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Recent Advances in Magnetic Resonance Imaging
Assessment of Renal Fibrosis
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CKD is a global public health problem. Renal fibrosis is a final common pathway leading to progressive loss of function in CKD.

The degree of renal fibrosis predicts the prognosis of CKD. Recent studies have shown that bone marrow-derived fibroblasts

contribute significantly to the development of renal fibrosis, which may yield novel therapeutic strategy for fibrotic kidney

disease. Therefore, it is imperative to accurately assess the degree of renal fibrosis noninvasively to identify those patients

who can benefit from antifibrotic therapy. In this review, we summarize recent advances in the assessment of renal fibrosis

by magnetic resonance imaging.
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INTRODUCTION
CKD is a major cause of mortality and a serious global
health challenge.1 The prevalence of CKD continues to
rise worldwide.2 Therefore, new strategies for diagnosis
and treatment of CKD are much needed to reduce its
morbidity and mortality. Renal fibrosis is a pathologic
hallmark of CKD, which is manifested by extensive
fibroblast activation. Activated fibroblasts produce a large
amount of extracellular matrix resulting in destruction of
renal parenchyma and progressive loss of kidney
function.3-5 Clinical studies have shown that the degree
of renal interstitial fibrosis strongly predicts the
prognosis of CKD.6

Traditionally, activated fibroblasts are thought to arise
from resident fibroblasts.7,8 Recently, compelling
evidence indicates that bone marrow-derived fibroblast
precursors contribute significantly to the population of
activated fibroblasts and the development of renal
fibrosis.9-12 Bone marrow-derived fibroblast precursors
termed fibrocytes express hematopoietic markers, such
as CD45 and CD11b, and mesenchymal markers, such as
platelet-derived growth factor receptor-b and vimen-
tin.13-15 Recent studies have demonstrated that bone
marrow-derived fibroblast precursors contribute substan-
tially to pathogenesis of renal interstitial fibrosis.15-18

Kidney biopsy is currently considered the gold standard
for the evaluation of renal fibrosis. However, this invasive
procedure has inherent complications, such as pain or
bleeding to major complications including death. Further-
more, kidney biopsy is limited by inevitable sampling
error. Currently, there are no routine noninvasive

assessments available for clinical diagnosis. Recent studies
have shown that magnetic resonance imaging (MRI) may
have clinical utility for noninvasive diagnosis of renal
fibrosis.

Mechanisms of Renal Fibrosis
In response to kidney injury, multiple cell types in the
circulation are recruited to the site of injury to participate
in awound healing response. A dysregulatedwound heal-
ing process causes renal fibrosis, where extracellular
matrix and fibroblasts replace normal renal parenchyma
leading to kidney dysfunction. Fibrosis is a complex and
progressive pathologic process. This involves infiltration
of mononuclear cells including monocytes and immune
cells. The interaction and communication among these
cell types are involved in the pathogenesis of fibrotic disor-
ders.19,20 Because fibroblasts are the principal effector cells
that mediate extracellular matrix production in the fibrotic
kidney disease, their activation is regarded as an
important event in the pathogenesis of renal fibrosis.21,22

The activated fibroblasts are traditionally thought to
arise from resident fibroblasts within the kidney. Recent
studies have shown that these activated fibroblasts may
originate from bone marrow-derived fibroblast
precursors.16,23-27 Using bone marrow transplantation of
transgenic mice that express GFP driven by collagen
a1(I) promoter, we have shown that bone marrow-
derived hematopoietic fibroblasts migrate into the kidney,
proliferate, and differentiate into myofibroblasts in an
experimental model of obstructive nephropathy.16,18

The recruitment of circulating fibroblast precursors into
the sites of injury is mediated by chemokines generated
in the local microenvironment. The chemokine CXCL16
is induced in the kidney after obstructive injury.16,28 We
have used CXCL16 knockout mice to study the
functional role of CXCL16 in the pathogenesis of renal
fibrosis. CXCL16 knockout mice accumulate fewer bone
marrow-derived fibroblast precursor and myofibroblast
and displayed less extracellular matrix protein deposition
in the obstructed kidneys.16 These results indicate that
CXCL16 promotes renal fibrosis by recruiting bone
marrow-derived fibroblast precursors into the kidney in
response to obstructive injury. We further examined the
role of CXCL16 in angiotensin II (Ang II)-induced renal
injury and fibrosis. Genetic deletion of CXCL16 protects
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the kidney from renal dysfunction, inhibits renal fibrosis,
reduces proteinuria, suppresses bone marrow-derived
fibroblast accumulation, myofibroblast formation, macro-
phage and T cell infiltration, and pro-inflammatory
cytokine expression with no effect on Ang II-induced
hypertension.29 More recently, we have shown that
CXCL16 plays a crucial role in the development of kidney
fibrosis induced by deoxycorticosterone acetate/salt and
renal artery stenosis.30,31

CXCR6 is the CXCL16 receptor. We have recently shown
that both circulating fibroblast precursors and bone
marrow-derived fibroblasts in the kidney express
CXCR6.16,18 We further demonstrate that genetic
disruption of CXCR6 reduces the recruitment of bone
marrow-derived fibroblast precursors into the kidney
and the development of renal fibrosis induced by ureteral
obstruction, ischemia-reperfusion, and Ang II-induced
hypertension.17,18

Theactivationofbonemarrow-derivedfibroblasts ismodu-
lated by inflammatory cells in the local microenvironment. T
cells play an important role in the development of renal
fibrosis,32 which have been shown to promote fibrocyte acti-
vation.12 Naive CD41 T cells can differentiate into 2 major
distinct phenotypes, Th1 and Th2 cells, which are character-
ized by specific patterns of cytokine expression.33 Th2 cells
release Th2 cytokines, such as
IL-4 and IL-13, to induce alter-
native activation of macro-
phage and promotes
monocyte-to-fibroblast transi-
tion.33,34 Th1 cells generate
Th1 cytokines, such as IFN-g
and IL-12,whichpromote clas-
sical activation of macro-
phages and inhibit fibrocyte
differentiation.33,34 However,
the molecular signaling
mechanisms by which Th2 cytokines stimulate bone
marrow-derived fibroblast activation are not well under-
stood. We have recently shown that JAK3/STAT6 signaling
stimulates bone marrow-derived fibroblast activation and
extracellular matrix protein production.15 Pharmacologic
inhibition of JAK3 with CP 690550 or genetic deletion of
STAT6 suppresses myeloid fibroblast activation and inhibits
development of renal fibrosis.15

Adiponectin is a multifunctional cytokine that regulates
metabolism and inflammation. Recent evidence indicates
that adiponectin levels in the circulation are elevated in
patients with CKD, and a high level of adiponectin is
linked to increased mortality.35-39 We have discovered
that adiponectin is induced in the kidney after ischemia-
reperfusion and obstructive injury.11 Genetic disruption
of adiponectin inhibits bone marrow-derived fibroblast
accumulation and myofibroblast activation, which is asso-
ciated with a reduction in the expression of profibrotic
chemokines and cytokines and the production of extracel-
lular matrix proteins in the injured kidneys after ureteral
obstruction or ischemia-reperfusion. These results indicate
that adiponectin promotes activation and maturation of
myeloid fibroblasts and the development of renal fibrosis.

Furthermore, we have shown for the first time that
alternatively activated (M2) macrophages produce
collagen I, suggesting a link between M2 macrophage
polarization and myeloid fibroblast activation.11 Consis-
tent with this novel concept, adiponectin deficiency re-
duces the number of procollagen-expressing M2
macrophages in the kidney after ureteral obstruction or
ischemia-reperfusion injury.11

These studies demonstrate that bone marrow-derived
fibroblasts contribute significantly to the development of
renal fibrosis. The recruitment and activation of bone
marrow-derived fibroblasts are mediated by the interac-
tions between locally produced chemokines and cytokines
in themicroenvironment. Therefore, targeting the signaling
machinery of these chemokines and cytokines represents
novel therapeutic strategy for fibrotic kidney disease.

Diagnosis of Renal Fibrosis
Kidney biopsy is the gold standard for the detection and
diagnosis of renal fibrosis. However, there are several
limitations of kidney biopsy including sampling error,
intra- and inter-observer variability, and life-threatening
complications.40 Several biological molecules have been
proposed as biomarkers for kidney fibrosis, but none of
them have been validated and used clinically.41 Recent

advances in MRI techniques
may allow accurate assess-
ment and longitudinal eval-
uation of renal fibrosis. Two
promising MRI techniques
for assessing kidney fibrosis
are diffusion-weighted MRI
(DWI) and magnetic reso-
nance elastography (MRE).
The use of gadolinium-
containing MRI contrast
agents in patients with

advanced CKD is associated with nephrogenic systemic
fibrosis, which ismediated by bonemarrow-derived fibro-
cytes.42,43 Fortunately, both DWI and MRE do not require
gadolinium-containing MRI contrast agents for the assess-
ment of renal fibrosis.
DWI is an imaging technique that uses the diffusion of

water molecules to generate contrast in MR images.44

This technique allows noninvasively mapping the water
movement in biological tissues in vivo. The commonly
used parameter to quantify DWI is apparent diffusion
coefficient (ADC) value. ADC is calculated by filtering
signaling intensities from a series of DWI with different
diffusion weightings (b values).
DWI has been used to evaluate renal fibrosis in patients

with CKD. In a clinical study, Inoue and colleagues45

used DWI to detect renal fibrosis in vivo in 142 patients
with varying degree of kidney dysfunction. Healthy
volunteers were recruited as controls. ADC values were
significantly lower than healthy controls. Kidney biopsy
was performed in a subset of CKD patients and kidney
sections where the degree of renal fibrosis was evaluated
morphologically by Masson’s trichrome staining. The per-
centage of fibrotic area relative to the cross-section area in

CLINICAL SUMMARY

� Recent advances in magnetic resonance imaging (MRI)
techniques may provide accurate assessment and
longitudinal evaluation of renal fibrosis.

� Diffusion-weighted MRI (DWI) and MR elastography (MRE)
are two most promising MRI techniques for assessing
kidney fibrosis.
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