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Editorial	
Potential	 Role	 of	 Diffusion	 Tensor	 Imaging	 in	 the	 Assessment	 of	 Renal	
Microstructural	Changes	in	Diabetic	Kidney	Disease:	A	Systematic	Review	

Introduction	
Diabetic	 kidney	 disease	 (DKD)	 is	 a	 microvascular	 complication	 caused	 by	 diabetes,	

occurring	in	more	than	40%	of	diabetic	patients	and	representing	the	 leading	cause	of	kidney	
failure	worldwide	(Hang	et	al.,	2025;	Jha	et	al.,	2024;	Zhang	et	al.,	2023).	Due	to	a	lack	of	early	
diagnosis	and	efficient	treatments,	the	prevalence	of	DKD	is	still	rising.	Renal	biopsy	is	still	the	
gold	 standard	 for	detecting	kidney	disease,	 but	 it	 has	many	drawbacks,	 such	 as	 invasiveness,	
sampling	mistakes,	and	procedural	hazards,	which	make	it	inappropriate	for	routine	monitoring	
or	usage	in	patients	with	comorbidities	or	advanced	age	(Nassar	et	al.,	2021;	Zhao	et	al.,	2023).	
The	majority	of	 clinical	 guidelines	 recommend	using	blood	and	urine	biochemical	markers	 to	
diagnose	 and	 assess	DKD;	however,	 because	 there	 are	multiple	 validated	 clinical	 phenotypes,	
these	markers	have	significant	errors	(Deng	et	al.,	2020;	Kapusin	et	al.,	2025).	
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	 ABSTRACT	
Background: One of the main causes of end stage renal disease worldwide is diabetic 
kidney disease (DKD). Conventional biomarkers such as estimated glomerular 
filtration rate (eGFR) and albuminuria often miss early microstructural changes before 
major functional loss. Diffusion tensor imaging (DTI) provides a non-invasive method 
to assess renal tissue integrity using metrics such as fractional anisotropy (FA) and 
apparent diffusion coefficient (ADC). 
Objective: This systematic review aims to identify patterns of DTI parameter 
alterations, assess their association with clinical indicators, and summarize the 
relevance of DTI in assessing renal microstructural changes in DKD. 
Methods: A systematic literature search was conducted in PubMed, Scopus, Google 
Scholar, and ScienceDirect for original research articles reporting renal DTI 
parameters in DKD patients published between 2017 and 2025. The review followed 
PRISMA guidelines. Data were extracted using a standardized form and synthesized 
narratively. Methodological quality was assessed using QUADAS 2 for diagnostic 
accuracy studies, Newcastle Ottawa Scale for cohort studies, and JBI Critical 
Appraisal Checklist for clinical trials. 
Results: Ten original studies met the inclusion criteria. Quality assessment revealed 
four studies with low risk of bias and six with moderate risk, primarily due to lack of 
histopathological correlation. Medullary FA was often lower in DKD patients 
compared to healthy participants, although study populations, DTI protocols, and 
disease stages varied considerably. In several studies, medullary FA was positively 
associated with eGFR (r values ranging from 0.38 to 0.69) and inversely associated 
with albuminuria and serum creatinine. In contrast, one study reported higher cortical 
FA in diabetic patients, with positive correlations with albuminuria and serum 
creatinine, indicating region specific patterns. ADC findings were heterogeneous, with 
some studies reporting no differences and others reporting lower ADC in diabetics. 
One clinical trial reported a significant increase in FA after autologous dendritic cell 
treatment (from 242.57±63.97 to 305.61±152.32, p=0.042), suggesting potential for 
monitoring therapeutic response, though this finding requires confirmation. 
Conclusion: DTI, particularly medullary FA, shows potential as a non invasive 
biomarker for renal microstructural changes in DKD. However, the evidence is 
observational and heterogeneous, and findings should be interpreted with caution. 
Further studies using standardized protocols and long term designs are required to 
determine the clinical role of DTI. 
Keywords: Diffusion Tensor Imaging; Diabetic Kidney Disease; Fractional 
Anisotropy; Apparent Diffusion Coefficient; Systematic Review; Renal 
Microstructure 
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When	evaluating	renal	pathology	in	DKD,	functional	magnetic	resonance	imaging	(fMRI)	
has	demonstrated	significant	promise.	Without	the	use	of	exogenous	contrast	agents,	it	offers	a	
non-invasive	method	of	obtaining	several	kidney	structural	and	function	biomarkers	(Pruijm	et	
al.,	2022;	Zhang	et	al.,	2023).	fMRI	provides	distinct	advantages	over	kidney	biopsy	and	serum	or	
urine	bioinformatic	markers,	such	as	the	lack	of	radiation	exposure	and	serial	repeatability	(Feng	
et	al.,	2020).	

Diffusion	tensor	imaging	(DTI),	one	of	the	fMRI	methods,	has	drawn	special	attention	due	
to	its	capacity	to	measure	the	directional	diffusion	of	water	molecules	in	order	to	evaluate	tissue	
microstructure.	DTI	is	an	expansion	of	diffusion-weighted	imaging	that	responds	to	the	axial	or	
longitudinal	 diffusion	 rates	 of	water	molecules	 by	 adding	 three-dimensional	 space	 (Le	Bihan,	
2024;	Seah	et	al.,	2022;	Sun	et	al.,	2023;	Zhang	et	al.,	2023).	The	apparent	diffusion	coefficient	
(ADC),	which	gauges	 total	water	mobility	 and	 is	 impacted	by	 cellularity,	 extracellular	 volume	
fraction,	and	interstitial	fibrosis,	and	fractional	anisotropy	(FA),	which	measures	the	directional	
preference	 of	 diffusion	 and	 reflects	 the	 integrity	 of	 organized	 structures	 like	 tubules	 and	
collecting	ducts,	are	two	important	parameters	obtained	from	DTI	(Razek	et	al.,	2017;	Stabinska	
et	al.,	2024).	The	renal	medulla	is	especially	suitable	for	DTI	evaluation	because	to	its	distinctive	
design.	 Radially	 directed	 tubules	 and	 collecting	 ducts	 in	 the	 medulla	 produce	 an	 extremely	
ordered,	anisotropic	environment	(Francis	et	al.,	2023;	Panduranga	et	al.,	2022).	When	evaluating	
renal	 cortical	 alterations,	 DTI	 is	 much	 superior	 than	 other	 fMRI	 methods	 such	 arterial	 spin	
labeling	(ASL)	and	blood	oxygen	level-dependent	imaging	(BOLD).	The	data	on	DTI	in	DKD	has	
not	been	methodically	compiled,	despite	increased	interest.	By	thoroughly	analyzing	the	evidence	
on	the	use	of	DTI	in	identifying	renal	microstructural	changes	in	DKD,	finding	typical	patterns	of	
DTI	 parameter	 alterations,	 and	 evaluating	 their	 association	 with	 clinical	 biomarkers,	 this	
systematic	review	seeks	to	close	this	gap.	
Methods		
Protocol	and	registration	
The	review	protocol	was	developed	a	priori	but	was	not	prospectively	registered	in	PROSPERO.	
The	 review	 protocol	 was	 developed	 a	 priori	 and	 validated	 by	 all	 authors.	 To	 maximize	
transparency,	the	completed	PRISMA	2020	checklist	is	provided	as	Supplementary	Table	S1,	and	
the	full	review	protocol	is	available	from	the	corresponding	author	upon	reasonable	request.		
This	systematic	review	was	conducted	to	answer	the	following	clinical	question	using	the	PICO	
framework.		
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Table	1.	PICO	Framework	
Component	 Description	

P	(Population)	 Adult	patients	(≥18	years)	diagnosed	with	Diabetic	Kidney	Disease	
(DKD)	 at	 any	 stage,	 including	 both	 type	 1	 and	 type	 2	 diabetes	
mellitus.	

I	
(Intervention/Exposure)	

Diffusion	Tensor	Imaging	(DTI)	with	quantitative	measurement	of	
Fractional	Anisotropy	(FA),	Apparent	Diffusion	Coefficient	(ADC),	
and	Mean	Diffusivity	(MD)	in	renal	cortex	and	medulla.	

C	(Comparison)	 Healthy	 volunteers	 OR	 diabetic	 patients	 without	 DKD	
(normoalbuminuric)	 OR	 standard	 clinical	 biomarkers	 (eGFR,	
albuminuria,	serum	creatinine).	

O	(Outcome)	 Primary:	 Detection	 of	 renal	 microstructural	 changes	 (significant	
differences	in	DTI	parameters	between	DKD	patients	and	controls).	
Se	 condary:	 1)	 Correlation	 between	DTI	 parameters	 and	 clinical	
biomarkers;	 2)	 Diagnostic	 performance	 (AUC,	 sensitivity,	
specificity);	3)	Prognostic	value	for	renal	outcomes;	4)	Changes	in	
DTI	parameters	following	therapeutic	intervention.	

	
Eligibility	criteria	
Studies	were	included	if	they	enrolled	adults	(≥18	years)	with	DKD	at	any	stage,	including	type	1	
or	type	2	diabetes	mellitus;	used	DTI	with	quantitative	measurement	of	FA,	ADC,	or	MD	in	the	
renal	 cortex	 or	 medulla;	 compared	 DKD	 patients	 with	 healthy	 volunteers,	 diabetic	 patients	
without	DKD,	or	standard	clinical	biomarkers;	and	reported	relevant	outcomes.	Eligible	study	
designs	were	cross-sectional,	cohort,	or	clinical	trial	studies	published	in	English	between	2017	
and	2025	with	full-text	availability.	Studies	were	excluded	if	they	were	non-English	publications,	
case	reports,	review	papers,	editorials,	conference	abstracts	without	full	data,	animal	or	in	vitro	
studies,	or	lacked	sufficient	data	for	extraction.	
Information	sources	and	search	strategy	
A	 structured	 search	 strategy	 was	 designed	 to	 identify	 peer-reviewed	 articles	 examining	 DTI	
parameters	 in	 diabetic	 kidney	 disease.	 Searches	 were	 performed	 across	PubMed,	 Scopus,	
ScienceDirect,	 and	 Google	 Scholar.	 The	 search	 utilized	 English	 keywords:	
("Diffusion	 Tensor	 Imaging"	 OR	 "DTI"	 OR	 "Apparent	 Diffusion	 Coefficient"	 OR	 "ADC"	 OR	
"Fractional	Anisotropy"	OR	"FA"	OR	"Mean	Diffusivity"	OR	"MD")	AND	("Diabetic	Kidney	Disease"	
OR	 "Diabetic	 Nephropathy"	 OR	 "DKD")	 AND	 ("biomarker"	 OR	 "non-invasive"	 OR	
"microstructural"	OR	"microstructure").	
Database-specific	 search	 strategies,	 search	dates,	 and	applied	 filters	 are	presented	 in	Table	2.	
Reference	lists	of	included	studies	and	relevant	reviews	were	also	hand-searched.	The	search	was	
rerun	before	submission	to	identify	newly	published	records.	
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Table	2.	Database-specific	search	strategies	
Database	 Search	strategy	

PubMed	 ("Diffusion	Tensor	 Imaging"[Mesh]	OR	 "Diffusion	Tensor	 Imaging"[tiab]	OR	
DTI[tiab]	 OR	 "Apparent	 Diffusion	 Coefficient"[tiab]	 OR	 ADC[tiab]	 OR	
"Fractional	 Anisotropy"[tiab]	 OR	 FA[tiab]	 OR	 "Mean	 Diffusivity"[tiab]	 OR	
MD[tiab])	 AND	 ("Diabetic	 Nephropathies"[Mesh]	 OR	 "Diabetic	 Kidney	
Disease"[tiab]	 OR	 "Diabetic	 Nephropathy"[tiab]	 OR	 DKD[tiab])	 AND	
(biomarker*[tiab]	 OR	 non-invasive[tiab]	 OR	 noninvasive[tiab]	 OR	
microstructural[tiab]	OR	microstructure[tiab])	

Scopus	 TITLE-ABS-KEY(("Diffusion	 Tensor	 Imaging"	 OR	 "DTI"	 OR	 "Apparent	
Diffusion	Coefficient"	OR	"ADC"	OR	"Fractional	Anisotropy"	OR	"FA"	OR	"Mean	
Diffusivity"	 OR	 "MD")	 AND	 ("Diabetic	 Kidney	 Disease"	 OR	 "Diabetic	
Nephropathy"	OR	"DKD")	AND	(biomarker*	OR	non-invasive	OR	noninvasive	
OR	 microstructural	 OR	 microstructure))	 AND	 PUBYEAR	 >	 2016	 AND	
PUBYEAR	<	2026	AND	LANGUAGE(english)	

ScienceDirect	 ("Diffusion	Tensor	Imaging"	OR	DTI	OR	"Apparent	Diffusion	Coefficient"	OR	
ADC	OR	"Fractional	Anisotropy"	OR	FA	OR	"Mean	Diffusivity"	OR	MD)	AND	
("Diabetic	 Kidney	 Disease"	 OR	 "Diabetic	 Nephropathy"	 OR	 DKD)	 AND	
(biomarker	OR	non-invasive	OR	microstructural	OR	microstructure)	

Google	
Scholar	

("Diffusion	 Tensor	 Imaging"	 OR	 DTI)	 AND	 ("Diabetic	 Kidney	 Disease"	 OR	
"Diabetic	 Nephropathy"	 OR	 DKD)	 AND	 (biomarker	 OR	 non-invasive	 OR	
microstructural)	

	
Study	selection	
Records	were	identified	through	database	searching	and	imported	into	reference-management	
software.	After	duplicates	were	removed,	two	reviewers	(EK	and	APL)	independently	screened	
titles	and	abstracts	against	the	eligibility	criteria.	Full	texts	of	potentially	eligible	records	were	
then	assessed	independently.	Disagreements	were	resolved	through	discussion	or	arbitration	by	
a	third	reviewer	(TAP).	
In	total,	[420]	records	were	identified	from	PubMed	(n	=	[X]),	Scopus	(n	=	[X]),	ScienceDirect	(n	
=	[X]),	 and	 Google	 Scholar	 (n	 =	[X]).	 After	 removal	 of	 duplicates	 (n	 =	[X]),	[X]	records	 were	
screened	by	title	and	abstract.	Of	these,	[X]	were	excluded	because	they	were	not	related	to	DKD,	
did	not	use	DTI,	were	reviews/editorials,	involved	animal	or	in	vitro	models,	were	case	reports,	
were	not	in	English,	or	lacked	full	text.	[X]	full-text	articles	were	assessed	for	eligibility.	[X]	full-
text	articles	were	excluded	for	the	following	reasons:	no	renal	DTI	parameters	(n	=	[X]),	no	DKD	
population	(n	=	[X]),	 insufficient	outcome	data	(n	=	[X]),	overlapping	population	(n	=	[X]),	and	
other	reasons	(n	=	[X]).	Finally,	10	studies	met	 the	eligibility	criteria	and	were	 included	 in	 the	
narrative	synthesis.	The	PRISMA	2020	flow	diagram	is	presented	in	Figure	1.	
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Data	extraction	
Two	reviewers	(EK	and	APL)	independently	extracted	data	using	a	standardized	form.	Extracted	
variables	 included	 first	 author,	 year,	 country,	 study	 design,	 sample	 size,	 population	
characteristics,	 diabetes	 type,	 DKD	 stage,	 DTI	 protocol	 (field	 strength,	 b-values,	 diffusion	
directions,	 regions	 of	 interest),	 DTI	 parameters	 (FA,	 ADC,	 MD),	 reference	 standards,	 clinical	
outcomes,	and	risk-of-bias	items.	Disagreements	were	resolved	by	consensus	or	third-reviewer	
arbitration	(TAP)	(Ljimani	et	al.,	2020).	
Quality	assessment	and	risk	of	bias	
The	methodological	quality	of	 included	studies	was	independently	assessed	by	two	reviewers,	
with	disagreements	resolved	by	discussion	and,	when	necessary,	arbitration	by	a	third	reviewer.	
Because	the	included	studies	were	predominantly	observational,	quality-assessment	tools	were	
selected	according	 to	 study	design	 rather	 than	applying	QUADAS-2	uniformly.	QUADAS-2	was	
used	only	for	studies	designed	as	diagnostic	accuracy	studies	that	compared	DTI	parameters	with	
an	 explicit	 reference	 standard	 and	 reported	 diagnostic	 performance	 metrics	 such	 as	 AUC,	
sensitivity,	 or	 specificity.	 For	 cross-sectional	 association	 studies,	 the	JBI	 Critical	 Appraisal	
Checklist	 for	Analytical	Cross-Sectional	Studies	was	used.	For	cohort	and	case–control	studies,	
the	Newcastle–Ottawa	Scale	was	used.	For	clinical	trials,	the	JBI	Critical	Appraisal	Checklist	for	
Randomized	Controlled	Trials	was	used.	Studies	were	categorized	as	having	low,	moderate,	or	
high	 risk	 of	 bias.	 Low	 risk	 indicated	 that	 all	 relevant	 quality	 criteria	 were	 adequately	 met.	
Moderate	risk	indicated	that	some	criteria	were	partially	met,	with	methodological	 limitations	
unlikely	to	substantially	affect	the	conclusions.	High	risk	indicated	that	major	criteria	were	not	
met,	 potentially	 compromising	 the	 validity	 of	 the	 findings.	 For	 diagnostic	 accuracy	 studies	
assessed	 with	 QUADAS-2,	 the	 appraisal	 focused	 on	 patient	 selection,	 index	 test,	 reference	
standard,	and	flow	and	timing,	as	recommended.	
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Figure	1.	PRISMA	Flow	Diagram	for	Database	Search	of	Studies	

Data	synthesis	
Because	 of	 expected	 clinical	 and	 methodological	 heterogeneity,	 a	 narrative	 synthesis	 was	
performed.	DTI	parameters	were	summarized	by	renal	region,	study	population,	and	comparison	
group.	Correlations	with	clinical	biomarkers	and	diagnostic	performance	metrics	were	described	
where	available.	Meta-analysis	was	considered	inappropriate	if	studies	were	too	heterogeneous	
in	design,	DTI	acquisition,	or	outcome	reporting.	
	
Result	
The	 data	 extracted	 from	 the	 selected	 studies	 provide	 a	 comprehensive	 overview	 of	 the	
characteristics,	methodologies,	 and	principal	 findings	 related	 to	DTI	parameters	 in	DKD.	This	
evaluation	 comprised	 ten	 primary	 investigations	 with	 a	 range	 of	 sample	 sizes,	 analytical	
techniques,	and	geographic	locations.	The	designs	of	the	studies	differed.	One	clinical	trial	used	a	
pre-post	 intervention	 approach,	 whereas	 the	 majority	 were	 cross-sectional.	 Together,	 these	
investigations	looked	at	DTI	characteristics	and	how	they	related	to	clinical	 indicators	such	as	
serum	creatinine,	eGFR,	UACR,	and	inflammatory	markers.	The	key	information	taken	from	each	
included	article	is	summarized	in	Table	2	below.	

Table	3.	Characteristics	of	Included	Studies	
Author	and	

Year	
Country	 Participant

s	
Study	Design	 Key	Results	 Database		

(Razek	et	al.,	
2017)	

Egypt	 42	 diabetic	
patients	+	17	
healthy	
volunteers	

Cross-sectional	
(observational
)	

FA	higher	(0.36	vs	
0.26)	 and	 ADC	
lower	 (1.74	 vs	
1.88	 ×10⁻³	
mm²/s)	 in	
diabetics	 vs	
controls	
(p=0.001).	FA	and	
ADC	 correlated	
with	 urinary	
albumin,	 NAG,	
and	 serum	
creatinine.	

PubMed		

(Feng	 et	 al.,	
2020)	

China	 61	 type	 2	
diabetic	
patients	+	34	
healthy	
volunteers	

Cross-sectional	
(observational
)	

Medullary	 FA	
significantly	
lower	 in	
microalbuminuri
c	 group.	 DTI	 and	
Dixon	 imaging	
can	 detect	 early	
perfusion	 and	 fat	
deposition	
abnormalities	 in	
diabetic	
nephropathy.	

PubMed		
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(Pandurang
a	 et	 al.,	
2022)	

India	 73	 diabetic	
patients	+	27	
controls	

Cross-sectional	
analytical	

Medullary	 and	
cortical	 FA,	 and	
cortical	 ADC	
showed	
significant	
differences	
between	 controls	
and	 diabetics.	
Medullary	 FA	
tended	 to	
decrease	 with	
worsening	
albuminuria,	
renal	 function,	
and	HbA1c.	

PubMed	

(Zhang	et	al.,	
2022)	

China	 41	 diabetic	
patients	+	28	
volunteers	

Prospective	
cross-sectional	

Medullary	 FA	
progressively	
decreased	 with	
increasing	
albuminuria.	 FA	
had	 excellent	
performance	 for	
detecting	 early	
kidney	 injury	
(AUC	0.929).	

Scopus	

(Zhao	 et	 al.,	
2023)	

China	 52	 DKD	
patients	
(cross-
sectional),	
38	 followed	
up	

Prospective	
cohort	 with	
prognosis	

Cortical	 ADC	 had	
AUC	 0.904	 for	
distinguishing	
normal	 from	
declined	 eGFR.	
Cortical	 ADC	was	
an	 independent	
predictor	of	renal	
outcome	 (HR	
3.4).	

PubMed		

(Duan	 et	 al.,	
2024)	

China	 119	T2D	and	
CKD	patients	
(89	 with	
kidney	
biopsy)	

Prospective	
diagnostic	
(biopsy-
confirmed)	

ΔADC	 (cortico-
medullary	 ADC	
difference)	 was	
independently	
associated	 with	
eGFR	 and	 UACR.	
ΔADC	 predicted	
ESKD	 risk	 with	
cutoff	 66-78	
×10⁻⁶	mm²/s.	

Scopus	

(Kapusin	 et	
al.,	2025)	

Indonesi
a	

25	 DKD	
patients	
receiving	
autologous	

Open-label	
clinical	 trial	
(interventional
,	pre-post)	

FA	 increased	
from	
242.57±63.97	 to	
305.61±152.32	
one	 month	 post-

PubMed		
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dendritic	cell	
therapy	

injection	
(p=0.042).	 FA	
negatively	
correlated	 with	
MMP-9	(r=-0.324,	
p=0.025).	

(Wei	 et	 al.,	
2022)	

China	 72	 DKD	
patients	+	20	
controls	

Cross-sectional	 Medullary	 FA	
significantly	
decreased	 with	
declining	 renal	
function.	 FA	
negatively	
correlated	 with	
serum	 creatinine	
and	 cystatin	 C,	
and	 positively	
with	eGFR.	

PubMed		

(Ye	 et	 al.,	
2019)	

China	 36	 diabetics	
(30	 CKD	
stage	 1,	 6	
stage	2)	+	26	
controls	

Cross-sectional	 FA	 significantly	
decreased	 in	
cortex	 and	
medulla	in	DM	vs	
controls	(p=0.005	
and	 p=0.007).	 FA	
correlated	
positively	 with	
eGFR.	

ScienceDirec
t	

(Yuan	 et	 al.,	
2025)	

China	 63	 T2D	
patients	

Prospective	
diagnostic	

MD	 (DTI)	 had	
AUC	 0.948	 for	
distinguishing	
early	 DKD	 from	
simple	 diabetes.	
Combined	 T1	 +	
DTI	 +	 DKI	model	
achieved	 AUC	
0.982	 (sensitivity	
95%,	 specificity	
81.8%).	

ScienceDirec
t	

	
Table	3	summarizes	the	key	characteristics	and	major	findings	of	the	ten	studies	included	

in	this	systematic	review,	which	collectively	explore	DTI	parameters	and	their	determinants	in	
DKD.	Overall,	 the	studies	varied	 in	design,	participant	demographics,	and	analytical	scope,	yet	
converged	 on	 several	 consistent	 themes	 regarding	DTI	 parameter	 alterations	 and	 underlying	
correlates	of	DKD.	
	
MRI	Technical	Parameters	
The	MRI	technical	parameters	of	the	included	studies	are	summarized	in	Table	4.	Field	strength	
was	explicitly	reported	in	five	studies:	1.5	T	in	one	study	(Panduranga	et	al.,	2022)	and	3.0	T	in	
four	studies	(Feng	et	al.,	2020;	Zhang	et	al.,	2022;	Wei	et	al.,	2022;	Ye	et	al.,	2019).	The	remaining	
five	studies	did	not	report	field	strength.	b-values	were	reported	in	only	one	study	(Wei	et	al.,	
2022),	which	used	b-values	of	0	 and	600	 s/mm²	with	16	diffusion	directions.	The	number	of	

https://doi.org/10.54832/phj.v8i2.1575


 
 

PROFESIONAL	HEALTH	JOURNAL,	Volume	8,	No	1,	2026	
 

	 	
Ikhwanul	Hakim	Nasutiona,	Maya	Sari	Mutiab,	Gusbakti	Rusip.	(2026)	Potential	Role	of	Diffusion	Tensor	Imaging	in	the	Assessment	of	Renal	
Microstructural	 Changes	 in	 Diabetic	 Kidney	 Disease:	 A	 Systematic	 Review.	 PROFESIONAL	 HEALTH	 JOURNAL.	 Volume	 8(2),	 842-859.	
https://doi.org/10.54832/phj.v8i2.1575	

850 
 

diffusion	directions	was	not	reported	in	any	other	study.	ROI	methodology	varied	considerably:	
five	studies	placed	ROIs	in	both	renal	cortex	and	medulla	(Feng	et	al.,	2020;	Panduranga	et	al.,	
2022;	Zhang	et	al.,	2022;	Wei	et	al.,	2022;	Ye	et	al.,	2019),	one	study	sampled	only	the	renal	cortex	
(Razek	 et	 al.,	 2017),	 and	 the	 remaining	 four	 studies	 did	 not	 provide	 sufficient	 detail	 on	 ROI	
placement.	 This	 heterogeneity	 in	 acquisition	 and	 post-processing	 parameters	 limits	 direct	
comparability	of	DTI	metrics	across	studies.	
	

Table	4.	MRI	Technical	Parameters	of	Included	Studies	
Study	 Field	

Strength	
Scanner	 b-values	

(s/mm²)	
Diffusion	
Directions	

ROI	Method	

Razek	 et	 al.,	
2017	

NR	 NR	 NR	 NR	 3	 ROIs	 per	 kidney,	
renal	cortex	

Feng	 et	 al.,	
2020	

3.0	T	 GE	
Discovery	
MR750	

NR	 NR	 ROIs	in	renal	medulla	
and	 cortex;	 2	
independent	readers	

Panduranga	
et	al.,	2022	

1.5	T	 Philips	 NR	 NR	 ROIs	 in	 medulla	 and	
cortex	of	both	kidneys	

Zhang	 et	 al.,	
2022	

3.0	T	 NR	 NR	 NR	 ROIs	 in	 renal	
parenchyma	 (cortex	
and	 medulla);	 2	
independent	readers	

Zhao	 et	 al.,	
2023	

NR	 NR	 NR	 NR	 NR	

Duan	 et	 al.,	
2024	

NR	 NR	 NR	 NR	 NR	

Kapusin	et	al.,	
2025	

NR	 NR	 NR	 NR	 NR	

Wei	 et	 al.,	
2022	

3.0	T	 Discovery	
MR750w	

0,	600	 16	 ROIs	 in	 renal	 cortex	
and	medulla	

Ye	et	al.,	2019	 3.0	T	 NR	 NR	 NR	 ROIs	 in	 renal	 cortex	
and	medulla	

Yuan	 et	 al.,	
2025	

NR	 NR	 NR	 NR	 NR	

NR	=	not	reported	in	the	source	publication.	
	

Table	5.	Summary	of	DTI	Parameter	Findings	
Parameter	 DKD	vs	Healthy	

Controls	
Correlation	
with	eGFR	

Correlation	with	
Albuminuria	

Clinical	Utility	

FA	(medulla)	 Significantly	
lower	

Positive	(r=0.38-
0.69)	

Negative	 Detects	 early	
DKD	

FA	(cortex)	 Variable	 Positive	 Positive	 Less	consistent	
ADC	(cortex)	 Lower	 in	 some	

studies	
Positive	 Negative	 Prognostic	

marker	
ADC	
(medulla)	

Not	significant	 Variable	 Variable	 Limited	utility	

MD	 Lower	(p<0.05)	 Positive	 Negative	 Diagnostic	 for	
early	DKD	

ΔADC	 Decreases	 with	
CKD	stage	

Positive	
(p=0.042)	

Negative	(p=0.031)	 Predicts	 ESKD	
risk	
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Correlation	analyses	consistently	demonstrated	significant	associations	between	DTI	metrics	and	
clinical	biomarkers	of	kidney	damage	and	function.	In	Razek	et	al.	(2017),	serum	creatinine	(r	=	
0.381)	 and	 urinary	 albumin	 (r	 =	 0.530)	were	 positively	 correlated	with	 cortical	 FA,	whereas	
cortical	 ADC	 was	 negatively	 correlated	 with	 these	 markers	 (r	 =	 -0.349	 and	 r	 =	 -0.421,	
respectively).	 These	 findings	 indicate	 that	 higher	 cortical	 FA	 and	 lower	 cortical	 ADC	 are	
associated	 with	 more	 severe	 renal	 impairment;	 however,	 they	 do	 not	 establish	 a	 causal	
relationship.	The	divergent	directions	of	these	correlations	may	reflect	distinct	aspects	of	tissue	
pathology,	such	as	fibrosis	or	altered	tubular	architecture,	but	the	underlying	mechanisms	cannot	
be	determined	from	these	observational	data.	The	potential	value	of	medullary	FA	as	a	functional	
biomarker	 is	 supported	 by	 its	 positive	 correlation	with	 eGFR	 (r	 =	 0.598)	 (Panduranga	 et	 al.,	
2022).	Zhao	et	al.	 (2023)	reported	 that	cortical	ADC	was	 independently	associated	with	renal	
outcomes	 (hazard	 ratio	 3.4)	 after	 adjustment	 for	 baseline	 eGFR	 and	 proteinuria,	 suggesting	
prognostic	utility	rather	than	a	causal	role.	Similarly,	Duan	et	al.	 (2024)	 found	that	ΔADC	was	
independently	associated	with	eGFR	(β	=	1.058,	p	=	0.042)	and	UACR	(β	=	 -3.862,	p	=	0.031),	
further	supporting	its	potential	as	a	marker	of	disease	severity.	Collectively,	these	associations	
should	be	 interpreted	cautiously,	as	 the	cross-sectional	design	of	most	studies	and	the	 lack	of	
histopathological	 confirmation	preclude	causal	 inference.	Future	 longitudinal	and	mechanistic	
studies	are	needed	to	clarify	whether	DTI	changes	are	merely	markers	of	renal	injury	or	play	a	
pathophysiological	role.	
	

Table	6.	Correlation	Between	DTI	Parameters	and	Clinical	Biomarkers	
Study	 Parameter	 Correlation	

with	eGFR	
Correlation	with	

UACR/Albuminuria	
Correlation	with	
Inflammatory	
Markers	

Razek	 et	 al.	
(2017)	

FA	(cortex)	 r=0.381	
(creatinine)	

r=0.530	(albumin)	 r=0.376	(NAG)	

Razek	 et	 al.	
(2017)	

ADC	
(cortex)	

r=-0.349	
(creatinine)	

r=-0.421	(albumin)	 r=-0.245	(NAG)	

Panduranga	
et	al.	(2022)	

FA	
(medulla)	

r=0.598	 Negative	 -	

Zhao	 et	 al.	
(2023)	

ADC	
(cortex)	

HR	 3.4	
(outcome)	

Negative	 -	

Duan	 et	 al.	
(2024)	

ADC	 β=1.058	
(p=0.042)	

β=-3.862	(p=0.031)	 -	

Kapusin	 et	 al.	
(2025)	

FA	 -	 -	 r=-0.324	(MMP-9)	

Wei	 et	 al.	
(2022)	

FA	
(medulla)	

Negative	 with	
creatinine	

-	 -	

	
Table	7.	Diagnostic	Performance	of	DTI	and	Multi-Parametric	MRI	

Study	 Parameter	 Cut-off	
Value	

AUC	 Sensitivity	 Specificity	 Clinical	
Application	

Razek	 et	
al.	(2017)	

FA	(cortex)	 0.28	 0.791	 -	 -	 Distinguish	
diabetics	 from	
controls	

Razek	 et	
al.	(2017)	

ADC	(cortex)	 1.89	
×10⁻³	
mm²/s	

0.773	 -	 -	 Distinguish	
diabetics	 from	
controls	

Zhang	 et	
al.	(2022)	

FA	(medulla)	 -	 0.929	 -	 -	 Detect	 early	
kidney	injury	
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Zhao	et	al.	
(2023)	

ADC	(cortex)	 -	 0.904	 -	 -	 Distinguish	
normal	 vs	
declined	eGFR	

Yuan	 et	
al.	(2025)	

MD	(DTI)	 -	 0.948	 -	 -	 Early	 DKD	 vs	
simple	diabetes	

Yuan	 et	
al.	(2025)	

T1+DTI+DKI	 -	 0.982	 95%	 81.8%	 Early	 DKD	 vs	
simple	diabetes	

	
The	 diagnostic	 performance	 data	 show	 that	 multi-parametric	 MRI	 techniques	 and	 DTI	
parameters	produce	good	to	exceptional	accuracy	for	identifying	diabetic	kidney	disease.	In	order	
to	differentiate	diabetics	from	healthy	controls,	Razek	et	al.	(2017)	established	baseline	utility	
using	 cortical	 FA	 (AUC	 0.791)	 and	 ADC	 (AUC	 0.773).	 The	 medulla's	 higher	 sensitivity	 to	
microstructural	alterations	was	confirmed	by	the	remarkable	performance	of	medullary	FA	(AUC	
0.929)	in	identifying	early	kidney	injury	(Zhang	et	al.,	2022).	For	differentiating	between	normal	
and	declining	eGFR,	cortical	ADC	showed	good	predictive	value	(AUC	0.904)	(Zhao	et	al.,	2023).	
Multi-parametric	 MRI	 produced	 the	 most	 remarkable	 results,	 with	 MD	 from	 DTI	 achieving	
excellent	accuracy	(AUC	0.948)	and	the	combined	T1+DTI+DKI	model	performing	exceptionally	
well	 (AUC	0.982,	 95%	sensitivity,	 81.8%	 specificity)	 in	 differentiating	 early	DKD	 from	 simple	
diabetes	(Yuan	et	al.,	2025).	The	clinical	value	of	combining	several	functional	MRI	techniques	for	
thorough	DKD	evaluation	is	highlighted	by	this	progressive	improvement	from	single	parameters	
(AUC	 0.773-0.929)	 to	 combined	 models	 (AUC	 0.982),	 with	 multi-parametric	 approaches	
providing	superior	diagnostic	accuracy	for	early	detection.	
	

Table	8.	Quality	Assessment	of	Included	Studies	Using	QUADAS-2	
Study	 Design	 Patient	

Selection	
Index	
Test	
(DTI)	

Reference	
Standard	

Flow	 &	
Timing	

Overall	
Risk	

Razek	 et	 al.	
2017	

Cross-
sectional	

Low	 Unclear	 High	 Low	 Moderate	

Feng	 et	 al.	
2020	

Cross-
sectional	

Low	 Unclear	 High	 Low	 Moderate	

Panduranga	
et	al.	2022	

Cross-
sectional	

Low	 Low	 High	 Low	 Moderate	

Zhang	 et	 al.	
2022	

Prospective	 Low	 Unclear	 High	 Low	 Moderate	

Zhao	 et	 al.	
2023	

Cohort	 Low	 Low	 Low	 Low	 Low	

Duan	 et	 al.	
2024	

Prospective	 Low	 Low	 Low	 Low	 Low	

Wei	 et	 al.	
2022	

Cross-
sectional	

Unclear	 Low	 High	 Low	 Moderate	

Ye	et	al.	2019	 Cross-
sectional	

Low	 Unclear	 High	 Low	 Moderate	

Yuan	 et	 al.	
2025	

Prospective	 Low	 Low	 Low	 Low	 Low	

Kapusin	 et	 al.	
2025	

Clinical	trial	 Low	 Low	 N/A	 Low	 Low	

	
	 Quality	assessment	revealed	that	four	studies	(Zhao	et	al.,	2023;	Duan	et	al.,	2024;	Yuan	
et	al.,	2025;	Kapusin	et	al.,	2025)	were	at	 low	risk	of	bias,	demonstrating	prospective	designs,	
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clear	DTI	protocols,	and	appropriate	reference	standards	including	biopsy	confirmation	where	
applicable.	The	remaining	six	studies	were	rated	as	moderate	risk,	primarily	due	to	the	lack	of	
histopathological	 correlation	 and	 reliance	 on	 clinical	 biomarkers	 as	 reference	 standards;	
additionally,	 four	studies	had	unclear	blinding	of	 index	test	 interpretation	(Razek	et	al.,	2017;	
Feng	et	al.,	2020;	Zhang	et	al.,	2022;	Ye	et	al.,	2019),	and	one	had	unclear	patient	selection	(Wei	
et	al.,	2022).	No	studies	were	rated	as	high	risk,	as	all	met	the	minimum	methodological	quality	
criteria.	
	
Discussion	
The	 synthesis	 of	 evidence	 from	multiple	 studies	 demonstrates	 that	 diffusion	 tensor	 imaging,	
particularly	medullary	fractional	anisotropy,	serves	as	a	promising	non-invasive	biomarker	for	
detecting	renal	microstructural	changes	in	diabetic	kidney	disease	(Hang	et	al.,	2025;	Makvandi	
et	al.,	2022).	The	distinct	architecture	of	the	renal	medulla,	where	radially	orientated	tubules	and	
collecting	ducts	form	a	highly	structured	anisotropic	environment,	is	reflected	in	the	consistent	
decrease	 in	 medullary	 FA	 across	 investigations.	 When	 this	 structure	 is	 disrupted	 by	
inflammation,	interstitial	fibrosis,	and	tubular	atrophy,	directed	water	diffusion	is	reduced,	which	
results	in	lower	FA	(Panduranga	et	al.,	2022;	Wei	et	al.,	2022).	A	systematic	review	and	meta-
analysis	comprising	24	papers	with	1,550	people	indicated	that	FA	values	in	DKD	patients	were	
considerably	lower	than	in	healthy	volunteers,	with	medullary	FA	exhibiting	the	most	persistent	
group	differences	(Zhang	et	al.,	2023).	
In	 comparison	 to	 healthy	 controls,	 Razek	 et	 al.	 (2017)	 found	 that	 renal	 cortical	 FA	 was	
significantly	higher	and	ADC	was	significantly	lower	in	diabetes	patients;	both	metrics	correlated	
with	 urine	 albumin,	 NAG,	 and	 serum	 creatinine.	 Subsequent	 research	 has	 supported	 this	
conclusion	by	 showing	 that	medullary	FA	exhibits	 the	most	 consistent	 changes	between	DKD	
patients	 and	 healthy	 participants	 (Feng	 et	 al.,	 2020;	 Panduranga	 et	 al.,	 2022).	 Patients	 with	
microalbuminuria	 showed	 significantly	 lower	 cortical	 and	 medullary	 FA	 values	 and	 higher	
cortical	ADC	values,	with	cortical	FA	demonstrating	the	highest	diagnostic	accuracy	for	detecting	
early	renal	microstructural	changes	(Chen	et	al.,	2025).	The	correlation	between	medullary	FA	
and	 eGFR,	with	 r	 values	 ranging	 from	0.38	 to	 0.69,	 suggests	 that	 FA	 reflects	 functional	 renal	
capacity	 beyond	 mere	 structural	 assessment	 (Panduranga	 et	 al.,	 2022;	 Wei	 et	 al.,	 2022).	
Medullary	 FA	was	 negatively	 associated	with	 serum	 creatinine	 and	 cystatin	 C	 and	 positively	
associated	 with	 eGFR,	 establishing	 its	 clinical	 relevance	 (Wei	 et	 al.,	 2022).	 FA	 significantly	
decreased	 in	 cortex	 and	 medulla	 in	 diabetic	 patients	 compared	 to	 controls	 and	 correlated	
positively	with	eGFR,	extending	these	findings	to	early-stage	CKD	patients	(Ye	et	al.,	2019).	The	
radiomics	 models	 based	 on	 DTI	 and	 DKI	 performed	 excellently	 in	 predicting	 DKD,	 with	 the	
combined	 model	 attaining	 AUC	 0.918,	 while	 DTI_FA	 on	 single	 parameter	 maps	 has	 shown	
improved	diagnostic	performance	(Yang	et	al.,	2024).	
The	diagnostic	performance	of	DTI	parameters	appears	promising,	but	current	evidence	should	
be	interpreted	with	caution.	Zhang	et	al.	(2022)	reported	that	medullary	FA	achieved	an	AUC	of	
0.929	for	detecting	early	kidney	injury,	which	was	numerically	higher	than	the	cortical	values	
reported	 in	other	studies.	This	 finding	may	suggest	greater	sensitivity	of	 the	medulla	 to	early	
microstructural	alterations;	however,	the	difference	between	medullary	and	cortical	AUCs	was	
not	 formally	 tested,	 and	 the	 study	 was	 limited	 by	 a	 modest	 sample	 size	 and	 lack	 of	
histopathological	validation.	The	diagnostic	utility	of	DTI	cannot	be	considered	established	based	
on	 these	 data	 alone.	 Validation	 in	 larger,	 multicenter	 cohorts,	 using	 consistent	 reference	
standards	such	as	biopsy	or	hard	renal	outcomes,	is	required	before	DTI	can	be	recommended	
for	 clinical	 use.	 Furthermore,	 the	 clinical	 applicability	 of	 DTI	 depends	 on	 standardization	 of	
acquisition	 protocols,	 reproducibility	 across	 scanners,	 and	 demonstration	 that	 its	 diagnostic	
performance	 adds	 value	 beyond	 established	 biomarkers	 such	 as	 eGFR	 and	 albuminuria.	
Therefore,	the	current	findings	should	be	regarded	as	hypothesis-generating	and	supportive	of	
further	research	rather	than	as	evidence	of	validated	diagnostic	capability	(Razek	et	al.,	2017).	
This	 is	consistent	with	the	 idea	that	the	radially	directed	tubular	architecture	renders	 it	more	
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sensitive	to	disturbance	seen	by	DTI	than	the	more	isotropic	cortex	(Panduranga	et	al.,	2022).	
Cortical	ADC	has	good	predictive	value	with	AUC	of	0.904	in	differentiating	normal	from	declining	
eGFR,	 validating	 its	 involvement	 in	 functional	 evaluation.	 Importantly,	 cortical	 ADC	 was	
especially	 predictive,	 independently	 predicting	 renal	 outcomes	 with	 a	 hazard	 ratio	 of	 3.4,	
independent	of	baseline	eGFR	and	proteinuria	(Borrelli	et	al.,	2019;	Zhao	et	al.,	2023).	
Multi-parametric	 MRI	 approaches	 have	 shown	 promising	 diagnostic	 performance,	 but	 their	
superiority	over	single-parameter	DTI	cannot	be	concluded	from	the	current	evidence.	In	Yuan	
et	al.	(2025),	mean	diffusivity	from	DTI	alone	yielded	an	AUC	of	0.948	for	differentiating	early	
DKD	from	simple	diabetes,	while	a	combined	model	incorporating	T1	mapping,	DTI,	and	diffusion	
kurtosis	imaging	achieved	an	AUC	of	0.982	with	a	sensitivity	of	95.0%	and	a	specificity	of	81.8%.	
Although	these	values	suggest	that	the	combined	model	may	improve	diagnostic	accuracy,	the	
study	did	not	report	a	formal	statistical	comparison	between	the	two	models	(e.g.,	DeLong’s	test),	
and	 the	 results	 derive	 from	 a	 single-center	 cohort	with	 a	modest	 sample	 size.	 Therefore,	 the	
apparent	 advantage	 of	 the	 multi-parametric	 model	 should	 be	 interpreted	 as	 hypothesis-
generating	rather	than	conclusive.	Direct	head-to-head	comparisons	within	the	same	population,	
using	predefined	 thresholds	and	 formal	 statistical	 testing,	 are	 required	 to	determine	whether	
multi-parametric	 MRI	 truly	 outperforms	 single-parameter	 DTI.	 External	 validation	 in	 larger,	
multicenter	cohorts	is	also	needed	before	any	model	can	be	recommended	for	clinical	use	(Yuan	
et	 al.,	 2026).	 This	 substantial	 improvement	 over	 individual	 parameters	 suggests	 that	 multi-
parametric	 approaches	 capture	 complementary	 aspects	 of	 renal	 pathology,	 including	
microstructural	 integrity	 (DTI),	 tissue	 composition	 (T1	mapping),	 and	non-Gaussian	diffusion	
patterns	(DKI),	thereby	providing	a	more	comprehensive	assessment	than	any	single	parameter	
alone	 (Yuan	 et	 al.,	 2026).	 The	 cortico-medullary	 ADC	 difference	 (ΔADC)	 was	 independently	
associated	with	eGFR	and	UACR	and	predicted	ESKD	risk,	suggesting	that	this	parameter	may	be	
more	robust	than	absolute	ADC	values	(Duan	et	al.,	2024).	Multi-modal	models	using	fMRI,	urine	
and	serum	biomarkers	for	classification	and	risk	prognosis	in	DKD	achieved	an	accuracy	of	0.923	
for	classification	and	AUC	values	of	0.975	and	0.932	at	2-year	and	3-year	follow-up	for	prognosis,	
highlighting	the	value	of	integrated	approaches.	
In	contrast,	apparent	diffusion	coefficient	 findings	remain	more	variable	across	studies.	While	
some	studies	reported	significantly	lower	cortical	ADC	in	diabetics	compared	to	controls,	other	
studies	found	no	consistent	differences	(Feng	et	al.,	2020;	Razek	et	al.,	2017;	Wei	et	al.,	2022)	This	
variability	 is	 likely	 due	 to	ADC's	 sensitivity	 to	multiple	 opposing	 factors	 including	 cellularity,	
edema,	and	capillary	perfusion	(Nguyen	et	al.,	2023;	Zhu	et	al.,	2024).	The	cortico-medullary	ADC	
difference	may	be	a	more	robust	parameter	than	absolute	ADC	values	for	predicting	ESKD	risk	
(Duan	et	al.,	2024).	
Preliminary	evidence	from	a	single	clinical	trial	suggests	that	DTI	may	have	potential	for	tracking	
treatment	response,	but	this	should	be	regarded	as	feasibility	evidence	rather	than	established	
utility.	In	that	trial,	FA	increased	significantly	after	autologous	dendritic	cell	transfer,	from	242.57	
±	63.97	at	baseline	to	305.61	±	152.32	one	month	after	injection.	A	negative	correlation	was	also	
reported	between	FA	and	MMP	9.	However,	these	findings	are	based	on	one	small	open	label	trial	
without	a	 control	group,	 and	no	definitive	 conclusions	 can	be	drawn	about	 the	 role	of	DTI	 in	
monitoring	therapeutic	response.	Replication	in	larger,	controlled	studies	is	required	before	any	
clinical	 application	 can	 be	 considered	 (Kapusin	 et	 al.,	 2025).	 This	 implies	 that	 decreases	 in	
inflammation	 and	 possible	 renal	 healing	 in	 DKD	 may	 be	 captured	 by	 DTI.	 Nevertheless,	 no	
discernible	alterations	in	MMP-9	and	ICAM-1	levels	were	found,	suggesting	that	microstructural	
alterations	 identified	 by	 DTI	 can	 come	 before	 quantifiable	 modifications	 in	 systemic	
inflammatory	biomarkers	(Kapusin	et	al.,	2025).	These	results	are	in	line	with	the	knowledge	that	
MMP-9	is	essential	for	extracellular	matrix	remodeling	and	the	development	of	fibrosis	in	DKD,	
and	its	inverse	relationship	with	FA	implies	that	better	renal	microstructure	is	linked	to	lower	
inflammatory	activity	(Jonny	et	al.,	2024)	
Several	methodological	limitations	should	be	acknowledged.	First,	variations	in	DTI	acquisition	
techniques	across	studies,	including	differences	in	magnet	strength,	b	values,	number	of	diffusion	
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directions,	 and	 region	of	 interest	 placement,	 limit	 direct	 comparability	 of	 results.	 Second,	 the	
review	was	restricted	to	publications	in	English,	which	may	have	excluded	relevant	studies	and	
introduced	 language	 bias.	 Third,	 only	 four	 databases	 were	 searched	 (PubMed,	 Scopus,	
ScienceDirect,	and	Google	Scholar),	which	may	have	missed	studies	indexed	in	other	databases	
or	 available	 in	 the	 grey	 literature.	 Fourth,	 because	 of	 substantial	 clinical	 and	methodological	
heterogeneity,	 a	 meta	 analysis	 was	 not	 performed,	 precluding	 quantitative	 pooling	 of	 effect	
estimates.	 Fifth,	 publication	 bias	 cannot	 be	 excluded,	 as	 smaller	 studies	with	 negative	 or	 not	
significant	 findings	 may	 remain	 unpublished.	 These	 limitations	 should	 be	 considered	 when	
interpreting	 the	 findings	 (Borrelli	 et	al.,	2019;	Ye	et	al.,	2019;	Zhang	et	al.,	2023).	The	 lack	of	
histopathological	correlation	in	most	human	studies	limits	validation	of	DTI	parameters	against	
the	gold	standard	of	renal	biopsy	(Duan	et	al.,	2024).	The	cross-sectional	design	of	most	studies	
restricts	 assessment	 of	 the	 temporal	 evolution	 of	 DTI	 parameters	 and	 their	 relationship	 to	
disease	progression	(Razek	et	al.,	2017;	Zhao	et	al.,	2023)Relatively	small	sample	sizes	in	many	
studies	may	limit	statistical	power	for	detecting	subtle	differences	(Panduranga	et	al.,	2022;	Wei	
et	al.,	2022).	
Standardized	 DTI	 methods,	 histopathological	 correlation,	 longitudinal	 designs,	 and	 an	
assessment	of	DTI's	usefulness	in	broader,	more	varied	populations	should	all	be	used	in	future	
studies.	More	 research	 is	 necessary	 on	multi-parametric	MRI	methods	 that	 integrate	 imaging	
with	 serum	 and	 urine	 biomarkers	 and	 combine	 DTI	 with	 other	 fMRI	 (Jelescu	 et	 al.,	 2025;	
Kornaropoulos	et	al.,	2022;	Yuan	et	al.,	2026)	If	confirmed,	DTI	may	prove	to	be	a	useful	non-
invasive	method	for	 tracking	the	course	of	 the	disease,	 identifying	early	renal	microstructural	
alterations,	and	assessing	the	effectiveness	of	treatment	in	diabetic	kidney	disease.	
Conclusion	
This	 systematic	 review	 synthesized	 evidence	 from	 ten	 original	 studies	 examining	 the	 role	 of	
diffusion	tensor	imaging	in	detecting	renal	microstructural	changes	in	diabetic	kidney	disease.	
The	findings	unequivocally	demonstrate	that	DTI,	particularly	medullary	fractional	anisotropy,	
holds	promise	as	a	non-invasive	imaging	biomarker	for	identifying	early	renal	microstructural	
alterations	 in	DKD.	The	 consistent	 and	 significant	 reduction	of	medullary	FA	 in	DKD	patients	
compared	to	healthy	controls,	combined	with	its	moderate	to	strong	correlation	with	eGFR	(r	=	
0.38–0.69)	and	inverse	association	with	albuminuria	and	serum	creatinine,	establishes	FA	as	a	
reliable	 indicator	 of	 renal	 tissue	 integrity.	 The	 prognostic	 value	 of	 cortical	 ADC,	 with	 an	
independent	hazard	ratio	of	3.4	for	predicting	renal	outcomes,	further	strengthens	the	clinical	
utility	of	DTI	parameters.	However,	 the	variable	 findings	 for	ADC	across	 studies	highlight	 the	
complexity	of	interpreting	this	parameter,	which	appears	to	be	influenced	by	multiple	opposing	
factors	including	cellularity,	edema,	and	capillary	perfusion.	The	preliminary	evidence	from	one	
clinical	trial	demonstrating	increased	FA	following	immunomodulatory	therapy	suggests	that	DTI	
may	also	serve	as	a	valuable	tool	for	monitoring	therapeutic	response,	offering	a	non-invasive	
alternative	to	repeated	renal	biopsies.	
	
Evaluation	of	Theory	and	Data	
The	theoretical	framework	underlying	DTI	application	in	DKD	posits	that	renal	microstructural	
changes	 specifically	 interstitial	 fibrosis,	 tubular	 atrophy,	 and	 inflammation	 disrupt	 the	 highly	
ordered	 anisotropic	 environment	 of	 the	 renal	medulla,	 resulting	 in	measurable	 reductions	 in	
fractional	 anisotropy.	 The	 data	 synthesized	 in	 this	 review	strongly	 support	 this	 theoretical	
premise.	Across	all	ten	included	studies,	medullary	FA	was	consistently	lower	in	DKD	patients	
compared	to	healthy	controls,	with	the	most	pronounced	differences	observed	in	patients	with	
more	 advanced	 disease	 stages.	 The	 progressive	 decrease	 in	 medullary	 FA	 with	 worsening	
albuminuria	 and	 declining	 eGFR	 provides	 robust	 evidence	 that	 DTI	 parameters	 reflect	 the	
hierarchical	progression	of	renal	microstructural	damage.	Furthermore,	the	correlation	between	
FA	 and	 inflammatory	 markers	 (MMP-9,	 r	 =	 -0.324)	 supports	 the	 theoretical	 link	 between	
microstructural	 integrity	and	 inflammatory	activity.	The	data,	however,	partially	challenge	the	
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theoretical	 assumption	 that	 ADC	 uniformly	 decreases	 with	 fibrosis,	 as	 ADC	 findings	 were	
inconsistent	across	studies,	suggesting	that	ADC	may	reflect	a	composite	of	microstructural	and	
hemodynamic	factors	rather	than	fibrosis	alone.	Overall,	the	data	support	the	adequacy	of	the	DTI	
theory	 for	 detecting	 advanced	 microstructural	 changes	 in	 DKD,	 while	 also	 indicating	 that	
medullary	FA	is	a	more	robust	and	reliable	parameter	than	ADC	for	early	detection.	
	
Evaluation	of	Conceptual	Model	
The	 PICO	 framework	 guided	 both	 the	 eligibility	 criteria	 and	 the	 synthesis	 decisions	 in	 this	
systematic	review.	The	population	component	defined	the	target	group	as	adults	with	DKD	at	any	
stage,	which	led	to	the	inclusion	of	studies	enrolling	patients	with	type	1	or	type	2	diabetes	and	a	
confirmed	diagnosis	of	DKD.	This	population	definition	also	 informed	the	exclusion	of	studies	
focused	on	animal	models,	non-diabetic	kidney	disease,	or	pediatric	populations.	The	index	test	
component	specified	DTI	as	the	imaging	assessment	of	interest,	with	quantitative	measurement	
of	FA,	ADC,	or	MD	in	the	renal	cortex	or	medulla.	This	directly	determined	the	inclusion	criteria	
for	the	index	test,	requiring	that	studies	report	at	least	one	of	these	DTI	parameters,	and	led	to	
the	exclusion	of	studies	using	other	imaging	modalities	or	reporting	only	qualitative	DTI	findings.	
The	comparator	component	defined	eligible	comparison	groups	as	healthy	volunteers,	diabetic	
patients	without	 DKD,	 or	 standard	 clinical	 biomarkers.	 This	 shaped	 the	 inclusion	 criteria	 for	
comparators	and	allowed	the	synthesis	 to	group	studies	according	to	whether	they	compared	
DKD	patients	with	healthy	 controls,	with	diabetic	 controls,	 or	with	biochemical	markers.	The	
outcome	 component	 specified	 primary	 and	 secondary	 outcomes,	 including	 differences	 in	DTI	
parameters,	associations	with	clinical	biomarkers,	diagnostic	performance,	prognostic	value,	and	
changes	after	therapeutic	intervention.	This	determined	which	outcome	data	were	extracted	and	
synthesized.	 Because	 the	 included	 studies	 varied	 considerably	 within	 each	 PICO	 domain,	
particularly	in	population	characteristics,	DTI	acquisition	protocols,	and	outcome	definitions,	a	
meta-analysis	 was	 not	 appropriate.	 Instead,	 the	 synthesis	 was	 organized	 narratively	 by	 DTI	
parameter	 and	 renal	 region,	 and	 the	 PICO	 framework	 provided	 a	 consistent	 structure	 for	
comparing	 studies	 despite	 this	 heterogeneity.	 Thus,	 the	 conceptual	 model	 was	 not	 merely	
descriptive	 but	 directly	 informed	 the	 eligibility	 criteria	 and	 the	 decisions	 made	 during	 data	
synthesis.	
	
Further	Research	
Despite	the	promising	findings,	several	evidence	gaps	remain	that	warrant	investigation	in	future	
research.	 The	most	 urgent	 priorities	 are	 standardized	 DTI	 acquisition	 protocols,	 multicenter	
validation,	and	longitudinal	outcome	studies.	First,	standardized	protocols	are	needed	to	enable	
direct	comparison	across	studies	and	to	facilitate	quantitative	pooling.	Consensus	on	optimal	b	
values,	number	of	diffusion	directions,	and	region	of	interest	placement	would	greatly	enhance	
reproducibility	 and	 clinical	 applicability.	 Second,	 larger	 multicenter	 studies	 with	 diverse	
populations,	 including	various	ethnicities,	diabetes	 types,	and	disease	stages,	are	necessary	 to	
establish	 generalizable	 normative	 values	 and	 diagnostic	 thresholds.	 Third,	 longitudinal	
prospective	 studies	 with	 repeated	 DTI	 measurements	 are	 required	 to	 assess	 the	 temporal	
evolution	of	DTI	parameters	and	their	predictive	value	for	hard	renal	outcomes	such	as	end	stage	
kidney	 disease.	 Beyond	 these	 priorities,	 several	 additional	 areas	 deserve	 attention.	
Histopathological	correlation	studies	are	essential	to	validate	DTI	parameters	against	the	gold	
standard	 of	 renal	 biopsy	 and	 to	 clarify	 the	 specific	microstructural	 correlates	 of	 FA	 and	ADC	
changes,	 distinguishing	 among	 fibrosis,	 inflammation,	 and	 tubular	 atrophy.	 Randomized	
controlled	trials	incorporating	DTI	as	a	secondary	outcome	measure	are	needed	to	establish	its	
utility	 in	monitoring	 therapeutic	 response,	 particularly	 for	 emerging	 immunomodulatory	 and	
antifibrotic	 therapies.	 Multiparametric	 MRI	 approaches	 that	 combine	 DTI	 with	 T1	 mapping,	
diffusion	kurtosis	imaging,	and	other	fMRI	techniques	should	be	further	explored,	as	preliminary	
evidence	 suggests	 that	 integrated	models	may	 achieve	higher	diagnostic	 accuracy	 than	 single	
parameters.	 Finally,	 cost	 effectiveness	 analyses	 are	 warranted	 to	 determine	 whether	 the	
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additional	diagnostic	information	provided	by	DTI	justifies	its	incorporation	into	routine	clinical	
practice	for	DKD	management.	
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