filtration rate 
– will also reduce the oxygen consumption (86). Thus, increased oxygen de-
livery to the kidneys is counteracted by increased oxygen consumption mak-
ing renal oxygenation relatively insensitive to changes in renal blood flow and 
it might even increase with reduced perfusion pressure (87, 88). We have, in 
a previous study in humans, showed that renal oxygenation over time is nota-
bly stable (89). The lower oxygenation in the medulla is also partly due to 
diffusive shunting of oxygen between arterial and venous vessel running very 
closely in parallel (90-92), an arrangement allowing oxygen to diffuse to the 
draining veins before it reaches the renal capillary bed.  

Renal perfusion is heterogenous and after entering the kidney cortex, only 
around 10% of the total renal blood perfusion is directed towards the medulla 
with the remaining portion bypassing the medulla, directly entering the venous 
side of the circulation (93). Exchange of water and electrolytes between ves-
sels running alongside the tubule of the loop of Henle is partly driven by dif-
fusion which is a time-consuming process. The lower medullary perfusion is 
necessary to maintain the osmotic gradient of the loop of Henle responsible 
for water reabsorption i.e, the ability to either dilute or concentrate the urine 
(conserve water). A higher level of perfusion would not give enough time for 
necessary diffusion to occur and thus spoil the gradient (94).  

In conclusion, the cortex is highly perfused and well oxygenated, whereas 
the medulla is less perfused and functions at the brink of hypoxia making it 
particularly vulnerable to hypoxic injury, in particular the outer part of the 
medulla due to the high metabolic demands of the thick ascending limb in this 
region (93). This sensitivity to hypoxia is also reflected by the kidney´s ability 
to adjust the production of the hormone erythropoietin (EPO) to changes in 
oxygen supply (95). 
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Renal oxygenation in pathological conditions 
Renal hypoxia and oxidative stress are considered to play an important role in 
many pathologic conditions and have been proposed as a unifying cause of 
progressive renal disease (96-102). Under pathological conditions, the balance 
of oxygen supply compared to demand is disturbed, in part due to the arrange-
ment of the renal microvasculature and its shunting pathways (81). Oxygen 
deprivation to the tubulointerstitial compartment is assumed to be the under-
lying reason for the scarring process damaging the kidney. This theory is 
based on that in most glomerular diseases, there is heterogenous involvement 
of the glomeruli. Some glomeruli are very inflamed with a substantial reduc-
tion of glomerular capillary patency causing a decrease in blood and oxygen 
delivery to the interstitial capillary network. Other glomeruli are not affected, 
at least not initially, and adapt by dilating the afferent arterioles to increase 
glomerular filtration. The vasodilation exposes the post glomerular capillaries 
to increased pressure. This capillary bed is normally a low-pressure compart-
ment and the increased pressure is likely to have a negative effect on the en-
dothelium of the capillaries with edema and functional changes resulting in a 
progressive hypoxia. This various impact on glomeruli is likely to cause a 
patchiness and lead to an imbalance in oxygen supply and demand causing a 
reduction in local oxygen tension (96).  

Kidney hypoxia is also a consequence of increased oxygen consumption 
caused by decreased coupling between oxygen consumption and ATP produc-
tion, a phenomenon called mitochondria leak respiration, in combination with 
insufficient oxygen delivery to meet the increased demand (103-105). Mito-
chondrial leak respiration is induced by superoxide radicals activating uncou-
pling protein 2, resulting in increased proton leak across the inner membrane 
without resulting in ATP production (104-106). Hypoxia due to increased mi-
tochondrial oxygen consumption has been shown to cause nephropathy, inde-
pendently of hyperglycemia and oxidative stress (107). 

Normal cellular response to hypoxia is activation of the hypoxia inducible 
factor (HIF) system. Tubular activation of HIF has in diabetes been shown to 
be suppressed due to increased oxidative stress, hyperosmolality and for-
mation of advanced glycation end products, leading to sustained intrarenal tis-
sue hypoxia promoting diabetic kidney injury. Activation of tubular HIF pre-
vents kidney tissue hypoxia by reducing mitochondria leak respiration (108).  
In AKI, cellular injury has been shown to occur mainly in the distal segment 
of the proximal tubule and in the medullary thick ascending limb where the 
cells have in common being located at the greatest distance from vascular bun-
dles (long diffusion distance for oxygen), having a high energy consumption 
and a low capacity for anaerobic glycolysis (93, 109).  
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Renal oxygenation in sepsis 
In sepsis-associated AKI, a number of different mechanisms have been sug-
gested to be involved, among them mitochondrial production of reactive oxy-
gen species (ROS) (110) and increased expression of inflammatory cytokines, 
and leukocyte activity, causing vascular damage (111, 112). Alterations in re-
nal blood flow (RBF) in sepsis have been studied mainly in animals and a 
review of the literature revealed that decreased RBF was found in 62% of the 
reviewed studies and increased or stable RBF in 38% (113). In a human study, 
RBF measured by PC MRI was found to be markedly decreased (62%) in sep-
tic AKI patients compared to healthy controls (114).  

Hypothesis 
Oxidative stress as a consequence of disease (diabetes, hypertension, infection 
etc.) causes hemodynamic changes and increased oxygen consumption. This 
in turn leads to decreased local oxygen pressure causing renal injury (Fig. 4). 

Fig 4. Hypothesis model. From Palm. F. 
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Diagnostics of renal function and markers of renal 
disease 
Diagnostics of kidney disease can easily be carried out by readily accessible 
blood and urine tests. The large majority of patients with renal failure are dis-
covered en passant by such tests without showing any symptoms of renal dis-
ease like for example nausea, loss of appetite, fatigue, weakness, changes in 
urine volume, muscle twitches and cramps, swelling of feet, ankles and around 
the eyes, persistent itching and high blood pressure. 

In today’s clinical practice, only a few tests are needed to investigate renal 
function:  

Glomerular filtration rate (GFR) is a measure of kidney function. GFR can 
be measured directly, but it is a quite complicated test. Most often, estimated 
GFR (eGFR) is used. Estimation is done by a GFR calculator, using various 
formulas including information on blood creatinine or cystatin C, age, gender, 
height and weight (115). 

Creatinine is a chemical waste product produced by muscles from the break-
down of creatine and to a smaller extent from dietary protein (116). The kid-
neys filter out and excrete creatinine into the urine. A serum creatinine test 
measures the level of creatinine in the blood and provides an estimate of how 
well the kidneys are functioning (glomerular filtration rate) (117). Serum cre-
atinine is widely used as an estimate of renal function. However, creatinine 
does normally not rise above its upper normal limit until GFR has decreased 
markedly, making estimations of renal function by creatinine measurements 
somewhat blunt (118). Moreover, creatinine is affected by age, sex and other 
factors.  

Urea is the final break down/waste product from the degradation of proteins 
from the food we ingest. Nitrogen in amino acids is converted to ammonia 
which in turn is converted to urea through the urea cycle. Urea is filtered out 
of the blood in the kidneys and excreted in the urine. In healthy kidneys, more 
than 90% of the urea the body produces is filtered and excreted (119), thus, 
the blood urea level gives a clue of how well the kidneys function. 

Cystatin C is a protein produced in all human cells with a nucleus and can be 
found in virtually all tissues and body fluids. It is an important inhibitor of 
proteinases, ie enzymes breaking down proteins. Cystatin C is filtered in the 
kidneys and excreted in the urine. Cystatin C, not influenced by sex, muscle 
mass or food ingestion, complements creatinine as a marker for renal function 
(120). 
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There are also urine tests to investigate renal function: 

Urine albumin. Albumin is the most common protein in the blood and is nor-
mally not filtered out by the kidneys. When the kidneys are damaged, albumin 
leaks into the urine. This is called albuminuria (121). If the amount of albumin 
is very small, but still abnormal (under 300 mg/l), it is called microalbuminu-
ria. Microalbuminuria is an early sign of renal damage. 

Urine creatinine and urine urea. As explained above, creatinine and urea are 
removed from blood and excreted into the urine by the kidneys. If the kidneys 
are not functioning normally, the amount of creatinine and urea in the urine 
will decrease. These tests are however rarely used in clinical practice. 

Histological analyses 
All the above-mentioned signs and tests of renal functions are somewhat lim-
ited and there is often a need for a renal biopsy followed by histological 
analysis to set a diagnosis. 

Nonimaging techniques to study renal function 
Preclinical studies have over the years provided vast knowledge regarding re-
nal physiology in health and disease. In animal studies, a number of experi-
mental models of invasive nature both in and ex vivo have been used.  

Renal blood flow and perfusion can be measured by for example laser Dop-
pler, hydrogen clearance and ultrasound techniques. The laser Doppler tech-
nique utilizes the fact that a light beam is scattered when hitting an object. 
When hitting a moving object, in this case red blood cells, a frequency shift 
occurs (the Doppler effect) (122), enabling measurements of velocity and rel-
ative flow (123, 124). These properties make the technique well suited for 
flow measures before and after an intervention. In the hydrogen clearance 
method, an electrode is inserted in the tissue to be studied and the tissue is 
then saturated with hydrogen by inhalation of the gas. Oxygenation of molec-
ular hydrogen to hydrogen ions at the surface of the electrode tip creates a 
current which can be measured. The current is proportional to the hydrogen 
partial pressure/hydrogen activity. Hydrogen is washed out by blood, thus the 
current at the tip of the electrode can be used as a measure of perfusion (125, 
126). Ultrasound Doppler techniques can be applied directly on the renal ar-
tery to measure total renal blood flow (127). 
  



 24 

Renal oxygenation can be measured using microelectrodes of different kinds. 
The Clark electrode uses a membrane permeable to oxygen, allowing it to 
reach the cathode where it is electrolytically reduced and creates a current. 
This current can be used as a measure of oxygen pressure in the tissue (128, 
129). Fluorescence optodes (optical sensors that optically measure a specific 
substance) use light pulses to induce pulsatile fluorescens at the tip of an elec-
trode. The lifetime of the fluorescent pulses has been shown to be inversely 
proportional to oxygen tension at the tip of the electrode (130). 

Imaging techniques to study renal function 
Studies of the urinary system was one of the very first applications of radiol-
ogy and contrast administration and is today widely spread and performed us-
ing different modalities including conventional radiography techniques, ultra-
sonography, scintigraphy and positron emission tomography (PET) with nu-
clear medicine agents, computed tomography (CT) and magnetic resonance 
imaging (MRI).  

Conventional  radiography (CR) utilizes ionizing x-rays that are sent from an 
x-ray tube through the patient to a detector, either as a single high energy burst, 
a spot radiograph, or as a continuous low energy series of images, fluoroscopy, 
creating a cinematic experience. Both techniques can and are often used to-
gether during an examination. Conventional radiography can be used with or 
without administration of oral or intravenous (iv) contrast media and was for 
decades the standard procedure for urinary tract investigations. In uro-radiol-
ogy today, it is mostly used for interventional procedures. 

Ultrasonography uses soundwaves to create images. Soundwaves are non-
ionizing and therefore ultrasonography can be used without concern regarding 
radiation dose. Ultrasound has got high resolution making it suitable for ex-
amination of many organs and soft tissues throughout the body. The equip-
ment’s relative portability and low price has made it widely available. Fur-
thermore, by utilizing the Doppler effect, ultrasound is capable of advanced 
flow/perfusion studies. With the introduction of ultrasound contrast media 
based on micro bubbles, the modality’s performance improved greatly. This 
kind of contrast media has not been associated with renal injury thus making 
it suitable for use in patients with impaired renal function. In renal investiga-
tions, ultrasound is often the first modality to be used, providing a lot of in-
formation regarding size, possible lesions, possible urine obstruction and per-
fusion. 
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Nuclear medicine (NM) and positron emission tomography 
(PET) 
NM and PET utilize radiation emitted from different radionuclides most often 
injected intravenously. This emitted radiation is picked up by detectors and 
through a computer this information is used to create an image of the investi-
gated area. 

The technique can be used to scan a specific area/organ or the whole body 
in a single examination. Today these modalities are often combined with CT 
for greatly improved anatomical information.  

Commonly used NM methods for determination of renal function include 
clearance, renography and parenchymal studies with radiotracers labeled with 
Chromium -51 (51Cr) or Technetium-99m (99mTc). Today though, clearance 
examinations using radionuclides are widely substituted by the nonionizing 
method of Iohexol-clearance.  
PET studies can be performed with a number of radiotracers, most commonly 
18F-fluoro-deoxy-glucose (18F-FDG) with a half-life of two hours. 18F-FDG is 
a very good marker of metabolism and therefore widely used in tumor diag-
nostics and imaging of inflammatory conditions. 18F-FDG is excreted with the 
urine and, therefore, examinations of the urine tract are sometimes difficult to 
interpret. For renal perfusion studies 15O-water (H2

15O), a short-lived tracer 
with a half-life of around two minutes has been used successfully and is today 
considered as gold standard in the field. PET availability is today limited in 
large parts of the world and facilities able of handling short-lived tracers like 
15O-water are rare. 

Computed tomography (CT) 

Computed tomography (CT) was introduced in 1973. It is, like conventional 
radiography, based on ionizing x-rays for imaging but in CT, multiple images 
are obtained from different angles around the body resulting in an examined 
three-dimensional volume instead of a two-dimensional image. CT revolu-
tionized imaging in many fields and has constantly evolved from its early days 
single slice, time consuming examinations to today’s multi slice, helical, su-
perfast scans with the possibility of scanning the entire body with very high 
resolution in just a few seconds. This property has made the modality very 
suitable for use in emergency or trauma cases. Combined with iodine-based 
contrast media (the same as for conventional radiography) CT can with great 
accuracy perform vascular studies, both static and dynamic. Recent years have 
seen the introduction of “Dual energy CT or Spectral CT” where x-rays are 
sent out with different energies during the same examination making it possi-
ble to for example characterize different materials/tissues and to calculate the 
amount of iodine accumulated in a specific area. 
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CT is, since many years, the workhorse for urinary tract investigations, in 
particular regarding calcifications, obstruction and tumors. The use of iv con-
trast media not only adds morphological but also functional information to 
studies of the renal tract.  

Magnetic resonance imaging (MRI) 
The first steps toward MRI were taken in the ancient world when people found 
that pieces of the mineral Magnetite could attract iron. In the 11th century, the 
Chinese scientist Shen Kuo wrote about how the magnetic needle compass 
improves navigation by employing the concept of true north. In 1600 it was 
discovered that the earth itself has magnetic properties. The relationship be-
tween electricity and magnetism was discovered and explored early in the 19th 
century and in the late 19th and early 20th century Nicola Tesla added important 
knowledge to the field of electromagnetism and spearheaded the development 
of commercial electricity. In recognition of his great contribution to the field, 
the SI-unit for magnetic field strength carries his name, Tesla (T).  

When nuclei in a strong constant magnetic field are disturbed by a weak 
oscillating magnetic field they respond by producing an electromagnetic sig-
nal. This physical phenomenon  is called Nuclear magnetic resonance (NMR) 
and was first described by Rabi in 1938 (131, 132). The following years saw 
intense research efforts in the field resulting in two Nobel prizes, Rabi in 1944 
and Bloch and Purcell in 1952. The process occurs when the oscillation fre-
quency matches the inherent frequency of the nuclei. This process depends on 
the magnetic properties of the isotope involved, the chemical environment and 
the strength of the static magnetic field. Isotopes that contain an odd number 
of protons and/or neutrons have an inherent magnetic moment and an angular 
momentum resulting in a nonzero nuclear spin, while nucleids with even num-
bers of protons and/or neutrons have a total spin of zero making them NMR 
inactive. Magnetic resonance imaging (MRI) takes advantage of this by 
mainly using the nuclei of hydrogen, 1H with a sole proton, available in abun-
dance in animals/humans due to their great water and fat content. 

The first NMR signal from a living animal was produced in 1968 but it was 
not until 1971, when Paul C Lauterbur found a way to encode spatial infor-
mation into an NMR signal by using magnetic field gradients, that the tech-
nique became useful for medical imaging (133). Peter Mansfield further re-
fined the technique and in 2003 Lauterbur and Mansfield shared the Nobel 
prize for their work in the field of MRI. 

An MRI scanner consists of a powerful electromagnet creating a very 
strong magnet field that can have different field strengths, today most com-
monly 1.5 or 3 T. For comparison it can be noted that the field strength of the 
earth is around 50-100µT. It is of great importance for the image quality that 
the magnetic field is as homogenous as possible. Therefore, proper installation 
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of an MRI-system is crucial for its function. To correct possible inhomogene-
ities in the magnetic field, shim coils are used.  

To perform an MRI scan, the part of the body to be scanned is positioned 
in the strong homogenous magnetic field. Then a short burst of energy, a ra-
diofrequency (RF) pulse with an appropriate frequency is sent out from the 
scanner. X and Y gradients within the scanner make the region to be scanned 
in the patient get the exact magnetic field needed for the energy of the RF 
pulse to be absorbed (resonance), the protons in the selected region get a 
higher level of energy, they get “excited”. Then the excited protons rapidly 
return back to their previous equilibrium state in the magnetic field. During 
this “relaxation time” they emit an RF signal which is picked up by a receiving 
coil and analyzed by a computer to generate images.  

After excitation, each specific tissue returns to its equilibrium state by the 
relaxation processes of T1 (in the direction of the static magnetic field) and T2 
(transverse the direction of the static magnetic field). T1 images are created by 
using a short repetition time (TR), the time between two successive excitations 
of the same slice. T1 imaging is useful for general morphology, identifying 
fatty tissue, detection of blood and for post-contrast imaging. A T2 image is 
created by using a long echo time (TE), the time between the excitation pulse 
and the signal maximum. T2 images are useful for general morphology and for 
detecting fluid/edema. Proton density (PD) weighted images, useful for look-
ing at for example joints, are created by having a long TR and a short TE. TR 
and TE can be varied largely to suit different medical questions. 

Even if MRI is considered a very safe modality for the patient, some con-
traindications exist, for example older types of pacemakers and under certain 
circumstances ferromagnetic material (risk of movement and thereby risk of 
harm) within the body. Some people with claustrophobia might find an MRI 
scan very uncomfortable due to the confined space within the MRI tunnel. 
Also, metal artifacts, mainly from various implants, might interfere with the 
area to be studied making interpretation of the study difficult. 
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Contrast media in imaging 
Contrast media in different forms have been used in imaging almost since the 
beginning of the radiology era. Even though contrast agents have improved 
greatly over the years to today’s safe and patient friendly ones there still re-
main some issues, in particular regarding impaired renal function, calling for 
cautious use in certain situations. 

The use of iodine-based contrast media for conventional radiography and 
CT examinations have for decades been linked to contrast induced nephropa-
thy (CIN) in patients with reduced renal function (134-136). CIN is a condi-
tion with various degrees of decreased renal function for a shorter or longer 
period, sometimes demanding dialysis. Though the condition is rare nowadays 
and its causes under debate, it is an everyday issue for many radiologists (137). 
For contrast media imaging in MRI, the most commonly used substances are 
chelates of Gadolinium (Gd) acting by shortening T1, thus altering the contrast 
in the image. 

Gadolinium based contrast media are relatively safe to use but there is, for 
patients with severely impaired renal function, a risk to develop nephrogenic 
systemic fibrosis (NSF) (138), a rare debilitating disease resulting in skin con-
tractures or thickening, and internal organ damage.  

Different Gadolinium based contrast media have shown varying risks of 
leading to NSF and therefore “low risk” contrast media are nowadays used for 
people with impaired renal function. Still, even in end stage renal disease, the 
risk of developing NSF after administration of Gadolinium contrast media is 
very low.  

Quite recently it has also been recognized that there is a retention of Gad-
olinium within the body after injection of contrast media, in particular in the 
bones and in the brain. No side effects from this have yet been observed but it 
has drawn attention and studies are carried out to further the knowledge of it. 

Need for nonionizing, noninvasive imaging 
Previous studies of renal function have, to a high extent, both in animals and 
human subjects been carried out invasively and often with ionizing radiologi-
cal or nuclear medicine modalities, not seldom including the use of contrast 
media. These factors have limited studies in humans due to the possible risk 
of genetical damage when using ionizing radiation and the general risk of in-
terventional procedures. In the light of the above-mentioned concerns regard-
ing iodine and Gd-based contrast media, there is a need to develop and imple-
ment nonionizing, noninvasive imaging methods both for research and diag-
nostic purposes. Several such techniques using MRI are now available.  
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Noninvasive MRI techniques 
Phase contrast (PC) MRI 
PC-MRI is based on the fact that spins moving in the same direction as a mag-
netic field gradient develop a phase shift proportional to its velocity (139). 
The technique was first described in 1982 and has proven very useful for stud-
ying moving fluids such as blood and cerebrospinal fluid. The technique can 
also be used to create an angiogram by subtracting an image obtained without 
gradients from an image obtained with gradients. The remaining result will be 
an image of moving spins ie blood. PC MRI is well established for studies of 
renal perfusion (140) and preferably done using a breath hold technique to 
avoid motion artifacts. 

Fig 5. Principle of phase contrast MRI.  
Based on an image from Image from: J. Caroff et al. Applications des sequences de 
vélocimétrie par contraste de phase en imagerie cardiovasculaire. Journal de Radiol-
ogie Diagnostique et Interventionnelle, Volume 93, Issue 3, March 2012, Pages 170-
182. 
A: No magnetic gradient applied. B: Magnetic gradient applied. C: Magnetic gradi-
ent inversed. 

When measuring after the pulse sequence A, B and C, stationary tissue will 
have an unchanged magnetization phase, but a moving spin will have a change 
in magnetization phase proportional to the distance it has moved in the mag-
netic field. 
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Arterial spin labeling (ASL) MRI 
ASL-MRI utilizes magnetically labeled arterial blood as an endogenous con-
trast medium (140, 141). The principle of ASL is to obtain a labeled image, or 
tagged image, and a control image, in which the static tissue signals are iden-
tical but the magnetization of the inflowing blood is different. The water mol-
ecules in the arterial blood are magnetically labeled (tagged) by a radiofre-
quency pulse that saturates water protons. Subtraction of the control image 
from the labeled image eliminates the static signal and the remaining signal 
represents perfusion. For renal use, ASL has been shown to be a reliable meas-
ure of regional perfusion (142, 143). 

Fig 6. Principle of ASL MRI.  
1: An image of the organ of interest is obtained. B: A magnetic pulse is given to an 
area outside the organ of interest giving this area a different magnetization compared 
to the organ of interest. C: Blood from the area given the magnetic pulse (B) flows 
into the organ of interest. Then, in the organ of interest, this blood will have a differ-
ent magnetization compared to the surrounding tissue. 
2: Subtraction of A from C yields a resulting image D, depicting blood flow. 
https://www.istockphoto.com/se/foto/illustration-of-kidney-crosssection-
gm116975664-6388635 

Blood oxygen level dependent (BOLD) MRI imaging 
BOLD takes advantage of the fact that oxygenated and deoxygenated hemo-
globin have different magnetic properties (144) causing discrete inhomogene-
ities in the magnetic field. Oxygenated hemoglobin is diamagnetic (it creates 
a weak magnetic field in the opposite direction to the surrounding field) 
whereas deoxygenated hemoglobin is paramagnetic (its magnetic field is in 
the same direction as the surrounding field). Deoxygenated hemoglobin will 
therefore give a local dephasing of protons and cause a reduced signal from 
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the immediately surrounding tissue. Certain MR sequences using gradient 
echoes and relatively long echo time (TE) values are called T2*-weighted. R2* 
is the reciprocal of T2* (1/ T2*) and has been shown to be directly proportional 
to iron (145). As previously mentioned, T2 is a time constant for the decay of 
transverse magnetization and can be considered the natural T2. Though, in re-
ality, the transverse magnetization decays more rapid than would be predicted. 
This real decay is called T2*. T2* is the result of inhomogeneities in the mag-
netic field due to field distortions produced by tissue in the field or inherent 
defects in the magnet itself. To detect these very small variations in signal 
caused by inhomogeneities in the magnetic field caused by deoxygenated he-
moglobin, heavily T2* weighted sequences are used. The BOLD technique for 
use in imaging was first described in 1990 (146) and has ever since been used 
extensively in studies in different parts of the body including the kidneys 
(147). 

It is well known that several other factors than deoxyhemoglobin such as 
hydration status, dietary sodium intake, body temperature and blood pH might 
affect the BOLD-signal (148) and need to be taken into account when inter-
preting study results. 

Diffusion weighted imaging (DWI) MRI 
DWI is based upon measuring the random Brownian motion, caused by ther-
mal energy, of water molecules within a voxel (volume pixel) of tissue. The 
more cells within the voxel the more the free diffusion of water molecules 
between the cells is restricted. Measurements are obtained at different b-val-
ues. The b-value is a measure of the degree of diffusion gradient applied. Dif-
ferent b-values are achieved by varying the interval between gradient pulses 
and the gradient duration and amplitude. By using different b-values, the Ap-
parent Diffusion Coefficient (ADC) can be calculated. 

The ADC is a measure of the magnitude of diffusion (of water molecules) 
within a tissue and is widely used in today’s MRI, both clinically and in re-
search and tells us about the properties of a tissue (149). Intravoxel incoherent 
motion (IVIM) is an application on DWI, developed and introduced by LeBi-
han et al (150, 151) to assess the contribution of water molecules moving in 
blood vessels in the voxel (micro circulation) to the total diffusion signal from 
the voxel ie a measure of perfusion. 
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Fig 7. Principle of DWI MRI.  
A: Free random diffusion (Brownian motion) of a molecule. 
B: Somewhat restricted diffusion of a molecule due to other particles (grey dots). 
C: Considerably restricted diffusion of a molecule due to a large number of other 
particles.  
Based on an image from O'Flynn EA et al, Functional magnetic resonance: Bi-
omarkers of response in breast cancer. Breast Cancer Research 2011,13:204. 

Fig 8. Principle of IVIM DWI 
Some molecules (blue dots) move randomly outside vessels whereas some move 
nonrandomly, following the path of vessels. 

Fig 9. IVIM. Separation perfusion (D*) and true diffusion (D).  
Based on an image from H.S. Kim et al. Histogram Analysis of Intravoxel Incoher-
ent Motion for Differentiating Recurrent Tumor from Treatment Effect in Patients 
with Glioblastoma: Initial Clinical Experience AJNR Am J Neuroradiol 2014. 
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T2 relaxation under spin tagging (TRUST) 
TRUST MRI is based on the principle that the T2 relaxation time of blood has 
a well-established relationship with venous oxygenation (Yv) (152), thus one 
can measure pure blood T2 and convert T2 to Yv through calibration. The tech-
nique uses an RF pulse to magnetically label the venous blood and acquire 
images with and without the labeling to obtain control and labeled images. 
Subtraction of the control image from the label image yields an image of pure 
venous blood signal. The T2 relaxation time of this signal can then be deter-
mined and be converted to venous oxygenation by a calibration plot (153).  

COVID-19 
In December 2019, a series of pneumonia cases of uncertain etiology and with 
high mortality rate appeared in China, raising concern of a previously un-
known disease. The causative agent was within less than a month identified as 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) of probable 
bat origin (154-156) and the disease was given the name Corona virus disease 
2019 (COVID-19). The novel virus thereafter spread rapidly throughout the 
world, declared as a global pandemic by the World Health Organization, chal-
lenging the healthcare systems in most countries where to this date, the num-
bers of infected people and deaths are counted in millions. 

SARS-CoV-2 enters the body through angiotensin-converting enzyme 2 
(ACE2) functioning as a receptor on human pneumocytes (157, 158). ACE2 
is involved in lung protection and viral binding to it downregulates a lung-
protective pathway, hence some of the main symptoms of COVID-19, con-
sistent with its entry port are cough and in some cases dyspnea. Main symp-
toms of COVID-19 also include fever, myalgia, fatigue and expectoration. 
Other symptoms are headache, diarrhea, nausea and vomiting (159, 160). 
COVID-19 is also highly associated with thromboembolic events throughout 
the body (161). Symptoms of COVID-19 range from mild to severe where 
patients might need intensive care.  

A number of conditions have been shown to be associated with develop-
ment of severe COVID-19 infection, among them obesity, hypertension, dia-
betes, ischemic heart disease, stroke, chronic obstructive pulmonary disease 
and CKD (162-165). Males are more prone to develop severe disease and se-
verity and mortality of COVID-19 are known to rise with increasing age (159, 
166). Although COVID-19 is primarily a respiratory disease, other organs 
have also been shown to be affected by the virus, commonly the cardiovascu-
lar system with myocardial infarction and heart failure (167, 168), the gastro-
intestinal tract (169) but also the kidneys where numerous studies have re-
ported various degrees of AKI (170-172).  
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COVID-19 and the kidneys 
The range of AKI in COVID-19 patients referred to hospital differs in litera-
ture but has been reported to be up to 37% and the figure for ventilator treated 
patients as high as 90% whereas for non-ventilator treated patients 22% (173). 
For ventilator treated patients with AKI mortality was around 35% (173).  

Some etiologies in COVID-19 associated AKI have been found to be pre-
renal azotemia, proximal tubular injury, glomerulopathy, thrombotic micro-
angiopathy and complications from treatment (174). Fever and general illness, 
in particular when combined with gastrointestinal symptoms as nausea, vom-
iting and diarrhea, might lead to substantial fluid losses and hypovolemia that 
could constitute a prerenal cause of COVID-19 associated AKI. Another pre-
renal condition, the cardiorenal syndrome, involving both the heart and the 
kidneys (175, 176), has also been associated with AKI in COVID-19 (177).  

Immune cell recruitment as a result of alveolar cell infection could result 
in the production of immense amounts of cytokines, in particular interleukin-
6 (IL-6), causing a cytokine storm (41). This might lead to renal injuries by 
circulatory collapse, rhabdomyolysis as well as hypercoagulation and micro-
angiopathy causing renal thrombosis (174).  

The hyperinflammation seen in COVID-19 has similarities with macro-
phage activation syndrome related cytokine release, occurring in some pa-
tients with sepsis (178, 179). Characteristic findings of this syndrome include 
cytopenia, fever, hyperferritinemia and in around half of the cases pulmonary 
involvement (180). In COVID-19, high ferritin and IL-6 levels have been 
shown as predictors of severe disease/death (181, 182).  

Severe respiratory illness has been shown to induce renal medullary hy-
poxia that could cause damage to tubular epithelial cells (183). COVID-19 has 
also been associated with glomerular diseases with collapsing glomerulopa-
thy, a condition characterized by collapse of glomerular capillaries, hypertro-
phy of podocytes and tubulointerstitial disease (184), being the most common 
(185, 186).  

Coagulopathy and disseminated intravascular coagulation (DIC) are feared 
complications in septic patients and are associated with increased mortality 
(187). In COVID-19 patients, 71% of the nonsurvivors met the criterias for 
DIC whereas only 0.6% of the survivors did (188). A number of studies have 
though found that the thrombotic events in COVID-19 more resemble com-
plement activated thrombotic microangiopathy rather than classic immune ac-
tivation as seen in DIC (189, 190).  

Renal injury/AKI in COVID-19 might also be related to treatment where 
the use of antiviral substances has been shown to cause tubulointerstitial dam-
age (191, 192). Also, antibiotics, of which some have been implicated in AKI 
(193), is commonly given to this group of patients.  

There is an ongoing discussion weather or not SARS-CoV-2 infects the 
renal parenchyma. SARS-CoV-2 uses the ACE2 receptor to gain access to a 
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host cell (194) and since ACE2 is expressed in the kidney, primarily in the 
proximal tubule but also in the glomeruli/podocytes (195), this could be a way 
to infect kidney tissue. Some studies have found viral particles in the kidneys 
on electron microscopy (196, 197) whereas other studies have doubted this, 
finding no evidence of virus in the renal parenchyma (198, 199). In an autopsy 
study, SARS-CoV-2 was found in the kidneys in 72% of COVID-19 patients 
with AKI compared to 43% in the patients without AKI (200). In another 
study, SARS-CoV-2 was found to infect kidney cells both in vivo and ex vivo 
(using stem cell derived kidney organoids) where in autopsy and biopsy kid-
ney samples, increased fibrosis and elevated levels of extracellular matrix 
were found in COVID-19 patients compared to matched controls (201). Sim-
ilar development of fibrosis was also seen ex-vivo in kidney organoids. In the 
same study, profibrotic signaling pathways including tumor necrosis factor a 
and transforming growth factor b, were found to be upregulated in SARS-
CoV-2 infected kidney cells. These pathways are reported to play an important 
role in injury response which in turn drives the development of fibrosis (202).  

Future perspectives 
The noninvasive, nonionizing techniques described in this thesis have great 
potential to further our understanding regarding physiology and pathology, 
not only in the kidneys, but also in many other organs.  

Our findings, together with research from other groups around the world 
have proven functional MRI being a reliable tool both qualitatively and quan-
titatively and that it can be used in a wide range of conditions and clinical 
settings. Its functional properties makes it suitable not only for diagnostic pur-
poses but also for development/evaluation of drugs/treatments. Further work 
remains to increase technical handling and individual precision. 
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Aims of the thesis 

General aim 
The general aim of this thesis was to gain knowledge of basic renal physiology 
using noninvasive MRI and to implement/apply it in a clinical setting. 

Specific aims 
Study 1 
The aim of this study was to explore the feasibility of using a number of 
noninvasive MRI techniques in the same scan protocol and to apply it to de-
termine normal values for a number of physiological parameters in the kidneys 
in healthy subjects. 

Study 2 
The aim of this study was to find out whether or not there are circadian varia-
tions in renal physiological processes, i.e., does time of the day matter when 
we study renal function? 

Study 3 
The aim of this study was to apply noninvasive functional MRI to investigate 
possible differences in renal blood flow/perfusion, oxygenation and water dif-
fusion in severely ill, ICU treated COVID-19 patients with and without AKI.  

Study 4 
The aim of this study was to apply noninvasive functional MRI to follow up 
patients after they had been ICU treated for severe COVID-19 without and 
with different degrees of AKI to see if there were any differences in renal 
blood flow/perfusion, oxygenation or tissue properties among them. 
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Material and methods 

Subjects and study design 
Paper 1 
Twenty-eight healthy volunteers, 15 females and 13 males, were recruited. 
General characteristics of the study population are presented in Table 1. The 
study subjects were told to eat and drink normally and to avoid alcohol and 
excessive physical exercise 24 hours before the start of the study. All subjects 
were scanned in the morning between 8-11 am on a 3 Tesla MR scanner. A 
scan protocol consisting of sequences for T2, ASL/ T1 mapping, BOLD and 
DWI was used. Respiratory triggered imaging was used for T2, ASL/T1 map-
ping and DWI whereas breath hold imaging was used for PC and BOLD. 

 
Table 1: General characteristics of the study population. 

 Total 
(n=28) 

Females 
(n=15) 

Males 
(n=13) 

Age (yrs) 23.7±5.3 22.9±3.4 24.5±6.9 
Weight (kg) 69±13 67±13 72±12 
Height (cm) 173±9 169±6 179±9** 
Body mass index (kg/m2) 23.1±3.6 23.4±4.4 22.6±2.5 
Body surface area (m2) 1.82±0.19 1.76±0.18 1.89±0.19 

Data presented as mean ± 1 SD. * denotes P<0.05 vs female and ** demotes P<0.01 
vs female. 
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Paper 2 
Sixteen healthy, non-smoking volunteers, eight females and eight males took 
part in the study. Characteristics of the study population are presented in Table 
2. To assure normal renal anatomy, all subjects were scanned with ultrasound 
prior to the study. The volunteers were instructed to avoid excessive physical 
exercise, alcohol, coffee and tea 12h prior to the start of the study. The study 
was performed during four study occasions with four participating subjects on 
each day. The volunteers arrived fasted at 7 am for blood sampling and to 
receive a urine catheter for continuous urine collection. MRI scans of the first, 
second, third and fourth subject commenced at around 8, 9, 10, and 11 am, 
respectively, hence, the study was divided into six measurement periods, 
08:01-12:00, 12:01-16:00, 16:01-20:00, 20:01-24:00, 00:01-04:00, and 04:01-
08:00. A scan protocol consisting of sequences for T2, ASL and BOLD was 
used for all scans. Urine parameters were also followed with a period of 4 
hours. All participants were given three standardized meals including water 
during the study. Breakfast was served between 08:00-09.00, lunch between 
12:00-13:00 and dinner between 17:00-18:00. The subjects were at rest in up-
right position during the day and in supine position during the night. 

 
Table 2: General characteristics of the study population. 

 
 

Total 
(N=16) 

Female 
(N=8) 

Male 
(N=8) 

Age (y) 23±4 24±5 23±2 
Body weight (kg) 69±11 63±8 76±11* 
Height (cm) 176±10 169±4 184±9** 
Body mass index (kg/m2) 22.4±1.7 22.0±1,9 22.5±1.6 
Body surface area (m2) 1.84±0.20 1.71±0.12 1.97±0.19** 

Data presented as mean ± 1 SD. * denotes P<0.05 vs female and ** demotes P<0.01 
vs female. 

Paper 3 
Nineteen patients treated for severe COVID-19 with respiratory failure at the 
ICU, ten of them with and nine of them without AKI were scanned at 3T with 
a scan protocol consisting of sequences for PC, ASL, BOLD, TRUST, DWI 
and T1. General characteristics of the study population are shown in Table 3. 
All patients had at least one measurement of plasma creatinine within normal 
range during the current hospitalization prior to the MRI scan. AKI was de-
fined by the KDIGO creatinine criteria and none of the NO-AKI patients ful-
filled the AKI criteria during the first 48 hours following the MRI scan. Due 
to the novelty of the technique and scarcity of normal values across ages, 
healthy volunteer data provided from an existing cohort from the Sir Peter 
Mansfield Imaging Centre, Nottingham, UK, was used for comparison. 
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Table 3: General characteristics of the study population. 
 

AKI  
(N=10) 

NO AKI 
(N=9) 

Age, years [IQR] 66[64-72] 65 [53-70] 
Male, n (%) 8 (80%) 8 (89%) 
Height, cm [IQR] 173 [169-177] 180 [170-187] 
Weight, kg [IQR] 94 [82-102] 86 [80-102] 
Body Mass Index, [IQR] 32 [27-35] 27 [26-36] 
Hypertension, n (%) 7 (70%) 5 (56%) 
History of treatment with ARB/ACEi, n (%) 7 (70%) 6 (67%) 
Diabetes, n (%) 4 (40%) 2 (22%) 
Ischemic heart disease or congestive heart 
failure, n (%) 

3 (30%) 2 (22%) 

Ischemic heart disease, n (%) 3 (30%) 1 (11%) 
Congestive heart failure, n (%) 0 (0%) 1 (11%) 
Asthma or COPD, n (%) 2 (20%) 0 (0%) 
History of CKD, n (%) 0 (0%) 0 (0%) 
Baseline Plasma-Creatinine, µmol/l [IQR] 68 [65-77] 66 [58-73] 
Most severe AKI-stage during hospital stay, 
[IQR] 

2[2-3] 0[0-1] 

AKI stage 2 or 3 any time during hospital 
stay, n (%) 

8 (80%) 0 (0%) 

KRT at any time in ICU, n (%)  2 (20%) 0 (0%)    
SAPS 3, [IQR] 54[52-56] 53[50-55] 
Days of symptomatic COVID-19 at ICU-ad-
mission, [IQR] 

9[8-11] 9[9-10] 

Treatment with dexametasone, n (%) 8 (80%) 7 (78%) 
IMV at any time during ICU stay, n (%) 10 (100%) 7 (78%) 
Days with IMV, [IQR] 18[15-22] 14[6-18] 
Vasoactive treatment at any time in ICU, n 
(%) 

10 (100%) 7 (78%) 

Moderate or severe ARDS, n (%) 10 (100%) 8 (89%) 
Severe ARDS, n (%) 8 (80%) 5 (56%) 
90-day survival, n (%) 6 (60%) 6 (67%) 

Abbreviations; IQR - interquartile range, ARB - angiotensin II receptor blocking drug, 
ACEi - angiotensin converting enzyme inhibitor, COPD - chronic obstructive pulmo-
nary disease, CKD - chronic kidney disease, AKI - acute kidney injury, KRT - kidney 
replacement therapy, ICU - intensive care unit, SAPS 3 - Simplified Acute Physiology 
Score 3, IMV - invasive mechanical ventilation, ARDS - acute respiratory distress 
syndrome.  
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Paper 4 
Twenty-two patients previously treated in the ICU for acute respiratory failure 
due to COVID-19 without and with different degrees of AKI were included in 
the study. Eight patients did not meet the KDIGO creatinine criteria for AKI 
during their hospitalization whereas six patients fulfilled the criteria for AKI 
grade 1 and eight patients for AKI grade 3. General characteristics of the stud-
ied patients are shown in Table 4. All patients had a record of a plasma creat-
inine within normal range in less than two years prior to ICU care and had no 
history of renal disease. Comorbidities were common in the study population. 
The patients underwent a 3T MRI examination with a scan protocol consisting 
of sequences for PC, ASL, BOLD, TRUST, DWI and T1 approximately five 
months after they were admitted to the ICU.  

 
Table 4: General characteristics of the study population. 

 No AKI  
(N=8) 

AKI grade 1 
(N=6) 

AKI grade 
3 (N=8) 

Age (y) 62±7 73±4 * 67±8 
Male 87% 83% 87% 
Body weight (kg) 96±17 89±13 89±23 
Height (m) 1.81±0.07 1.77±0.07 1.76±0.09 
Body mass index (kg/m2) 29±5 28±4 29±6 
Body surface area (m2) 2.19±0.23 2.08±0.16 2.07±0.28 
COVID-day at admission to hospital  11±5 7±5 9±4 
COVID-day at admission to ICU 13±5 11±2 11±3 
Number of days in ICU 7±2 8±6 24±13 g b 

Number of days at hospital 18±7 32±25 64±62 g 
Number of days to follow up MRI 145±32 151±45 150±50 

Data presented as mean ± 1 SD. * denotes P<0.05 between the `No AKI` group and 
the `AKI grade 1` group. g denotes P<0.05 between the `No AKI` group and the `AKI 
grade 3` group. b denotes P<0.05 between the `AKI grade 1` group and the `AKI 
grade 3` group. 

MRI post-processing 
Paper 1 
Mean renal artery flow velocity (cm/s), mean cross sectional area of the lumen 
(mm2) and hence mean renal blood flow (ml/min) over a cardiac cycle were 
calculated using Q-flow software (Philips Healthcare) in both renal arteries. 
In-house software (MATLAB, The MathWorks, Natick, MA) was used to 
compute renal perfusion and T1-maps. Philips Research Integrated Develop-
ment Environment (PRIDE) software (Philips Healthcare) was used to calcu-
late R2* from the multiecho fast field echo data. PRIDE software was also 
used to calculate ADC maps from monoexponential fitting of the diffusion 
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weighted data. Biexponential fitting was used to calculate the true diffusion 
(D). 

Mean values of renal perfusion (derived from ASL), BOLD R2*, ADC, D 
and T1were evaluated in both kidneys in the cortex and outer and inner me-
dulla. Cortex was analyzed with a single region of interest (ROI) encompass-
ing the majority of the cortical parenchyma. 

Outer and inner medulla was defined as the outer and inner half of the me-
dulla. The mean value of outer and inner medulla was assessed from four dif-
ferent ROI positions. The four different ROI´s were adjusted in size and posi-
tioned to fit the anatomy and to avoid large vessels, guided by the anatomical 
T2-weighted image. 

Image J (open-source software; National Institutes of Health, Bethesda, 
MD) was used for ROI analyses of renal perfusion and T1, whereas PRIDE 
software was used for ROI analyses of R2*, ADC and D. Manual segmentation 
of T2-weighted images was performed using Carestream PACS (Philips 
Healthcare) to determine kidney volume. Kidney weight was computed as-
suming a kidney tissue density of 1.0 g/ml. Global kidney perfusion 
(ml/min/100g) was computed by correcting total renal blood flow for kidney 
volume. Body surface area, BSA (m2) was calculated using the Mosteller for-
mula (203). 

Paper 2  
Same as for Paper 1 apart from DWI and T1 that were not performed/analyzed 
in Paper 2. 

Paper 3 
TKV was computed by manually tracing the kidneys on the T2W TSE images 
excluding cysts not fully enveloped with kidney tissue (204). PC-MRI data of 
the renal arteries were analyzed using Segment software version 3.1 R8123 
(205). A region of interest (ROI) was drawn around the vessel wall and prop-
agated through all phases across the cardiac cycle. Total renal blood flow 
(RBF) was then calculated as the mean flux of blood flow (ml/min) over the 
cardiac cycle in both renal arteries. Global perfusion to the kidneys was esti-
mated by dividing total renal blood flow by TKV. Resistance index derived 
from phase contrast measurement was determined (Vsystole-Vdiastole)/Vsystole, 

where V is the velocity of the blood flow in the renal artery. ASL data was 
realigned to a base M0 image, individual perfusion weighted difference images 
(control-label) calculated and averaged to create a perfusion-weighted (ΔM) 
average image per TI. Tissue perfusion (f) maps (in ml/100 g tissue/min) were 
calculated using ΔM from the longest TI of 1800 ms (with maps generated 
both with and without an inflow time correction from the shorter TIs), T1 maps 
(see below) and M0 maps. T1b was assumed to be 1.55 s at 3T (206), whilst the 
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blood-tissue partition coefficient λ was assumed to be 0.8 ml/g for kidney. 
Perfusion maps with an inflow correction time were used to assess cortex per-
fusion whereas those without were used to assess medullary perfusion. For T1 
mapping, inversion recovery data was inspected for motion and discarded if 
necessary. The remaining data were fit on a voxel-by-voxel basis to a standard 
inversion recovery equation to generate a T1 map using in-house Matlab (The 
MathWorks, Inc) code. mFFE data were fit voxelwise to form T2*/R2* maps 
from the exponential signal decay using in-house Matlab code. TRUST anal-
ysis was performed in Matlab by subtracting each label from control at each 
eTE and averaging across repeats to generate the blood signal (ΔS(eTE)). Nine 
voxels with greatest intensities within the vessel were then averaged for each 
eTE and fit to ΔS(eTE)=S0 exp(eTE(1⁄T1b -1⁄T2b )) where S0 is the signal in-
tensity of pure venous blood and the blood T1 (T1b) was assumed to compute 
blood T2 (T2b). Blood oxygen saturation was determined using a calibration 
curve with calculated T2b and the individual hematocrit level. DWI data were 
fit to form apparent diffusion coefficient (ADC) maps (in mm2/s) by taking 
the log of the exponential signal decay. For the IVIM model, D was first fit 
for b-values of ≥200 s/mm2, assuming that the pseudodiffusion D* component 
can be neglected above this value, and perfusion fraction, fp was determined 
from the zero intercept of this fit. D* was then computed from the mono-ex-
ponential fit using the precalculated values of D and fp (207). GRaSE se-
quence T2 maps were computed online on the scanner. To interpret the mul-
tiparametric maps, binary whole kidney masks were first formed by manual 
segmentation of the T1 and T2* maps and from these cortex and medulla were 
segmented. A histogram of T1sand T2* values across both kidneys was formed 
and peaks identified to form separate renal cortex and medulla masks (208). 
Cortex and medulla masks generated from the T1 histograms were applied to 
the T1, perfusion, ADC, D, D* maps and those formed from the T2* map were 
applied to the R2* maps, manual segmentation of the cortex of the T2 maps 
was performed. The mode of each parameter was calculated for the right and 
left kidney and the mean of this value computed across both kidneys.  

Paper 4 
Same as for Paper 3 apart from measurements of RI and IVIM parameters. 

Statistics 
Paper 1 
Unpaired Student’s t-test were used when comparing two data sets. Multiple 
comparisons within the same group were performed using repeated measures 
ANOVA followed by Fishers PLSD test. Correlations were computed using 
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linear regression analysis (GraphPad Software Inc, La Jolla, CA, USA). 
P<0.05 was considered statistically significant and all data are presented as 
mean±SD. 

Paper 2 
Unpaired Student’s t-test was used when comparing two data sets. Multiple 
comparisons of MRI data across time were performed using ANOVA fol-
lowed by Fishers PLSD test. Correlations were evaluated by linear regression 
analysis (GraphPad Software Inc, La Jolla, CA, USA). Urine data were eval-
uated using a mixed model approach (209) as implemented in the Mixed pro-
cedure of the SAS software (SAS Institute Inc, Cary, NC, USA). Subject and 
the subject vs. time interaction were regarded as random factors, while time 
was used as a fixed factor. Post-hoc pairwise comparisons were adjusted for 
multiplicity using Tukey’s method. P<0.05 was considered statistically signif-
icant.  

Paper 3 
Continuous variables are expressed as median [quartile range]. A mean of the 
measured variable from both kidneys was used as end point for comparison. 
If measurement in a single kidney was missing or unreliable, the value from 
the other was used instead. Missing data were otherwise excluded. Between-
group differences of continuous variables were tested using Mann-Whitney 
U-test between the two main study groups. Kruskal-Wallis one way analysis 
of variance was used to compare the two study groups with healthy volunteers 
with Mann-Whitney U-test to determine differences between individual 
groups. Correlations between continuous variables were calculated using 
Product Moment Correlation (Pearson). Descriptive data were calculated us-
ing Excel 2016 (Microsoft, Santa Rosa, California) and other statistical calcu-
lations were made using Statistica 13.5.0.17 (TIBCO Software, Palo Alto Cal-
ifornia). Graphs were made using SigmaPlot 14.0 (Systat Software, San Jose, 
California). 

Paper 4 
Data were tested for normality and are presented as means ± 1 SD. Parametric 
comparisons between the three groups were performed using ANOVA fol-
lowed by Fisher’s paired least significant difference test. For non-parametric 
comparisons, one-way Kruskal-Wallis test was used. (GraphPad Software, La 
Jolla, CA). P<0.05 was considered statistically significant. 
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Results 

Paper 1 
Example images of perfusion, R2*, ADC, D and T1 are shown in Fig. 10A, 
with typical placement of ROIs for the analysis of intrarenal regional differ-
ences in the measured parameters depicted in Fig. 10B. Mean values of re-
gional renal perfusion, oxygenation, ADC, D and T1 are stated in Table 5. Not 
all parameters could be obtained in all subjects due to technical issues related 
to the scanner or significant artifacts within the data. Phase contrast measure-
ments could not be performed in two subjects due to technical failures. T1 data 
of four subjects (3 female, 1 male) were excluded because of unreliable fits 
caused by movement artifacts. 

Total renal blood flow measured by PC MRI. Total renal blood flow 
(right+left kidney) positively correlated with body surface area, body mass 
index and renal volume (Fig.11A-C). There was a significant correlation be-
tween cortical perfusion measured by ASL and global perfusion measured by 
PC-MRI renal blood flow corrected for kidney volume, Fig.11D). 

Renal blood flow as estimated from PC MRI in the renal artery was 
467±155 ml/min to the right kidney and 453±166 ml/min to the left kidney in 
females, and 543±169 ml/min to the right kidney and 564±78 ml/min to the 
left kidney in males (NS right vs. left kidney, NS females vs. males), Fig.12A.  

Regional renal tissue perfusion measured by ASL. Renal perfusion was high-
est in cortex, and progressively lower in outer (-69%) and inner medulla (-
86%) in both left and right kidney (Fig.12B; NS right vs. left kidney, NS fe-
males vs. males). 

Regional tissue oxygenation measured by BOLD R2*. Regional tissue oxygen-
ation (R2*) was highest in cortex and progressively lower in outer (-38%) and 
inner medulla (-55%) in both left and right kidney (Fig.12C; NS right vs. left 
kidney, NS females vs. males). 

Regional tissue water diffusion by ADC and D. Regional tissue water diffusion 
estimated by both ADC and D was highest in cortex and progressively lower 
in outer (-12% for both ADC and D) and inner medulla (-17% for ADC and -
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19% for D) in both left and right kidney (Figs.12D and 12E; NS right vs. left 
kidney, NS females vs. males). 

Regional tissue composition by T1. Regional tissue T1 was lowest in cortex 
and progressively increased in outer (+22%) and inner medulla (+32%) in both 
left and right kidney (Fig.12F; NS right vs. left kidney, NS females vs. males). 

Fig.10. A: representative images for transverse relaxation time (T2), arterial spin la-
beling (ASL), blood oxygen level-dependent transverse relaxation rate (R2*), appar-
ent diffusion coefficient (ADC), true diffusion (D) and longitudinal relaxation time 
(T1). B: typical placement of regions of interest in cortex and outer and inner me-
dulla as determined from the anatomical structures obtained from the T2 image. 
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Table 5. Mean values of rRBF, R2*, D, ADC, and T1 in healthy volunteers. 

 Cortex Outer medulla Inner medulla 
rRBF 
(ml/min/100g) 

290±63 
(n=22) 

91±14  
(n=22)*** 

42±16  
(n=22)***,††† 

R2* (s-1) 16.5±1.1  
(n=28) 

26.8±1.6 
(n=28)*** 

36.8±3.8 
(n=28)***,††† 

D (x10-3 mm2/s) 2.11±0.23 
(n=27) 

1.86±0.18 
(n=27)*** 

1.71±0.20 
(n=27)***,†† 

ADC (x10-3 mm2/s) 2.43±0.17 
(n=27) 

2.14±0.19 
(n=27)*** 

2.01±0.19 
(n=27)***,† 

T1 (ms) 1146±76  
(n=22) 

1403±170 
(n=22)*** 

1512±205 
(n=22)***,† 

*** denotes P<0.001 versus cortex, † denotes P<0.05 versus outer medulla, †† de-
notes P<0.01 versus outer medulla whereas ††† denotes P<0.001 versus outer me-
dulla. Data are presented as mean ± 1 SD. 

 
 

Fig.11. Correlations [R2 and associated standard deviation of the residuals (Sy.x)] 
between total renal blood flow (obtained from phase-contrast in the renal artery) and 
body surface area (A), body mass index (B) and total renal volume (C) and between 
mean cortical perfusion and mean global perfusion (D). 
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Fig.12. A: Total renal blood flow in females and males. B: Regional renal perfusion, 
all subjects. C: Regional renal oxygenation, all subjects. D: Regional renal ADC, all 
subjects. E: Regional renal D, all subjects. F: Regional renal T1, all subjects. 

Paper 2 
Representative examples of T2-weighted, regional renal blood flow and R2* 
images are shown in Fig. 13A together with typical placement of ROIs in Fig. 
13B. Total renal blood flow was quantified using PC-MRI in all 16 subjects. 
Double renal arteries were found in three male subjects. In these cases, total 
renal blood flow was computed by the summation of the blood flow through 
both renal arteries (210). Looking at all subjects, a strong correlation was 
found between total renal blood flow and body surface area (P<0.01) and be-
tween total renal blood flow and total kidney volume (P<0.001), Fig. 14. Total 
renal blood flow was significantly different (P=0.05) between genders, 
829±149 ml/min and 1168±212 ml/min for females and males respectively 
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(average right and left kidney, mean over 24h), but not between the right and 
left kidneys, Fig.15A. Significant variations of total renal blood flow were 
found during the course of the 24h, Fig.15B. Total renal blood flow was in-
creased during the late afternoon/evening hours (16:01-20:00) and (20:01-
24:00) compared to the early afternoon and night. Global perfusion as meas-
ured from TKV corrected PC-MRI total renal blood flow also showed signif-
icant circadian fluctuations when looking at all subjects, Fig.15C. 

Average cortical, outer and inner medullary regional renal perfusion was 
311±44, 84±6, and 34±4 ml/min/100 g, respectively (mean over 24h, all sub-
jects). No significant variation in cortical, outer or inner medullary regional 
renal perfusion was found neither between the right and left kidneys nor be-
tween the genders, however, cortical regional renal perfusion shows a similar 
pattern of diurnal changes to that of total renal blood flow, Fig.16A.  

Average cortical, outer and inner medullary R2* was 16.5±0.8, 25.4±0.8 
and 34.1±1.7 s-1 (mean over 24h, all subjects). No significant variations in 
cortical, outer or inner medullary R2* were found over the 24h period neither 
for all, female nor male study subjects, Fig.16B. 

Urine flow revealed significant circadian variations with highest values 
during the afternoon and values dropping during the night hours, Fig.17A. 
Creatinine clearance demonstrates significant circadian variations with maxi-
mum values during the evening hours and values dropping during the night, 
Fig.17B. Na+ excretion also showed significant differences with maximum 
values during the evening hours and lower values during the day Fig. 17C. For 
tubular Na+ transport, significant circadian changes were seen with values 
dropping during the night hours Fig.17D. K+ excretion showed a significant 
circadian rhythm with highest values during the day and lower values during 
the morning and evening/night hours, Fig.17E. Urine urea excretion showed 
a significant circadian pattern with rising values during the day and evening 
hours and lower values during the night and early morning, Fig.17F. Urine 
osmolality revealed a significant circadian pattern with highest values during 
the evening hours and lower values during the morning and night, Fig.17G. 
Urine creatinine excretion demonstrated significant circadian variations with 
maximum values during the evening hours and values dropping during the 
night, Fig.17H. 
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Fig.13. A: Representative images for transverse relaxation time (T2), arterial spin la-
beling (ASL) and blood oxygen level-dependent transverse relaxation rate (R2*). B: 
Typical placement of regions of interest in cortex and outer and inner medulla as de-
termined from the anatomical structures obtained from the T2 image. 

Fig.14. Correlations [R2 and associated standard deviation of the residuals (Sy.x)] 
between total renal blood perfusion (obtained from phase-contrast in the renal ar-
tery) and body surface area (A) and total renal volume (B) in healthy volunteers.  
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Fig. 15. A: Total renal blood flow in females and males. B: Total renal blood flow 
over 24 hours, mean of all subjects. C: Global perfusion over 24 hours, mean of all 
subjects. 
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Fig.16. A: Regional renal blood flow over 24 hours, mean of all subjects. B: Re-
gional renal oxygenation over 24 hours, mean of all subjects. 
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Fig.17. A: Circadian variations in A: Urine flow, B: Creatinine clearance, C: Urinary 
Na+ excretion, D: Tubular Na+ transport, E: Urinary K+ excretion, F: Urinary urea 
excretion, G: Urine osmolality, H: Urinary creatinine excretion. Mean of all sub-
jects.  
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Paper 3 
Multiparametric MRI 
Not all parameters could be obtained in all subjects due to technical issues 
related to the scanner or significant artifacts within the data. There was one 
missing measurement for ASL and BOLD respectively, both in the NO AKI 
group. TRUST data could be obtained in seven patients in the AKI group and 
in eight patients in the NO AKI group. Cortical and medullary ADC, cortical 
D, D* and fp, cortical T1 and T2, and medullary T1 could be measured in eight 
patients in both groups. The results from the study are presented in Table 6 
and Figure 18. 

Total renal blood flow measured by Phase Contrast (Fig.18 a) 
Total renal blood flow (RBF) was lower in AKI group compared to the NO 
AKI group (645 mL/min [423-753] vs. 859 mL/min [746-920], p=0.037). 
RBF in the NO AKI group was similar to healthy controls’ 825 mL/ml [720-
972] (n.s.). However, global perfusion did not differ significantly between the 
groups (Table 6). Renal resistive index (RI) was higher in the AKI group com-
pared to the NO AKI group (0.9 [0.82-0.93] vs. 0.79 [0.75-0.86], p<0.046).  

Regional renal tissue perfusion measured by ASL (Fig.18 c, e) 
Cortical perfusion measured by ASL differed significantly between the AKI 
group and the NO AKI group (76 mL/min/100g [51-112] vs. 146 
mL/min/100g [123-169], p=0.015). Cortical perfusion in the NO AKI group 
was significantly lower compared to HV´s (146 mL/min/100g [123-169] vs 
197 mL/min/100g [167-231], p=0.009). Mean renal medullary perfusion was 
also significantly reduced in the AKI group compared to the NO AKI group 
(28 mL/min/100g [18-47] vs. 47 mL/min/100g [38-73], p=0.03). The propor-
tions of regional perfusion (Cortical ASL/Medullary ASL) in the two groups 
were similar with ratios of 2.4 [2.2-3.3] and 2.2 [1.7-3.4] (n.s.) in AKI and NO 
AKI group respectively.  

Regional and global oxygenation measured by BOLD R2* and TRUST (Fig. 
18 b, d, f) 
No differences regarding cortical oxygenation were found between the AKI 
group and the NO AKI group (17 (1/s) [16-19] vs 17 (1/s) [16-18], n.s.) and 
the same applied for the medulla (29 (1/s) [24-39] vs. 27 (1/s) [23-29], n.s.). 
R2* values were similar to healthy volunteers (Fig. 9 b, d). Saturation of the 
left renal vein assessed by TRUST was also similar between the AKI and the 
NO AKI group (72% [64-75] vs. 72% [63-84], ns.) (Fig 9 f).  

Regional tissue composition and water diffusion 
Cortical and medullary ADC, cortical D, D* or fp, cortical T1 and T2, and me-
dullary T1 did not differ between the AKI and the NO AKI group (Table 6). 
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Cortical and medullary ADC was lower compared to HV´s. Lower values 
were seen in both patients with AKI (1.9[1.9-2.1] and 1.9[1.9-2]. p=0.0011 
and p=0.011) and NO AKI (2.1[1.9-2.1] and 2.1[1.8-2.1] P=0.005 and 
P=0.04) compared to HV (2.3[2.2-2.3] and 2.2[2.1-2.2]). Cortical T1 was 
longer in the AKI group (1560 ms [1524-1638]) compared to HV´s (1459 ms 
[1400-1525], P=0.009).  

Figure 18. Box- and scatterplots of multiparametric renal MRI in 19 patients treated 
in ICU for respiratory failure due to COVID-19 with (AKI) or without AKI (NO 
AKI) and 12 healthy volunteers (HV) of similar age. Valid numbers of exams are 
specified for each parameter and group. P-values from Kruskal-Wallis ANOVA. *, 
**, *** signifies P<0.05, 0.01 and 0.001 in Mann-Whitney U test. TRUST is short 
for T2 Relaxation Under Spin Tagging. 
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Table 6. Results of multiparametric renal MRI in 19 patients treated in ICU for res-
piratory failure due to COVID-19 with or without AKI, and 12 healthy volunteers 
(HV) of similar age. Data presented as median [quartile range]. Significant differ-
ences from Mann-Whitney U-Test between AKI and NO AKI groups are indicated 
by * if P<0.05. Significant differences from one way Kruskal-Wallis ANOVA be-
tween all groups are indicated by † if P<0.05 and ††† if P<0.001. Valid numbers of 
exams are specified for each parameter and group. Further results are presented in 
Figure 18.  

 AKI n NO AKI n HV n 
Perfusion       
Global perfusion 
(ml/100g/min) 

168 [142-
216] 

10 202 [174-235] 9 220 
[174-
242] 

12 

Regional perfusion ratio (cor-
tex/medulla) 

2.4 [2.2–3.3] 10 2.2 [1.7–3.4] 7   

Resistance index * 0.90 [0.82-
0.93] 

10 0.79 [0.75-
0.86] 

8   

       
Structure and regional water 
diffusion 

      

Total kidney volume (ml) 356 [331-
437] 

10 390 [359-447] 9 403 
[345-
430] 

12 

T1 cortex (ms) † 1560 [1524-
1638] 

8 1522 [1497-
1638] 

8 1459 
[1400-
1525] 

12 

T1 medulla (ms) 1838 [1732-
1872] 

8 1792 [1695-
1870] 

8 1732 
[1661-
1850] 

12 

T2 cortex (ms) 120 [113-
134] 

8 124 [119-141] 8   

Dwi cortex adc (x10-3 mm2/s) 1.9 [1.9–2.1] 8 2.1 [1.9–2.1] 8   
Dwi medulla adc (x10-3 mm2/s) 1.9 [1.9-2.0] 8 2.1 [1.8–2.1] 8   
Dwi cortex d (x10-3 mm2/s) 1.8 [1.7–1.9] 8 1.9 [1.7-2] 8   
Dwi cortex d*(x10-3 mm2/s) 26 [23-29] 8 27 [24-28] 8   
Dwi cortex fp  0.13 [0.11-

0.15] 
8 0.13 [0.11-

0.14] 
8   

Dwi medulla d (x10-3 mm2/s) 1.8 [1.7- 1.9] 8 1.9 [1.7-2] 8   
Dwi medulla d* (x10-3 mm2/s) 26 [23-17] 8 27 [26-28] 8   
Dwi medulla fp  0.14 [0.11-

0.17] 
8 0.15 [0.12-

0.16] 
8   
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Paper 4 
Multiparametric MRI 
Not all parameters could be obtained in all subjects due to technical issues 
related to the scanner or image artifacts. There were three missing measure-
ments of PC-MRI (two in the ‘AKI grade 1’ group and one in ‘AKI grade 3’ 
group); three missing BOLD measurements (two in the ‘No AKI’ and one in 
the ‘AKI grade 1’ group); two missing TRUST measurements (one in the ‘No 
AKI’ and one in the ‘AKI grade 1’ group); three missing DWI measurements 
(all in the ‘AKI grade 3’ group) and one missing T2 measurement in the ‘No 
AKI’ group. 

Regional tissue water diffusion and composition 
Significant differences in cortical and medullary ADC were shown between 
the study groups (Fig. 19 A, B). Cortical ADC was significantly lower in the 
‘AKI grade 3’ group compared to the ‘No AKI’ group and the ‘AKI grade 1’ 
group. Medullary ADC was significantly lower in the ‘AKI grade 3’ group 
compared to the ‘No AKI group’ and the ‘AKI grade 1’ group. No difference 
in T1 or T2 values, total kidney volume (TKV) or TKV corrected for body 
surface area (BSA) were found between the groups (Table 7).  

Total renal blood flow, global perfusion, regional renal perfusion and 
oxygenation 
Total renal blood flow was significantly lower in the ‘AKI grade 3’ group 
compared to the ‘No AKI’ group (Fig.20 A). Global perfusion was signifi-
cantly lower in the ‘AKI grade 3’ group compared to the ‘No AKI’ and ‘AKI 
grade 1’ groups (Fig.20 B). No significant differences in either cortical or me-
dullary perfusion were seen between the groups and the same applied to cor-
tical and medullary oxygenation as well as for renal vein oxygen saturation 
(Table 7).  

Table 7 shows the mean values of total RBF, global perfusion, cortical and 
medullary perfusion, cortical and medullary R2*, TRUST, cortical and medul-
lary ADC and cortical and medullary T1. 
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Figure 19: A – Cortical Renal ADC. B – Medullary Renal ADC 

Figure 20: A – Total Renal Blood Flow. B – Global Renal Perfusion 
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Table 7. MRI results showing mean and standard deviation across groups. 

 No AKI  
(N=8) 

AKI grade 1 
(N=6) 

AKI grade 3 
(N=8) 

Cortical ADC (10-3 mm2/s) 2.16±0.13 2.04±0.15 1.84±0.10 g b 
Medullary ADC (10-3 mm2/s) 2.09±0.13 2.03±0.16 1.83±0.04 g b 
Cortical T1 (ms) 1476±42 1496±94 1533±130 
Medullary T1 (ms) 1740±82 1786±61 1752±112 
Total Renal Blood Flow 
(ml/min) 

1084±281 913±113 733±142 g 

Global perfusion (ml/100g/min) 271±32 255±54 194±35 g b 
Cortical perfusion 
(ml/100g/min) 

125±43 142±44 109±57 

Medullary perfusion 
(ml/100g/min) 

57±27 52±15 38±21 

Cortical R2* (s-1) 17.7±1.2 17.5±0.5 18.4±1.3 
Medullary R2* (s-1) 27.8±2.9 26.5±2.6 27.7±3.9 
Renal Vein Oxygenation (%) 81±10 77±11 81±6 
Cortical T2 (ms) 117±10 116±7 121±13 
Total Kidney Volume (ml) 402±94 356±64 379±105 
TKV/BSA (ml/m2) 182±33 170±25 184±48 

Data presented as mean ± 1 SD. * denotes P<0.05 between ‘No AKI’ group and ‘AKI 
grade 1’ group. g denotes P<0.05 between ‘No AKI’ group and ‘AKI grade 3’ group. 
b denotes P<0.05 between ‘AKI grade 1’ group and ‘AKI grade 3’ group. 
Abbreviations: ADC - Apparent diffusion coefficient, TKV - Total kidney volume, 
BSA - Body surface area. 
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Discussion 

Paper 1 
This study demonstrated that total renal blood flow and regional (cortex, outer 
and inner medulla) renal blood perfusion, oxygenation, water diffusion and 
tissue composition can be determined using non-contrast, noninvasive MRI. 
The results demonstrate clear regional differences in each of these parameters. 
This is interesting since previous studies have reported significantly affected 
renal perfusion in common diseases like for example CKD (208, 211, 212) 
and diabetes (213, 214). The renal blood flow PC-MRI results are in-line with 
previous findings (210, 215) and with the well-established estimation that re-
nal blood flow is around 20-25% of cardiac output (216). As predicted in 
healthy subjects, total renal blood flow correlated to both patient and kidney 
sizes. We also found a significant correlation between mean global perfusion 
(as estimated from PC-MRI renal blood flow corrected for kidney volume) 
and cortical perfusion measured using ASL, which could be expected due to 
the rich cortical perfusion compared to medullary perfusion. PC-MRI of the 
renal artery can be challenging since it is influenced by the angle of acquisition 
and also, the estimate of global perfusion relies on the estimation of kidney 
volume, resulting in two associated possible error measures. Furthermore, 
global perfusion does not allow any heterogeneity in perfusion to be assessed, 
and for patient studies where there may be fibrotic tissue this will result in 
non-uniform perfusion of tissue with some areas poorly perfused, in such sit-
uations a global perfusion estimate can result in an overestimation of the vol-
ume of tissue perfused. 

The regional renal perfusion results correspond well with previous reports 
(217, 218), demonstrating that the cortex receives significantly higher renal 
blood perfusion compared to both the outer and inner medulla, and results 
reported using dynamic contrast enhanced techniques (219, 220).  

The increase of the relaxation rate (R2*) caused by deoxyhemoglobin pro-
vides an index of tissue oxygenation (146). It is known that several factors 
other than deoxyhemoglobin, such as hydration status, dietary sodium intake, 
body temperature, blood pH, and age may alter R2* (221). This is reflected in 
the literature where there is a wide range of R2* values reported (208). Our 
R2* results are in line with numerous previous findings (222-228) and, as pre-
viously reported, R2* increases towards the inner medulla (224). Earlier stud-
ies have demonstrated that BOLD can detect alterations in intrarenal 
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oxygenation in transplant rejection (229), diabetes (230) and hypertension 
(231). However, BOLD has also failed to demonstrate such differences in di-
seased kidneys (223, 228). 

Water diffusion, estimated from both ADC and D was highest in cortex and 
significantly lower in the inner part of the renal medulla, in good agreement 
with previous reports (232, 233). ADC represents the water diffusion in the 
extracellular and extravascular space together with capillary perfusion and the 
higher ADC in cortex is likely due to the higher water flux in this early neph-
ron segment compared to medullary nephron segments. In kidney disease, ac-
cumulation of extracellular matrix components in the interstitial space physi-
cally reduce the Brownian motion of water molecules. In recent years, diffu-
sion-weighted imaging has gained increased interest in CKD due to the corre-
lation between reduced tissue water diffusion and fibrosis development (232, 
234-236). However, the relationship between reduced ADC and pathological 
fibrosis development seems to preferentially relate to kidney cortex (232, 234-
236).  

T1 was found to increase from cortex towards the inner medulla in line with 
previous results (237). The T1 relaxation time of a tissue has been proposed to 
provide an estimate of fibrosis and/or inflammation (233, 235) and T1 has been 
shown to correlate well with edema and fibrosis in the heart (238) and liver 
(239). Animal studies have reported good correlation between T1 and renal 
inflammation/tubular injury score (240).  

Paper 2 
In this study we demonstrate circadian variations in total renal blood flow and 
global renal perfusion in healthy volunteers using noninvasive MRI.  

Regulation of renal blood flow and glomerular filtration is multifactorial 
(241), involving both neuronal and hormonal control of renal perfusion pres-
sure, vascular tone and tubular handling of electrolytes. Sympathetic innerva-
tion varies during the day and decreases during sleep (242). Cardiac output 
and arterial blood pressure, partly controlled by sympathetic activity, fluctuate 
with activity level during the day and decrease at night (243, 244), potentially 
reducing renal perfusion. In the kidney, sympathetic activity modulates renin 
release from granular cells located in the distal part of the afferent arterioles, 
vascular tone of renal resistance vessels and trans epithelial tubular Na+ 
transport (245). Renin release is the rate limiting step controlling the angio-
tensin II signaling, which influences vascular tone and extracellular volume 
via angiotensin II type 1-receptor activation (246). Due to the direct effects on 
renal perfusion pressure and vascular regulation, sympathetic signaling is also 
directly involved in regulation of GFR (247). The effect of sympathetic sig-
naling on tubular Na+ transport is mediated via both direct neuronal signaling 
and via secondary effects of angiotensin II signaling to affect tubular 
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transporter activity, location and expression levels (248). The renin angioten-
sin system has been found to be strongly influenced by the sleep/awake cycle 
(249, 250) with markedly elevated levels of renin during sleep, regardless of 
when sleep occurs (251). Still, a diurnal variation in the renin angiotensin sys-
tem, independent of posture and diet has been reported in previous studies 
(252, 253). 

Vasopressin is a neuropeptide, synthesized primarily in the brain, that pro-
motes the reabsorption of water in the kidneys (254). In addition to that, vas-
opressin is also an important regulator of circadian rhythm in the suprachias-
matic nucleus (255, 256) controlled by the light cycle (257, 258). It may be 
speculated that circadian variation in vasopressin levels protects against dehy-
dration during the inactive phase of the 24h day cycle when water intake is 
limited (254). 

Melatonin is another hormone that exhibits significant diurnal variations 
closely related to the circadian fluctuations of sympathetic innervation, renin 
and aldosterone (249, 259, 260) and it has been shown that kidney impairment 
is associated with alteration in the endogenous melatonin rhythm (261). It has 
also been shown that melatonin can ameliorate chronic kidney disease by sup-
pressing the renal renin-angiotensin system (260).  

In this study, we found a significant decrease in renal blood flow, Na+ ex-
cretion and urine flow during sleep consistent with the increased nocturne lev-
els of renin reported in previous studies (249, 250). The pattern for cortical 
perfusion over time resembles that of total renal blood flow but did not reach 
statistical significance. It should be noticed that regional perfusion is com-
puted from voxel-wise fit to the ASL perfusion curve and this will have a 
lower signal change since the regional changes reflect the blood flow per voxel 
(and also involves an individual voxel fit) compared to the total flow through 
the vessel measured using PC-MRI for total blood flow. The lack of medullary 
regional blood flow variation likely relates to the relative insensitivity of the 
detection technique at low perfusion rates. Na+ balance and volume homeo-
stasis are vital for human life and largely depend on normal kidney function 
(262). In this study, Na+ excretion revealed significant circadian variations, 
peaking during the evening hours with lower Na+ excretions during the day 
and night. Similar circadian variations have previously been shown in human 
as well as in animal studies (263-265). Decreased Na+ excretion could either 
be due to decreased tubular Na+ load due to decreased glomerular filtration or 
by increased tubular Na+ reabsorption. Interestingly, increased angiotensin II 
signaling, secondary to increased renin release, would increase Na+ reabsorp-
tion similarly to the observed low urinary Na+ excretion during night hours. 

Urine production, also under intricate hormonal control (266), is well 
known to show circadian variation (265, 267), which is more profound in 
younger subjects (268, 269). Our results are in line with these findings show-
ing decreased urine flow during the inactive night hours. 
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The kidneys are well-perfused receiving approximately 20-25% of cardiac 
output (216), but extracting only 10-20% of the delivered oxygen (270). All 
of the blood entering the kidney reaches kidney cortex, but only about 10% 
perfuses the renal medulla, resulting in relative hypoxia in this part of the kid-
ney (88) (86, 93). Thus, the renal medulla is sensitive to ischemic injury, in 
particular the outer part due to the high energy demand by the medullary thick 
ascending limb of the loop of Henle (93). 

About 80% of total kidney oxygen consumption is attributed to active tub-
ular electrolyte transport (271). Therefore, it could be reasonable to assume 
that renal tissue oxygenation would fluctuate with alterations in Na+ reabsorp-
tion. Profound circadian fluctuations in renal oxygenation with increased in-
trarenal oxygen levels during dark hours have been shown in animals (272). 
However, we could not detect any circadian variation in intrarenal oxygena-
tion, as determined by renal R2*, in healthy humans in any region of the kid-
ney. Several mechanisms have been proposed to protect kidney oxygen ho-
meostasis (78), (273), and intrarenal hypoxia is an acknowledged unifying 
pathway to chronic kidney disease (36). It should be noted that renal R2* not 
only reflects blood oxygenation but is also sensitive to changes in the intrare-
nal blood volume fraction, the oxy-Hb dissociation curve, and hematocrit as 
well as non-physiological measures such as magnetic field inhomogeneities 
(274).  

Creatinine clearance and urinary urea excretion dropped during the night, 
which is in good agreement with earlier reports (275) and could be explained 
by the rise in vasopressin levels during the night. Glomerular filtration is a 
complex process (276), involving regulation of capillary hydrostatic pressure, 
permeability of the filtration barrier and tubular hydraulic resistance mainly 
attributed to volume reabsorption of downstream tubular segments. Further-
more, the integrity of the filtration barrier, as estimated by urinary leakage of 
proteins, is one of the best indicators of renal damage and of progression of 
chronic kidney disease. In the healthy subjects included in the present study, 
urinary protein excretion was borderlining detection limit and did not display 
any circadian variation although previous studies have reported a correlation 
between circadian variations in GFR and urinary protein excretion (277, 278). 
The nature of the imaging technique used in the present study inflicts some 
limitations that potentially could influence the results. The study subjects had 
to be placed in the scanner every fourth hour, meaning that they had to be 
woken during the normally inactive night hours. However, the results from 
our study are in good agreement with previously reported results, implying 
that the study design did not significantly impact the outcome.  
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Paper 3 
The main findings in this study are that in critically ill COVID-19 patients 
with AKI, the total, cortical and medullary renal blood flows are reduced com-
pared to patients without AKI. There were no demonstrable differences in re-
gional or global renal oxygenation, tissue composition or water diffusion be-
tween the two study groups. The findings are consistent with the hypothesis 
that impaired renal blood flow contributes to AKI in COVID-19. 

Our observations of reduced renal perfusion during AKI in COVID-19 are 
in line with prior observations in AKI due to bacterial septic shock (114, 279) 
and thoracic surgery (280). Renal ultrasound in critical COVID-19 have also 
implied reduced perfusion either using contrast enhancement or as an indirect 
observation of larger values of resistance index (281, 282). In our study, re-
sistive index correlated with lower renal blood flow. Multiparametric MRI has 
previously been used in a study with nine patients with severe AKI of different 
etiologies at a median of six days after peak P-Creatinine, also demonstrating  
reduced renal perfusion (283). Venous congestion may increase kidney size 
and water content and reduce perfusion while reduced blood flow may cause 
reduced volume in itself and this may explain that in our study, the adjustment 
of global blood flow to kidney size rendered group differences not statistically 
significant although the relative difference between the groups’ median was 
similar. A limitation to the above-mentioned studies using thermodilutional 
catheters (279, 280) or phase contrast (114) to determine total renal blood flow 
is that regional hypoperfusion cannot be investigated. Using ASL MRI in the 
present study, we additionally demonstrate reduced regional perfusion in both 
renal cortex and medulla.  

Dehydration and reduced circulating blood volume resulting in hypoperfu-
sion of the medulla is a well-known mechanism of AKI (284) and has been 
suggested as a major contributor to AKI development in severe COVID-19 
(285). However, the evident systemic inflammation with increased levels of 
cytokines in critical COVID-19 (286) is also associated with AKI develop-
ment (287). In animal experiments, systemic inflammation can cause AKI 
with normal kidney perfusion and even with hyperperfusion (288, 289). As 
mean arterial pressure did not correlate with changes in regional perfusion in 
our study, renal autoregulation may still partly attenuate consequences of hy-
poperfusion during normotensive conditions in critical COVID-19.  

We found a discrepancy in the relative difference in renal perfusion in our 
study when evaluated using phase contrast compared to ASL, however a 
strong correlation between values was found. Phase contrast is sensitive to 
errors in planning the angle whereas ASL-estimates depend on cortical map-
ping where inclusion of low-perfused areas in voxels reduce the estimated 
mean. RBF determined by phase contrast has been shown to have a higher 
intra-individual variability than cortical ASL (208). A similar discrepancy be-
tween PC-MRI and ASL has been found in a previous study of CKD where 
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the reduction in perfusion compared to healthy individuals was more pro-
nounced when estimated with ASL compared to phase contrast (208). There-
fore, absolute values of these two modalities are likely not to be interpreted as 
interchangeable, at least not during pathological conditions, and have qualita-
tive differences. Taken together they nonetheless strengthen the interpretation 
that renal perfusion is reduced early during AKI in ICU-patients with COVID-
19.  

Despite a marked reduction in regional perfusion in both cortex and me-
dulla we could not reveal any differences in renal oxygenation in the patients 
with AKI compared to those without, using either BOLD or TRUST se-
quences. In fact, BOLD imaging rather demonstrates the same level of renal 
oxygenation as healthy individuals of similar age. This is also similar to the 
findings when AKI patients were investigated in median 6 days after peak P-
Creatinine (283). A strength of TRUST is its insensitivity to hemodilution and 
edema. TRUST sequences in healthy volunteers have estimated a renal venous 
saturation of 89±2% (290), which differs from our study population but is 
close to values expected from measurements with renal vein catheters (279). 
As such, the TRUST-values here imply increased renal oxygen extraction in 
COVID-19 patients in general.  

Although there is a correlation between reduced medullary perfusion and 
lower medullary oxygenation, our results do not support hypoperfusion-in-
duced renal hypoxia as a specific feature of early AKI in COVID-19. Possible 
explanations to how reduced perfusion in both medulla and cortex is not ac-
companied by detectable renal hypoxia is an offset in the relation between 
tissue oxygenation (tpO2) and the BOLD signal during COVID-19 associated 
AKI.  The BOLD signal is generated by the occurrence of deoxyhemoglobin 
and there is a linear relationship between intrarenal hemoglobin content and 
R2* (291). Increased water content affects both T2 and T2* signals strongly 
and differences therein may obscure differences in deoxyhemoglobin content. 
This is supported by the strong correlation between T1, T2 and ADC in the 
patient group. Furthermore, intrarenal microtrombotisation has also been 
demonstrated in COVID-19 associated AKI and may also contribute to in-
creased renal resistance (292, 293). Since thrombotized vessels only transito-
rily contain deoxyhemoglobin, the effect on BOLD-signal may not be detect-
able. Decreased intrarenal blood volume due to vasoconstriction or changes 
in oxygen transit in tissue could also offset the relation between tpO2 and renal 
oxygenation measured by BOLD (294). We cannot conclude which of these 
mechanisms contribute to our findings or to what extent. 

Tissue composition and DWI parameters did not differ between the two 
study groups but T1 values differed from healthy controls. We are unable to 
conclude if these findings are due to COVID-19 or caused by comorbidities. 
Previous investigations of patients with CKD have found both lower ADC and 
longer T1 compared to healthy controls (295). However, longer T1 is also 
found in the acute phase of AKI with a reduction to healthy population’s mean 
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after a year of recovery accompanied with a reduction to normal total kidney 
volume (283). The higher T1 values may thus reflect higher water content in 
inflammatory, edematous tissue. 

Some limitations related to the MRI sequences have been addressed previ-
ously. Further limitations include that TRUST is a more novel sequence in 
renal MRI where pitfalls in the renal application are less explored. In our study 
there were also more missing values due to technical problems with this se-
quence and a larger variation in range of estimates in the TRUST measure-
ments compared to BOLD. There is also a possibility of systematic differences 
between the COVID-19 cohort and the healthy volunteers as imaging data 
were acquired with different scanners, but importantly we have reported sim-
ilar measures between the two sites when collecting measures in young 
healthy volunteers (143, 208). As the main comparison is between COVID-
19 patients with and without AKI we do not consider this a major limitation. 
Relatively few patients have been included in both groups, all from a single 
center. There is a skewness in the study population compared to ICU-popula-
tions with COVID-19 at large, since severely deteriorated patients where MRI 
was not feasible were excluded. Still, in our opinion, the disease severity of 
the cohort represents a relevant part of the patients in the ICU and the timing 
of the MRI exam, in relation to the course of the disease, represents a phase 
where therapeutic interventions are much needed. 

Paper 4 
In this study, multiparametric renal MRI has been used to study patients pre-
viously treated in the ICU for severe COVID-19 with various degrees of AKI 
approximately 5 months earlier. Cortical and medullary ADC, total renal 
blood flow and global perfusion were reduced in patients who had high grade 
AKI compared with patients without AKI during hospitalization for COVID-
19. No signs of renal hypoxia were detected. 

Diffusion weighted MRI measures the extracellular Brownian water mole-
cule movement, both directional and random in a tissue, to determine its de-
gree of restriction (151). This provides important information, not only about 
cellular organization and cell density but also about micro-circulation and tub-
ular flow. Obstacles for water motion are cell walls, presence of fibers or mac-
romolecules (296) consistent with high cell density, fibrosis or depositions in 
the tissue respectively. The ADC provides a measure of the degree of free 
water molecule diffusion in a tissue and has proven very useful for tissue char-
acterization (297) and has been shown to reflect the degree of renal fibrosis 
(232, 234-236) with lower ADC values correlating to an increasing degree of 
fibrosis, especially in the cortex. 

AKI has been associated with immunological responses and AKI might be 
recognized as a systemic disease (298, 299). Immune cell recruitment as a 
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result of infection could result in production of immense amounts of cyto-
kines, in particular interleukin-6 (IL-6), causing a cytokine storm (41). This 
might lead to renal injuries by circulatory collapse, rhabdomyolysis (causing 
myoglobulin cast nephropathy) as well as hypercoagulation and microangiop-
athy causing renal thrombosis (174). COVID-19 have been associated with 
glomerular diseases with collapsing glomerulopathy, a condition character-
ized by collapse of glomerular capillaries, hypertrophy of podocytes and tu-
bulointerstitial disease (184), being the most common. These changes might 
give rise to some of the key features of renal fibrosis, e.g. microvascular loss 
and matrix deposition (235). Whether microvascular loss or rarefaction is a 
cause or effect of kidney disease is however not clear (300). The significantly 
lower ADC values shown approximately five months after ICU care in pa-
tients with AKI grade 3 compared to patients without AKI thus may reflect 
either persistent tissue swelling/edema or development of fibrosis.  

T1 has also been proposed to be an indicator of cortical renal fibrosis (233, 
235) and has been shown to correlate with fibrosis in other organs like the 
heart (238) and the liver (239). T1 has also been related to water content/edema 
in a tissue (301). In this study there were no significant differences in T1 values 
between the study groups. 

In a recent study of acute renal changes in ICU-treated COVID-19 patients, 
we showed significantly reduced renal blood flow and perfusion in patients 
with AKI compared to patients without AKI (ref manuscript paper 3). It is 
known that AKI increases the risk of developing CKD (302). In the present 
study, there was no significant difference in eGFR (creatinine) between the 
groups pre-hospitalization but on follow up, eGFR (creatinine) was signifi-
cantly lower in patients that had AKI grade 3 during ICU-care compared to 
patients that did not have AKI. This is consistent with previous findings by 
our group (303). Total renal blood flow was significantly lower on follow up 
in the ‘AKI grade 3’ group compared to the ‘No AKI’ group. Global perfusion 
also revealed significant differences between the ‘AKI grade 1’ group and the 
‘AKI grade 3’ group. However, when measuring regional perfusion in the cor-
tex and the medulla using ASL, changes between the three study groups were 
not significant, with only a slight tendency of lower perfusion values in the 
‘AKI grade 3’ group compared to the ‘No AKI’ group. Oxygen in the kidneys 
is primarily used for sodium transport but also for processes included in the 
basal metabolism. The kidneys are vulnerable to hypoxia due to some partic-
ular features of renal physiology that also influence the pathophysiology of 
AKI. Renal perfusion is vast, around 20-25% of cardiac output equal to around 
1 liter of blood per minute, but heterogenous with the cortex receiving the 
major part of the blood supply and the medulla only a minor part, around 10% 
(148), leaving the medulla particularly susceptible for hypoxia (86, 93). In the 
normal kidney, unlike most other organs in the human body, blood flow de-
termines not only the supply of oxygen but also the consumption (86). Usually 
when RBF is increased, GFR is also increased, raising tubular oxygen 
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consumption due to necessarily increased reabsorption of sodium. Thus, in-
creased oxygen delivery to the kidneys seems to be counteracted by increased 
oxygen consumption making renal oxygenation stable with only minor varia-
tions (87). In a previous study in ICU-treated COVID-19 patients (ref manu-
script paper 3) no differences in oxygenation measured by R2* in neither the 
cortex nor the medulla between AKI and No AKI patients were evident. Nor 
were any differences revealed in renal vein oxygenation between the groups 
using TRUST. Similar results are shown in this study, where no differences in 
oxygenation by R2* could be detected between the study groups and where 
our values and findings are in line with previously published data for healthy 
volunteers and CKD-patients of similar age (304). However, there are studies 
that have found correlations between R2* and eGFR in CKD patients (305, 
306). Larger number of patients compared to our study could perhaps explain 
the different results.  

There is an ongoing discussion whether or not SARS-CoV-2 infects the 
renal parenchyma. Some studies have found viral particles in the kidneys on 
electron microscopy (196, 197) whereas other studies have doubted this, find-
ing no evidence of virus in the renal parenchyma (198, 199). In a recent study 
including autopsy and biopsy kidney samples, increased fibrosis and elevated 
levels of extracellular matrix were found in COVID-19 patients compared to 
a matched control group (201). In the same study profibrotic signaling path-
ways, including tumor necrosis factor a and transforming growth factor b, 
were found to be upregulated in SARS-CoV-2 infected kidneys. These path-
ways are reported to play an important role in injury response in turn driving 
development of fibrosis (202). Similar development of fibrosis was also seen 
ex vivo in kidney organoids. These findings are in line with our findings of 
decreased ADC in both the renal cortex and the medulla of COVID-19 patients 
with AKI compared to similar patients without AKI.  

The possibility of persistent inflammation with secondary edema of the kid-
neys must be considered. Increased TKV and T1 have previously been associ-
ated with renal edema and/or inflammation (307). T2 is also known to correlate 
to water content/edema in a tissue (301). In this study no difference in TKV, 
TKV/BSA or T1 or T2 was found between the groups speaking against persis-
tent edema and/or inflammation. Also, plasma CRP was normal at follow up 
in all study groups.  

Our study has several limitations. The most relevant being the relatively 
small number of patients that are not completely evenly distributed between 
the groups making patient matching difficult. We have no MRI measurements 
from the time of hospitalization to compare with. There is a variation in fol-
low-up time and there is also a risk of bias due to several comorbidities among 
the participants.  
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Conclusions 

Paper 1 
Multiparametric MRI using a single scan protocol provides reliable techniques 
to detect intrarenal regional differences in renal blood perfusion, oxygenation, 
water diffusion and tissue properties. The noninvasive and repeatable nature 
of this technique makes it highly attractive to study pathological processes 
also in patients with pre-existing renal impairment. 

Paper 2 
Total renal blood flow and kidney function display distinct significant circa-
dian variations, whereas intrarenal oxygenation does not. This may indicate 
that tight control of intrarenal oxygen homeostasis is of great importance for 
long-term kidney function. 

Paper 3 
In critically ill patients with COVID-19, patients with AKI have decreased 
total, cortical and medullary renal blood flow without demonstrable effects on 
renal oxygenation or tissue characteristics compared to patients without AKI. 

Paper 4 
At follow up, approximately five months after intensive care for severe 
COVID-19, patients that had high grades of AKI during hospitalization had 
reduced cortical and medullary ADC together with reduced total renal blood 
flow and global perfusion compared to similar patients that did not have AKI. 
No difference in total kidney volume or T2 were found. These findings might 
indicate incipient development of renal fibrosis. No effects regarding renal 
oxygenation could be seen between the studied groups. 

General conclusion: 
In this thesis we have shown that noninvasive functional MRI techniques are 
feasible to use in clinical practice for evaluation of a number of important 
renal physiological parameters such as blood flow/perfusion, oxygenation and  
water diffusion as well as for tissue characterization. The techniques are tech-
nically advanced and work remains to further improve their handling and pre-
cision. 
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Summary in Swedish/ 
Sammanfattning på svenska 

Sedan den radiologiska erans gryning för nu drygt 125 år sedan har den medi-
cinska bilddiagnostiken utvecklats till att bli en essentiell del av nästan alla 
medicinska specialiteters vardag. Från att i början ha givit anatomisk inform-
ation kan vi idag erhålla såväl anatomisk som funktionell information inom 
det undersökta området. Genom åren har ett flertal olika radiologiska modali-
teter utvecklats och implementerats i den dagliga verksamheten på våra sjuk-
hus och tillgängligheten till radiologiska tjänster har ökat avsevärt såväl lokalt 
som globalt vilket har lett till en kraftig ökning av antalet radiologiska under-
sökningar. Digitaliseringen har lett till att mängden data i varje undersökning 
mångdubblats.  

Fortfarande utförs många av dagens radiologiska standardundersökningar 
med joniserande modaliteter som konventionell röntgen, datortomografi och 
nuklearmedicinska metoder/PET. Joniserande strålning kan skada arvsmassan 
och orsaka tumörsjukdomar och även om stråldoserna sjunkit avsevärt de sen-
aste åren är detta fortfarande en begränsande faktor inom diagnostiken, fram-
förallt när det gäller yngre patienter samt i studier. Inom såväl den kliniska 
verksamheten som inom forskningen är det även av betydelse att begränsa 
invasiva procedurer samt användandet av radiologiska kontrastmedel. Inva-
siva ingrepp, även små sådana, är förknippade med en viss risk för komplikat-
ioner och bör i möjligaste mån undvikas. Radiologiska kontrastmedel kan ge 
upphov till överkänslighetsreaktioner av varierande grad, i svåra men sällsynta 
fall anafylaxi. Jodbaserade kontrastmedel för användning inom konventionell 
radiologi och datortomografi har kopplats till njurfunktionsnedsättning (kon-
trastmedelsinducerad nefropati) och gadoliniumbaserade kontrastmedel för 
användning inom MRT har i sällsynta fall visat sig kunna ge upphov till bind-
vävsförändringar (nefrogen systemisk fibros). Gadolinium har även visat sig 
lagras in i skelettet och i hjärnan där betydelsen av detta för närvarande är 
oklar.  

Mot bakgrund av ovanstående är det därför viktigt att utveckla och imple-
mentera icke-invasiva, icke-joniserande undersökningsmetoder vilka kan ge 
såväl anatomisk som funktionell information. Sådana tekniker finns idag till-
gängliga och används dagligen inom flera områden av radiologin, framförallt 
inom neuroradiologin. Teknikerna är känsliga för störningar av olika slag, 
framförallt rörelse, varför de har varit svårare att applicera inom de delar av 
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kroppen som påverkas av andningsrörelser, hjärtrörelser och tarmmotorik, dvs 
thorax och buken.  

Njursjukdom och skador på njurarna är en av de största orsakerna till sjuk-
lighet och död i världen. Miljontals människor är drabbade vilket leder till 
stort lidande och enorma kostnader för samhället. Ett stort antal vanligt före-
kommande sjukdomar såsom diabetes, högt blodtryck, autoimmuna sjukdo-
mar och infektioner är starkt kopplade till skador på njurarna.  

Incidensen och prevalensen av njurskador/njursjukdom ökar på grund av 
ökad incidens/prevalens av ovanstående tillstånd, en åldrande befolkning samt 
ökad tillgång till/bättre diagnostiska metoder.  

Vår forskargrupp har lång erfarenhet av preklinisk njurforskning baserad 
på experimentella djurstudier. Målet med denna avhandling har varit att över-
föra den prekliniska njurforskningen till klinisk dito genom att applicera icke-
invasiv MRT-teknik på humana njurar för att ta fram grundläggande njurfysi-
ologiska data hos friska frivilliga samt implementera tekniken på kliniska pa-
tienter. Detta är en betydande såväl teknisk som logistisk utmaning och kräver 
ett nära samarbete mellan radiologer, läkare från andra specialiteter, röntgen-
sjuksköterskor, MR-fysiker samt fysiologer. Vi har i våra studier använt föl-
jande icke-invasiva MRT-tekniker: 

 
• T1: Den longitudinella relaxationstiden. Karaktäristisk för en viss väv-

nad. 
• T2: Den transversella relaxationstiden. Karaktäristisk för en viss väv-

nad. 
• Phase contrast (PC): Tekniken baseras på att en molekyl som rör sig i 

samma riktning som en magnetisk gradient utvecklar en fasförändring 
proportionell mot dess hastighet, se Fig. 5.  

• Arterial spin labelling (ASL): Tekniken utnyttjar blod som endogent 
kontrastmedel och används för att kvantitativt mäta perfusion, se Fig. 
6. 

• Blood oxygen level dependent (BOLD): Oxyhemoglobin och deoxy-
hemoglobin har olika magnetiska egenskaper där oxyhemoglobin är 
diamagnetiskt och deoxyhemoglobin är paramagnetiskt. Detta ger 
små lokala variationer i magnetfältet vilka kan detekteras med T2*-
viktad sekvens. Tekniken ger ett indirekt mått på syresättningen i väv-
naden. 

• T2 relaxation under spin tagging (TRUST): Mäter syresättningsnivån 
i njurvenen och utgör ett mått på hur mycket syrgas som extraherats i 
njuren. 

• Diffusion weighted imaging (DWI): DWI bygger på vattenmolekylers 
slumpvisa rörelser inom en given vävnadsvolym. Ju fler celler som 
finns inom den bestämda volymen desto mindre fri rörlighet/diffusion 
för vattenmolekylerna. Graden av diffusionsinskränkning anges som 
apparent diffusion coefficient (ADC) och ger information om en 
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vävnads egenskaper, se Fig. 7. Intravoxel incoherent motion (IVIM) 
är en tillämpning av DWI. Alla vattenmolekyler som rör sig inom en 
viss vävnadsvolym diffunderar inte fritt utan en del av dem rör sig 
inom kärl och dess rörelser följer kärlets utbredning. Andelen vatten-
molekyler som rör sig i kärl av den totala diffusionen går att mäta och 
utgör ett mått på perfusion, se Fig. 8. 

Delarbete 1: I den första delstudien i denna avhandling implementerade vi 
PC, ASL, BOLD, DWI och T1 mapping-teknikerna på en 3 Tesla MR-kamera 
och undersökte 28 friska frivilliga (13 män och 15 kvinnor) för att få fram 
grundläggande normaldata för ett antal betydelsefulla fysiologiska njurpara-
metrar, i detta fall det totala njurblodflödet samt perfusion, syresättning, dif-
fusion av vatten och T1 regionalt i njurbarken samt i yttre och inre märgen. 
Studien visade signifikanta regionala skillnader inom samtliga undersökta pa-
rametrar. Det regionala blodflödet var högst i njurbarken och föll sedan mot 
inre delen av märgen med signifikanta skillnader mellan samtliga undersökta 
regioner. Den relativa syresättningen var också högst i njurbarken med fal-
lande värden mot inre delen av märgen med signifikanta skillnader mellan 
samtliga undersökta regioner. Även vattendiffusion och T1 visade signifikanta 
skillnader mellan de undersökta regionerna.  

Delarbete 2: I det andra delarbetet ställde vi oss frågan om njurblodflödet och 
syresättningen i njuren varierar under dygnet och således om undersökningar 
utförda olika tid på dygnet är jämförbara. Sexton friska frivilliga rekryterades 
(8 män och 8 kvinnor). Deltagarna instruerades att undvika tobak, kaffe, te 
samt överdriven fysisk ansträngning 12 timmar innan studiestart. Samtliga 
deltagare genomgick en MRT undersökning var fjärde timme under 24 tim-
mar. Samtidigt genomfördes en urinsamling. Fyra deltagare undersöktes per 
dygn. Undersökningarna av den första, andre, tredje och fjärde deltagaren star-
tade ca 08:00, 09:00, 10:00 samt 11:00 varför studien delades in i 6 tidspe-
rioder: 08:01-12:00, 12:01-16:00, 16:01-20:00, 20:01-24:00, 00:01-04:00 
samt 04:01-08:00. Samtliga MRT-undersökningar utfördes på samma sätt 
med sekvenser för T2, PC, ASL och BOLD. Samtliga deltagare fick samma 
standardiserade frukost, lunch och middag. Studien visade signifikanta skill-
nader avseende det totala blodflödet till njurarna över dygnet med stigande 
värden under eftermiddagen och kvällen och sjunkande värden under natten. 
Ett liknande mönster sågs även avseende den corticala perfusionen men detta 
nådde ej signifikans. Den relativa syresättningen i njurarna uppvisade mycket 
små skillnader över dygnet. Även urinflöde, kreatininclearence, Na+-utsönd-
ring, K+-utsöndring, kreatininutsöndring, ureautsöndring samt urinosmolal-
iteten uppvisade signifikanta skillnader över dygnet med generellt stigande 
värden under dagen och sjunkande värden under natten.  
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Delarbete 3: I det tredje delarbetet applicerade vi de icke-invasiva MRT-tek-
niker vi använt i delarbete 1 och 2 samt ytterligare en MRT-teknik på patien-
ter. AKI (Acute Kidney Injury) är ett välkänt tillstånd med nedsatt njurfunkt-
ion (ibland uttalat) som ofta drabbar intensivvårdade patienter. Orsakerna till 
AKI är ej till fullo klarlagda. En teori är att tillståndet beror på nedsatt genom-
blödning i njuren och därmed nedsatt syresättning. Då COVID-19 pandemin 
spreds över världen drabbades många patienter av svår andningssvikt vilket 
föranledde inläggning på intensivvårdsavdelning. En stor del av dessa patien-
ter utvecklade AKI. Vi undersökte nitton intensivvårdade COVID-19 patien-
ter, tio av dem med AKI och 9 av dem utan AKI, i en 3 T magnetkamera med 
sekvenser för att mäta blodflöde/perfusion, syresättning samt vävnadskarak-
teristika (PC, ASL, BOLD, TRUST, DWI samt T1). Samtliga patienter hade 
minst ett normalt kreatininvärde (mått på njurfunktionen) före vårdtillfället för 
COVID-19. Vi kunde visa att patienter med AKI hade signifikant lägre njur-
blodflöde/genomblödning i njurarna jämfört med de patienter som inte hade 
AKI. Ingen signifikant skillnad avseende syresättning eller vävnadskarakteri-
stika i njuren kunde ses. 

Delarbete 4: I det fjärde delarbetet ville vi undersöka om det fanns några skill-
nader gällande blodflöde/perfusion, syresättning samt vävnadskarakteristika 
hos tillfrisknade patienter ca fem månader efter det att de intensivvårdats för 
svår COVID-19, antingen utan AKI eller med AKI av lätt respektive svår grad. 
Vi undersökte 22 patienter där 14 av dessa hade AKI under vårdtillfället varav 
6 hade lätt AKI (grad 1) och 8 hade svår AKI (grad 3) enligt KDIGO´s grade-
ring. Samtliga patienter hade ett normalt kreatininvärde inom två år före vård-
tillfället för COVID-19. Vi fann i studien att patienter som hade haft höggra-
dig AKI (grad 3) hade signifikant lägre ADC-värden, totalt njurblodflöde, glo-
bal perfusion samt uppskattad glomerular filtration rate (eGFR) jämfört med 
gruppen som inte hade AKI vid vårdtillfället. ADC har i tidigare studier visat 
sig korrelera med graden av fibros, dvs vävnadsskada. AKI har tidigare visat 
sig ge en ökad risk för utveckling av kronisk njursjukdom. Våra resultat kan 
tyda på en relativt snabb fibrosutveckling i njuren efter episod med höggradig 
AKI. 

Konklusion: Vi har i denna avhandling visat att ovan nämnda tekniker för be-
dömning av viktiga njurfysiologiska parametrar kan appliceras i kliniskt bruk. 
Teknikerna är tekniskt avancerade och finns för närvarande endast delvis 
kommersiellt tillgängliga för abdominellt bruk. Fortsatt arbete återstår för att 
förbättra det tekniska handhavandet samt för att förbättra precisionen i mät-
ningarna. 
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