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ACKGROUND CONTEXT: Low back pain (LBP) is the leading cause of disability worldwide,

with a tremendous socioeconomic burden. It is mainly caused by intervertebral disc degeneration

(IDD), a progressive and age-related process. Due to its ability to accurately characterize interver-

tebral disc morphology, magnetic resonance imaging (MRI) has been established as one of the

most valuable tools in diagnosing IDD. Innovative quantitative MRI (qMRI) techniques able to

detect the earliest signs of IDD have been increasingly reported.

PURPOSE: To systematically review available reports on the application of novel qMRI techni-

ques to detect early IDD changes.

STUDY DESIGN: Systematic literature review.

METHODS: A systematic search of PubMed/MEDLINE, Scopus, CINAHL, EMBASE, CENTRAL

and Cochrane databases was performed through January 21, 2023. Randomized and nonrandomized

studies on innovative qMRI tools able to diagnose early biochemical and architectural IDD changes in

patients with or without discogenic LBP were searched. Data on study population, follow-up time

(when applicable) and MRI sequence used were recorded. The QUADAS-2 tool was utilized to assess

the risk of bias of included studies.

RESULTS: A total of 39 articles published between 2005 and 2022 resulted from the search. All

novel qMRI techniques showed an increased capacity to detect early IDD changes thanks to the

ability to assess subtle alterations of water content, proteoglycan and glycosaminoglycan concen-

tration, and increased levels of catabolic biomarkers compared to conventional MRI.

CONCLUSIONS: Innovative qMRI techniques have proven effective in identifying premature IDD

changes. Further studies are needed to validate their application in wider populations and confirm their

applicability in the clinical setting. © 2023 The Authors. Published by Elsevier Inc. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Low back pain (LBP) is a pandemic condition affecting

more than 7.5% of the world population and the leading

cause of disability worldwide, prompting a huge medical

burden and immense economic costs for healthcare systems

and societies [1]. Intervertebral disc degeneration (IDD)

underlies most cases of LBP and is characterized by a pleth-

ora of alterations that irreversibly disrupt the intervertebral

disc (IVD) structure and function [2]. These are mainly rep-

resented by progressive nucleus pulposus (NP) dehydration,

development of annulus fibrosus (AF) tears, and reduction

of disc height. Eventually, IDD can be complicated by seri-

ous sequelae including disc herniation, spinal stenosis, and

degenerative spondylolisthesis, with development of severe

neurological deficits requiring surgical treatment [3].

Magnetic resonance imaging (MRI) is the most widely

adopted technique to evaluate the IVD in both healthy and

degenerative conditions. By assessing proton density, water

content, and biochemical composition, MRI is able to

depict disc hydration and morphological characteristics

with the advantage of being radiation-free and allowing for

multiplanar representation of vertebral and paravertebral

tissues [4]. Routine MRI sequences include axial T2-

weighted, sagittal T1-weighted spin-echo, and T2-weighted

spin-echo images. In T2-weighted sagittal images, normal

IVDs display a hyperintense signal within the NP and the

inner AF, while the outer AF is typically hypointense. With

the onset of IDD, a progressive decrease of the NP T2-

weighted signal with loss of disc height can be noted, along

with additional alterations occurring at later stages. How-

ever, it has been demonstrated that these changes are pres-

ent within the IVD when a substantial part of the

degenerative process has already irreversibly taken place

[5].

In the last decades, a growing number of innovative

quantitative MRI (qMRI) techniques able to capture IDD at

its earliest stages have been investigated. These ground-

breaking technologies have demonstrated to identify prema-

ture IDD features including initial loss of proteoglycans

(PG), glycosaminoglycans (GAG) and water content, end

plate changes, identification of tissue biomarkers, change of

physiological molecule distribution and fatty infiltration

within both paravertebral muscles and vertebral bodies [4].

The aim of this study was to systematically review the

available evidence on novel qMRI techniques for the identi-

fication of IDD to prompt an early diagnosis, optimize the

treatment of related LBP and prevent its sequelae.

Materials and methods

A systematic search of PubMed/MEDLINE, Scopus,

CINAHL, EMBASE, CENTRAL, and Cochrane databases

was performed for literature published from inception to

January 21, 2023. Briefly, we sought to identify studies con-

cerning innovative qMRI tools able to diagnose early bio-

chemical and architectural IVD degenerative changes in
patients with or without discogenic LBP. The Preferred

Reporting Items for Systematic reviews and Meta-Analyses

(PRISMA) guidelines were used to improve the reporting

of the review [6].

Inclusion and exclusion criteria

We included in our research randomized control trials

and nonrandomized controlled studies such as prospective

(PS) or retrospective cohort studies, case-series, case-con-

trol (C-C) and cross-sectional (C-S) studies with ≥10
patients included. Only studies in humans with abstracts

written in English were considered, with no other limits

placed on the search. Case reports, letters to editors, techni-

cal notes, instructional courses, preclinical studies, cadav-

eric investigations, systematic reviews, and meta-analyses

were excluded, as well as studies evaluating the cervical or

thoracic spine, or focusing on other causes of nondiscogenic

LBP, such as osteoporosis, trauma, infection, cancer, or

non-spinal diseases.
Search strategy

Keywords used in the search strategy included “low back

pain,” “disc degeneration,” “spectroscopy,” “T2 mapping,”

“T1r,” “T2 star”, “DWI,” “DTI,” “delayed gadolinium-

enhanced MRI,” “GagCEST imaging,” “magnetization

transfer ratio mapping,” “sodium magnetic resonance imag-

ing” and “UTE”. The keywords were used isolated or com-

bined. The definitive search string was composed as

follows: “((low back pain) OR (disc degeneration)) AND

(((((((((((spectroscopy) OR (T2 mapping)) OR (T1r)) OR

(T2 star)) OR (DWI)) OR (DTI)) OR (delayed gadolinium-

enhanced MRI)) OR (GagCEST imaging)) OR (magnetiza-

tion transfer ratio mapping)) OR (sodium magnetic reso-

nance imaging)) OR (UTE)).”
Study selection

The initial search of the articles was conducted by two

reviewers (E.G. and L.A). In case of disagreements, the

consensus of a third reviewer (F.R.) was asked. After

removing duplicates, titles, and abstracts were indepen-

dently screened by the two reviewers. Subsequently, if a

paper was considered potentially relevant with regards to

inclusion and exclusion criteria, full texts were reviewed,

for possible inclusion in the review. Disagreements about

eligibility were resolved through discussion with a third

reviewer (F.R.).
Data extraction

The following data were extracted from the studies

selected: authors, year of publication, country, sample size,

mean age, and MRI sequences used. In addition, results and

conclusions of each study were reported.
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Quality of evidence

The methodological quality of included studies was

independently graded by two reviewers (L.A. and F.R.),

and any disagreement was resolved by the intervention of a

third reviewer (G.V.) Risks of bias and applicability of

included studies were assessed using assessment criteria

established by the Quality Assessment of Diagnostic Accu-

racy Studies (QUADAS-2) [7]. This tool is based on four

domains: patient selection, index test, reference standard,

and flow and timing. Each domain is evaluated in terms of

risk of bias, and the first three domains are also assessed in

terms of concerns regarding applicability.

Results

Study selection

A total of 610 studies were found. After duplicate

removal, 487 studies were obtained. Of the 487 studies, 406

were excluded through title and abstract screening. Then,

81 full-text articles were screened. Out of these studies, 51

were excluded (reports not retrieved, n=3; nondiscogenic

LBP, n=8; studies focused on cervical or thoracic spine,

n=15; no English language, n=25). Nine additional studies

were identified from hand searching bibliographies of

included studies or identified systematic reviews. After this

process, 39 articles were included in our review. The num-

ber of articles excluded or included were registered and

reported in a PRISMA flowchart (Fig. 1). The high hetero-

geneity among studies (in terms of MRI sequences used,

patients’ characteristics and outcome measures) precluded

and effective meta-analysis from being performed.

Study characteristics

Selected studies included 1 PS [8], 11 CC [9−19] and 27
C-S [20−45]. Studies were published between 2005 [20]

and 2022 [41]. As most studies were composed of CC and

C-S, no follow-up was reported except for the only PS

(Table 1) [8]. qMRI sequences used included T1r (18 stud-

ies [10,11,16,18-21,23,27,32,35,37-41,45,46]), T2* (7 stud-

ies [22,29,34,35,37,38,41]), T1 mapping with gadolinium

enhancement (1 study [24]), T2 mapping (17 studies

[11,15,17,18,21,23,25,26,30,31,33,34,38,41,44-46]), DWI

(3 studies [11,29,35]), DTI (2 studies [17,29]), UTE (7 stud-

ies [9,27,36,40,42,43,45]), gagCEST (5 studies

[13,28,32,35,47]), magnetic resonance spectroscopy (MRS;

2 studies [8,19]), Iterative Decomposition of water and fat

with Echo Asymmetry and Least-Squares Estimation

(IDEAL, 2 studies [9,46]), 23Na-MRI (2 studies [14,25])

and chemical shift encoding-based water-fat MRI (CSE-

MRI, 1 study [40]).

Risk of bias

The QUADAS-2 tool was utilized to assess the risk of

bias of each study. Thirty-four studies were rated on a
three-point scale, reflecting concerns about risk of bias and

applicability as low, unclear, or high, as shown in Fig. 2

(details of the analysis are presented in Supplementary

Data).
Results of individual studies

MRI sequence characteristics with corresponding out-

comes and conclusions of included studies are summarized

in Table 2. Most studies investigated multiple sequences

together; therefore, their results have been grouped per

MRI sequence and discussed below. An overall summary

of specific features and advantages of qMRI tools described

over traditional MRI is depicted in Table 3.
T1r

In included studies, T1r was performed in both healthy

patients and individuals affected by LBP. In the former

population, T1r relaxation times of lumbar IVDs signifi-

cantly correlated with the Pfirrmann score evaluated with

conventional sagittal T2-weighted imaging [20], but were

not associated with either sex or body mass index (BMI)

[23,39]. Interestingly, in young asymptomatic subjects, T1r
values within the NP were significantly higher than those in

the AF at all levels, and progressively decreased from L1 to

S1. Furthermore, T1r values were significantly lower in L3

to L4 and L4 to L5 NP and L3 to L4 AF of women com-

pared to men [16,39].

In patients affected by LBP, T1r values were signifi-

cantly lower in both the NP and AF compared to healthy

peers and were negatively correlated with Pfirrmann scores

[11], especially at intermediate grades (2−4). Indeed, the
variability of T1r values was significantly higher at lower

grades, stabilized at intermediate degrees, and then

increased again in severely degenerated IVDs. Likewise,

texture parameters such as dissimilarity and contrast

sharply decreased with degeneration at early stages before

increasing again at later stages of IDD [26,32,35,37,41,45].

Intriguingly, in patients with LBP receiving provocative

discography (PD), painful IVDs showed significantly lower

T1r relaxation times compared to nonpainful discs [10,19].

Lower T1r values have also been significantly associated

with worse outcomes in terms of Oswestry Disability Index

(ODI), Short Form (SF)-36, and visual analog scale (VAS)

[19,21,46] as well as with age, but only in LBP patients

[23,40]. Furthermore, reduced IVD T1r relaxation times

were also correlated with T1r in facet joint cartilage [38],

cartilaginous end plate (CEP) T2* values, and vertebral

bone marrow fat fraction (BMFF), which is inversely pro-

portional to the amount of hematopoietic marrow and thus

an indicator of IVD perfusion [40,46]. Moreover, T1r also

showed appreciable reliability in successfully detecting

disc bulging, herniations, and high-intensity zones (HIZs)

within the AF [41].



Fig. 1. Search strategy flow diagram in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) protocol.
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T2*

In healthy IVDs, due to different biochemical composi-

tion, T2* values were reported to be higher in the NP com-

pared to the AF and progressively increased from L1 to S1

[29]. In patients with LBP, NP T2* relaxation times were

significantly lower, whereas signal differences could be

detected with less sensitivity in the outer AF region due to

the lower water content [22]. T2* values within the NP, AF

and facet joint cartilage notably decreased with worsening

IDD as per the Pfirrmann score [38,45], with a higher

degree of accuracy especially at intermediate grades

[35,37,41,42]. Indeed, with advancing IDD, due to progres-

sive disc dehydration, the overall drop of T2* values ren-

dered individual IVD regions less distinguishable as a

consequence of decreased spatial differentiation [34]. Fur-

thermore, T2* relaxation times were significantly lower in

bulging/herniated IVDs and in presence of HIZs compared

to normal IVDs [41].
T1 mapping with gadolinium enhancement

Niinimaki et al. [24] performed T1 imaging with gado-

linium enhancement of healthy IVDs. NP T1 relaxation

time significantly decreased following paramagnetic con-

trast administration. A statistically significant difference in

T1 relaxation rates, both pre- and postcontrast, was reported

among all Pfirrmann grades except for grades four and five.
Moreover, the mean change of T1 values was significantly

correlated with disc height.
T2 mapping

According to reviewed studies, T2 relaxation times pro-

gressively decreased with increasing age and Pfirrmann

score [17,18,21,25,33], while being positively correlated

with disc volume [23]. On the other hand, no association

with sex was reported [23]. Due to the higher water content,

changes were more frequently evident and significant in the

NP compared to the AF, especially in the setting of mild

IDD, with healthy and severely degenerated IVDs showing

less spatial differentiation [26,30,31,34,38,45]. Interest-

ingly, T2 mapping tended to classify Pfirrmann 1 IVDs

with a higher grade, due to the capacity to detect earlier

subtle degenerative changes that could not be noticed using

conventional T2 imaging [33]. T2 mapping revealed signifi-

cantly lower values in subjects with LBP, disc bulging or

herniation, and HIZs compared to asymptomatic individu-

als [11,17,41], with a higher discrimination sensitivity than

T1r and T2* mapping [41]. Furthermore, lower T2 values

were also significantly correlated with vertebral BMFF as

well as with poorer ODI, VAS and Japanese Orthopedic

Association Back Pain Evaluation Questionnaire (JOAB-

PEQ) outcomes [15,46]. In the study from Lagerstrand

et al. [44], T2 mapping was performed on LBP patients

after spinal axial loading. T2 values were significantly



Table 1

Study design and patient demographics of included studies

Study Country Study design Sample size (n) Mean age (years)

Auerbach [20] USA Cross-sectional 10 (healthy) 40−60
Bailey [9] USA Case-control 38 (LBP) 14 (no LBP) 47.9§12.6 (LBP) 45.7§12.3 (no LBP)

Blumenkrantz [21] USA Cross-sectional 10 (LBP) 6 (no LBP) 40.2§12.4

Bonnheim [40] USA Cross-sectional 84 (LBP) 40.0§11.9

Borthakur [10] USA Case-control 17 (LBP) 11 (no LBP) 44§6 (LBP) 43§17 (no LBP)

Cui [11] China Case-control 30 (LDH); 30 (LBP) 30 (no LBP) 58.2§14.3 (LDH); 56.9§12.8 (LBP) 57.6§12.5 (no LBP)

Deng [12] China Case-control 13 (LBP) 12 (no LBP) 59.1 (LBP) 30.3 (no LBP)

Frenken [13] Germany Case-control 18 (LDH); 16 (LBP) 20 (no LBP) 57.5§22.5 (LDH); 59§17.5 (LBP) 54.5§11.5 (no LBP)

Gornet [8] USA Prospective 139 (LBP) 41

Haneder [14] Germany Case-control 12 (LBP) 55 (no LBP) 35.3 (LBP); 28.8 (no LBP)

Hoppe [22] Switzerland Cross-sectional 93 (LBP) 53§16

Lagerstrand [44] Sweden Cross-sectional 26 (LBP) 28 (25−69)
Krug [46] USA Cross-sectional 37 (LBP) 9 (no LBP) 47.3§12.0

Menezes-Reis [23] Brazil Cross-sectional 90 (healthy) 27.1§4.8

Niinimaki [24] Finland Cross-sectional 20 (healthy) 49

Noebauer-Huhmann [25] Austria Cross-Sectional 10 (healthy) 30§7

Ogon [15] Japan Case-control 28 (LBP) 25 (no LBP) 48.9§9.6 (LBP) 43.8§14.5 (no LBP)

Pandit [26] USA Cross-sectional 16 (LBP) 48.12§14.08

Pang [27] China Cross-sectional 108 52§7.7

Schleich [28] Germany Cross-sectional 48 (healthy) 31§8

Shen [29] China Cross-sectional 40 (healthy) 24.35§1.8

Stelzeneder [30] Austria Cross-sectional 66 (LBP) 38.8§11.2

Takashima [31] Japan Cross- sectional 60 (LBP) 53.3

Takashima [45] Japan Cross- sectional 55 (LBP) 56§21.3

Togao [32] Japan Cross- sectional 24 36.0§8.5

Vadal�a [16] Italy Case-control 13

(No LBP weightlifters)

13

(No LBP sedentary)

25.3§4.4

(No LBP weightlifters)

23.5§1.3

(No LBP sedentary)

Vadapalli [17] India Case-control 59 (LBP) 59 (No LBP) 41.7§11.80

Wang [18] China Case-control 40 (LBP) 12 (No LBP) 54.1 (LBP) 32.1 (No LBP)

Watanabe [33] Switzerland Cross-sectional 29 (healthy) 31.8§8.1

Wei [43] China, USA Cross-sectional 17 43§16

Welsch [34] Austria Cross-sectional 30 (LBP) 38.1§9.1

Wu [42] China Cross-sectional 76 (LBP) 54.5§15.7

Xiong [35] China Cross-sectional 37 (LBP) 48.3

Yang [41] China Cross-sectional 39 (LBP) 44 (22−80)*
Zehra [36] China Cross-sectional 106 52.3

Zhang [37] China Cross- sectional 42 (LBP) 44.2

Zhang [38] China Cross- sectional 22 (LBP) 33.2

Zobel [39] Italy Cross-sectional 63 (No LBP) 22.95§1.8

Zuo [19] USA Case-control 26 (LBP) 23 (No LBP) 44.8§8.7 (LBP) 35.1§12.6 (No LBP)

* Median age and age range.LBP, low back pain; LDH, lumbar disc herniation.
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lower in the presence of HIZs, end plate changes, and

Modic changes. Furthermore, NP T2 values considerably

changed after loading when associated with concomitant

endplate changes.
Diffusion imaging

In healthy subjects, DWI and DTI showed a significant

gradual reduction of apparent diffusion coefficient (ADC)

from the NP to the AF, while fractional anisotropy (FA)

values increased from the periphery towards the center of

the IVD. Furthermore, mean ADC and FA values progres-

sively increased from L1−L2 to L5−S1 [11,29] and, differ-

ently from individuals with LBP, were significantly

associated with age [17]. Predictably, patients with LBP or

disc herniation showed lower ADC values compared to

asymptomatic peers. Furthermore, ADC values in both the

NP and AF progressively decreased with advancing Pfirr-

mann grades, with all between-group differences being sig-

nificant [35].
UTE

Bailey et al. [9] acquired UTE sequences to analyze

CEPs in patients with chronic LBP and matched asymp-

tomatic individuals. Authors found that CEP damage,

Modic changes and mean Pfirrmann grade were indepen-

dent predictors of chronic LBP. UTE was also performed

to analyze CEP composition in the study by Bonnheim

and colleagues [40]. The authors found that CEP T2* was

independently and significantly associated with NP T1r

and age, and able to predict NP T1r values in the multi-

variate model. Pang and colleagues [27] investigated the

association between IDD and the UTE disc sign (UDS),

described as a hypo- or hyperintense band within the disc

at UTE sequences, in a population-based cohort. UDS

was noted in 13.1% of segments and significantly associ-

ated with multilevel and moderate/severe IDD, disc

bulges/extrusions, Modic changes, spondylolisthesis, and

lower T1r values in the same IVD. Moreover, UDS was

significantly correlated with the occurrence of chronic



able 2

RI sequences, results, and conclusions of included studies

Study MRI sequence Results Conclusions

Auerbach [20] T1r T1r significantly correlated with Pfirrmann

grade (r=�0.51, p<.01).
T1r has a strong potential as a non-invasive

biomarker of PG loss and early IDD.

Bailey [9] UTE, IDEAL CEP damage (OR: 14.1, 95%CI: 2.3−85.2,
p<.01), any MC (OR: 5.4, 95%CI: 1.1−27.5,
p=.04), and mean Pfirrmann grade (OR: 5.2,

95%CI: 1.4−18.9, p<.01) were predictors of
CLBP. Patients with a high ODI score (>40)
showed significantly greater MF FF values

than controls. CEP damage at L4-L5 was pre-

dictive of CLBP in patients with higher PSM

FF values (p<.05).

The relationship between reduced PSM

quality and endplate defects may be pre-

dictive of CLBP.

Blumenkrantz [21] T1r, T2 mapping T1r and T2 progressively decreased with

increasing Pfirrmann grade and were signifi-

cantly associated between each other (p<.05).
T1r was also associated with ODI, SF-36

(p<.05) and patients’ age (p<.01).

T1r and T2 decrease

with increasing grade of IDD and T1r

values were related to clinical symptoms.

Bonnheim [40] T1r, CSE-MRI, UTE CEP T2* and vertebral BMFF were indepen-

dently significantly associated with NP T1r

(p<.001), although after adjusting for age, sex,
and BMI the correlation with BMFF was lost.

However, NP T1r was negatively associated

with age and Pfirrmann grade (p<.0001).

Poor CEP composition correlates with IDD

independently of vertebral vascularity.

Borthakur [10] T1r T1r was significantly lower in painful IVDs of

LBP patients vs controls (p<.001) and was
correlated with the Pfirrmann score (r=�0.52,

p<.001).

T1r is a quantitative measure of IDD and

may serve as a reliable biomarker.

Cui [11] T1r, T2 mapping, DWI T1r, T2 and ADC highest values in both NP and

AF were found in asymptomatic patients,

while they were lower in subjects with LDH

compared to IDD (p<.05).

T1r, T2 mapping and DWI may improve

IDD diagnostic accuracy.

Deng [12] gagCEST gagCEST values decreased with advancing IDD

(p<.001) and were significantly correlated
with Pfirrmann grading both in the NP and AF

(p<.05).

gagCEST can detect IDD with a higher

accuracy compared to T2, especially in the

AF.

Frenken 2021 [13] gagCEST gagCEST values were higher in the NP than in

the AF (p<.001) and in Pfirrmann grades ≤2
compared to grades ≥3 (p<.001), while being
lower in patients with LBP compared to indi-

viduals with radiculopathy or no LBP.

GAG depletion in LBP and in IVDs adjacent

to

extrusions indicate close interrelatedness

of

structural IVD changes in IDD.

Gornet [8] MRS MRS was able to predict painful IVDs at PD and

the degree of IDD when Pfirrmann grading

was >2. In patients undergoing surgery, when
all MRS-positive IVDs were treated, success

rate was 97% versus 57% when the treated

level was MRS-negative.

MRS correlates with PD and may support

improved surgical outcomes for CLBP

patients.

Haneder [14] 23Na-MRI 23Na was significantly reduced in degenerated

IVDs (Pfirrmann scores 4−5; p<.001). No sta-
tistically significant differences were seen

among IVDs with the same Pfirrmann score.

Mean 23Na was significantly greater in healthy

women compared to healthy men (p<.001).

23Na-MRI is a noninvasive, independent, in

vivo predictor/biomarker of IDD.

Hoppe 2012 [22] T2* T2* values were significantly lower in degener-

ated IVDs due to decreased NP water content

(p<.05).

Axial T2* mapping is a quantitative and

effective tool to detect early stages of IDD.

Krug [46] IDEAL, T1r, T2 mapping A significant association was found between

vertebral BMFF and T1r/T2 (p<.05); T1r/T2
were also significantly associated with VAS,

ODI and Pfirrman grading (p<.001), while
BMF was significantly associated with both

ODI and VAS.

BMFF is strictly correlated with biochemical

changes within the IVD and may predict

premature disc dehydration.
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Table 2 (Continued)

Study MRI sequence Results Conclusions

Lagerstrand [44] T2 mapping T2 values were lower in IVDs showing concom-

itant HIZs, endplate changes and Modic

changes.

T2 mapping effectively reflects spinal

changes associated with HIZs, Modic

changes and endplate changes.

Menezes-Reis [23] T1r and T2 mapping There was a negative correlation between age

and IVD T2 relaxation time (r=�0.30,

p<.001) and a positive correlation with disc
volume (r=0.15, p=.002).

T2 relaxometry identified gradual disc dehy-

dration related to aging, while T1r did not

show significant correlations with age.

Niinimaki [24] T1-Gd enhanced mapping A statistically significant decrease in NP T1

relaxation time was observed following Gd

intake (p<.0001) in all Pfirrmann grades, with

significant intergroup differences (p<.05)
except between four and five. T1 mean change

was also associated with disc height

(R2=0.458, p<.001).

Quantification of delayed enhancement of

the IVD may provide new insights into

IDD.

Noebauer-Huhmann [25] 23Na-MRI, T2 mapping The Pearson correlation coefficient showed a

cubic function between 23Na-MRI and modi-

fied Pfirrmann score, an inverse correlation

between T2 mapping and modified Pfirrmann

score (r=�0.62; p<.001), and no correlation
between 23Na-MRI and T2 mapping.

23Na-MRI and T2 mapping can help charac-

terize IDD changes related to the Pfirr-

mann score.

Ogon [15] T2 mapping T2 values were significantly lower in the PAF

(p<.01) and were associated with poorer VAS
(p<.01) and JOABPEQ scores (p<.05).

T2 mapping may provide an estimate of dis-

cogenic LBP due to degeneration of the

PAF.

Pandit [26] T1r and T2 mapping T1r and T2 values decreased with increasing

grade of NP degeneration (p<.05). Standard
deviation of T1r and T2 values, as well as

contrast and dissimilarity, steeply decreased at

lower grades of IDD and later increased at

advanced stages.

T1r and T2 relaxation times in the NP

decrease with IDD severity.

Pang [27] UTE, T1r UDS was associated with IDD extent and sever-

ity (p<.01), MCs (p<.001), spondylolisthesis
(p<.01) and lower T1r values (p<.05). The
UDS score significantly correlated with worse

ODI scores and LBP (p<.01), whereas T2W
did not.

UDS is a novel imaging biomarker that is

highly associated with degenerative spine

changes, CLBP and disability than con-

ventional T2 MRI.

Schleich [28] gagCEST NP gagCEST values demonstrated a significant

negative correlation with morphological Pfirr-

mann score (NP: r=�0.562, p<.0001; AF:
r=�0.444, p<.0001). The MTRasym values

were higher in nondegenerative lumbar IVDs

(Pfirrmann 1−2) compared with degenerative

IVDs (p<.001). NP MTRasym values were sig-

nificantly higher in normal appearing discs

compared with herniated IVDs (p<.001).

gagCEST may be a powerful, non-invasive

tool

to investigate early IDD and

therapy effects on GAG content.

Shen [29] DWI, DTI, T2* ADC and T2* values significantly decreased

from the NP to the AF (p<.05), while FA val-

ues showed the opposite tendency. ADC, T2*

and FA values increased from L1−L2 to L5
−S1 (p<.05).

ADC, FA and T2* values may quantitatively

reflect the microstructural characteristics

of NP in early IDD.

Stelzeneder [30] T2 mapping NP T2 values showed a stepwise decrease from

Pfirrmann grade 1 to 4 (p<.001). PAF showed

the highest T2 values in Pfirrmann grade 2,

while AAF showed relatively constant T2 val-

ues in all Pfirrmann grades.

T2 mapping may quantitatively characterize

different degrees of IDD.

Takashima [31] T2 mapping T2 values significantly decreased in the NP from

Pfirrmann grade 1 to 4 (p<.01). No significant
difference was found in the AF area.

T2 value decreases with increasing IDD

likely reflects a decrease in PG and water

content in the NP.

Takashima [45] T1r, T2 and T2* mapping T1r, T2 and T2* values significantly decreased

with increasing Pfirrmann grading (p<.005),
with T1r and T2 not showing considerable

differences between Pfirrmann grade 4 vs 5.

Although T1r, T2 and T2* were all highly

sensitive to IDD, T2* may be more accu-

rate at later stages of IDD.

Togao [32] gagCEST, T1r T1r values progressively decreased with

increasing Pfirrmann grade, with statistical

gagCEST could be a reliable and quantita-

tive technique for assessing IDD.
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significance at each grade (p<.001) except
between grades 3 vs 4 and 4 vs 5. T1r values

showed the widest variability in Pfirrmann

grade 1 (101.1−157.0 ms). gagCEST signal

was negatively correlated with Pfirrmann

grade (p<.001) and positively correlated with
T1r (p<.01).

Vadal�a [16] T1r NP T1r values decreased from upper to lower

lumbar levels in both sedentary and weight-

lifters and were significantly lower in weight-

lifters compared with controls.

T1r can be used to identify early changes in

the IVD in individuals with lifestyle and

environmental factors associated with

IDD.

Vadapalli [17] T2 mapping, DTI T2 values decreased with age in both healthy

and LBP patients (p<.001), while FA AF/NP

ratio decreased with aging only in the control

group (p<.001). T2 and AF/NP ratio were sig-

nificantly higher in healthy individuals com-

pared to LBP patients at any age (p<.001).

T2 mapping and DTI provides objective evi-

dence of IDD and can help detect early

degeneration.

Wang [18] T1r and T2 mapping T1r and T2 values significantly decreased more

rapidly with aging in the NP compared to AF.

T1r and T2 mapping can effectively detect

aging-related IDD changes.

Watanabe [33] T2 mapping T2 values decreased in the NP and increased in

the AF with advancing IDD (p<.05). The ratio
of IVDs classified as grade 1 was higher with

the conventional classification systems than

that with axial T2 mapping.

Axial T2 mapping may detect early degener-

ative changes before conventional classifi-

cation systems.

Welsch [34] T2* and T2 mapping T2* and T2 mapping were able to discriminate

IVD ROI spatial differentiation especially for

ROIs including the NP (p<.05). Signal
changes became more evident with increasing

Pfirrmann grade.

T2 and T2* mapping are able to identify

subtle biochemical changes in the

parametric evaluation and quantification of

IDD.

Wei [43] T1r-UTE T1r values in the NP, AF and CEPs were signif-

icantly correlated with each other as well as

with Pfirrmann grading. T1r values showed a

strong negative correlation with Pfirrmann

scores (r=-0.94, p<.001) and age (r=�0.76,

p<.001). Furthermore, T1r relaxation times

were significantly lower in patients with LBP

compared to asymptomatic subjects (p<.005).

T1r-UTE can identify subtle changes in all

IVD tissues, providing a comprehensive

assessment of IDD.

Wu [42] T2* mapping and T2*-UTE UTE-T2* (r=�0.733, p<.001) and T2*
(r=�0.654, p<.001) negatively correlated with
Pfirrmann grades, while the former demon-

strated to better discriminate among Pfirrmann

scores and to more accurately evaluate both

early and advanced IDD.

UTE-T2* may be a promising tool to quanti-

tively assess early IDD.

Xiong [35] T2*, gagCEST, DWI, T1r T2*, gagCEST, ADC and T1r values decreased

significantly with increasing IDD (p<.001),
with gagCEST showing the strongest correla-

tion with Pfirrmann grades and the highest dis-

criminant accuracy compared to other

parameters both for NP (r=�0.951, p<.001)
and AF (r=�0.938, p<.001).

gagCEST revealed an excellent negative

correlation with the Pfirrmann grading

compared to other parameters.

Yang [41] T1r, T2 and T2* mapping T1r, T2 and T2* mapping was able to identify

IDD changes including disc bulging, hernia-

tion and annular tears (p<.005), although T2
mapping performing better in terms of detec-

tion of early degenerative changes (p<.001).

T2 mapping may be of great utility for

detecting the early and later changes of

IDD.

Zehra [36] UTE 72.2% of subjects with disc calcification had

corresponding UDS (p<.001). Both the num-

ber of calcified disc levels on plain radio-

graphs and the number of UDS levels were

also correlated to each other (r=0.58, p<.001).

Disc calcification was correlated with UDS,

suggesting that it may represent disc calci-

fication.

Zhang [37] T1r and T2* mapping T1r and T2* showed significant differences at

intermediate Pfirrmann grades (2−4) in the NP
(p<.001), while AF T1r reported significant

differences from grades >2 and T2* from

T1r and T2* values significantly and nega-

tively correlate with the Pfirrmann grades

of IDD.
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Zhang [38] T1r, T2 and T2* mapping T1r, T2 and T2* NP values decreased with

increasing IDD at Pfirrmann classification

(p<.001). T1r values were significantly lower

comparing grade 2 vs 3 and 3 vs 4 (p<.01).
T2* values were significantly lower compar-

ing grade 2 vs 3 in the PAF (p<.01). No sig-
nificant change was noted in the AAF. T1r

and T2* values in the LFJ cartilage decreased

with advancing IDD and was correlated with

T1r changes in the NP and PAF (p<.05).

T1r is more sensitive than T2 and T2* val-

ues for assessing early degenerative

changes in the LFJ cartilage and showed

that LFJ degeneration may be correlated

with IDD.

Zobel [39] T1r NP T1r values were significantly higher than

those of AF at all levels and decreased from

L1 to S1 (p<.0001). T1r values were signifi-

cantly lower in women at L3−L4 and L4−L5
NP and L3−L4 AF (p<.05). T1r were nega-

tively correlated with Pfirrmann grades

(p<.0001).

T1r values correlate with Pfirrmann degen-

erative grade in young adults and are able

to identify early IDD.

Zuo [19] MRS, T1r T1r values were significantly lower in patients

with LBP compared to controls (p<.05), but
not among patients with either positive or neg-

ative PD. The water/PG peak area ratio was

significantly more elevated in patients com-

pared to controls (p<.05) and in PD-positive
IVDs compared to PD-negative IVDs (p<.05).
An increased water/PG peak area ratio and

decreased T1r values were associated with

worse outcomes at ODI and SF-36 (p<.05).

MRS-quantified water, PG and T1r may

potentially serve as biomarkers of symp-

tomatic IDD.

23Na-MRI, sodium magnetic resonance imaging; AAF, anterior annulus fibrosus; ADC, apparent diffusion coefficient; AF, annulus fibrosus; BMFF

bone marrow fat fraction; CEP, cartilaginous end plate; CI, confidence interval; CLBP, chronic low back pain; CSE-MRI, chemical shift encoding-based

water-fat MRI; DTI, diffusion tensor imaging; DWI, diffusion-weighted imaging; FA, fractional anisotropy; FF, fat fraction; gagCEST, glycosaminoglycan

chemical exchange saturation transfer; Gd, gadolinium; IDD, intervertebral disc degeneration; IDEAL, Iterative Decomposition of water and fat with Echo

Asymmetry and Least-Squares Estimation; IVD, intervertebral disc; JOABPEQ, Japanese Orthopaedic Association Back Pain Evaluation Questionnaire

LBP, low back pain; LDH, lumbar disc herniation; LFJ, lumbar facet joints; MC, Modic change; MF, multifidus; MRS, magnetic resonance spectroscopy

MTRasym, magnetization transfer asymmetry ratio; NP, nucleus pulposus; ODI, Oswestry disability index; PAF, posterior annulus fibrosus; PD, provocative

discography; PSM, paraspinal muscle; ROI, region of interest; UDS, ultrashort echo time disc sign; UTE, ultrashort echo time; VAS, visual analog scale.

F. Russo et al. / The Spine Journal 23 (2023) 1435−1450 1443
LBP and worse ODI scores, whereas conventional T2

imaging was not. In a subsequent study, UDS was found

to be associated with disc calcifications seen at X-rays in

72.3% of investigated segments and the number of calci-

fied IVDs was positively associated with the number of

UDS-positive IVDs. However, 27.6% of IVDs showing

calcification were not positive for UDS, while 52.2% of

UDS-positive IVDs did not reveal calcification on radio-

graphs [36]. In their study, Wu and colleagues [42]

demonstrated that T2*-UTE was correlated with Pfirr-

mann classification by displaying significant differences

between each Pfirrmann grade and showing a remarkable

accuracy in identifying early and advanced IDD signs in

both the NP and AF. Wei et al. [43] performed UTE with

adiabatic T1r preparation and showed that T1r values in

the NP, AF and CEPs were significantly correlated with

each other as well as with Pfirrmann grading and age.

Furthermore, T1r relaxation times were significantly

lower in patients with LBP compared to asymptomatic

subjects.
,

;

;

gagCEST

According to included studies, gagCEST values were

generally higher in the NP than in the AF, tended not to

vary among different lumbar levels, and progressively

decreased with advancing IDD [28]. Interestingly, gagC-

EST has been shown to significantly discriminate between

single Pfirrmann grades with a higher sensitivity and at ear-

lier stages compared to T2 sequences, which detected nota-

ble changes in both the NP and AF only at more advanced

degrees of IDD [12,13,32,35]. In general, gagCEST values

were lower in individuals with LBP or disc herniation com-

pared to healthy controls [13,28], and showed the highest

correlation with Pfirrmann grades and the highest discrimi-

nant accuracy compared to other methods (T2*, ADC and

T1r) in both the NP and AF [35].

MRS

In their study, Zuo et al. [19] showed that the water/PG

peak area ratio was positively associated with increasing



Table 3

Summary of specific features and advantages of qMRI tools described over traditional MRI

MRI sequence Specific features Advantages over traditional MRI Relevant references

T1r � Specifically tracks relaxation time changes of water

bound to large macromolecules such as GAGs and

PGs
� Correlates with the degree of IDD, patient-reported

outcomes, and composition of CEPs and LFJs
� Lower values have been reported in painful IVDs at

PD

� T1r can detect subtle IDD changes earlier

than conventional T2-weighted imaging

[10,11,16,18−21,23,27,32,35,37−41,45,46]

T2* � Yields biochemical information regarding the IVD

ultrastructure with the additional benefit of three-

dimensional acquisition
� Able to detect advancing IDD and LFJ degeneration

� T2* provides higher spatial resolution and
signal in a shorter scan time

[22,29,34,35,37,38,41]

T1-Gd enhanced mapping � By diffusing into the IVD, Gd can shorten T1

relaxation time and describe IVD nutrient transfer

kinetics
� Higher Gd enhancement in severely degenerated

IVDs may be explained by aberrant

neovascularization and higher diffusivity due to

reduced disc height

� T1-Gd enhanced mapping can provide addi-

tional information on nutrient kinetics and

IVD architecture

[24]

T2 mapping � Provides information about water content and

extracellular matrix structure, reflecting the presence

of edema and early dehydration
� More accurate in highly hydrated tissues (ie, NP and

CEPs) compared to the AF
� Correlates with the degree of IDD and patient-

reported outcomes

� T2 mapping provides a quantitative analysis

compared to the qualitative assessment per-

formed with traditional T2-weighted MRI

[11,15,17,18,21,23,25,26,30,31,33,34,38,41,44−46]

DWI/DTI � Reflect microstructural changes within the IVD

based on water diffusion
� DWI analyzes the overall capacity of water diffusion

thus describing tissue hydration
� DTI assesses the directional characteristics of water

diffusion and accurately depicts changes of the

collagenous microarchitecture of the AF

� DWI/DTI can capture earlier alterations of

water diffusion due to premature NP dehydra-

tion and/or AF lamellar disruption

[11,17,29,35]

UTE � Produces pulse sequences with echo times 100

−1000 times shorter than conventional sequences,

thus allowing to capture CEP morphology
� Can detect CEP damage, Modic changes and a

specific radiological sign (UDS) associated with

CEP calcification and LBP

� UTE sequences are able to thoroughly

analyze CEP structure

[9,27,36,40,42,43,45]
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Table 3 (Continued)

MRI sequence Specific features Advantages over traditional MRI Relevant references

gagCEST � Measures the chemical exchange of hydroxyl-

protons between GAG and bulk water molecules,

which is indicative of the IVD GAG content
� Able to discriminate between the different structural

features of the NP and AF
� Has shown higher discrimination accuracy compared

to T2*, T1r and diffusion imaging

� gagCEST can detect early biochemical

changes in the IVD extracellular matrix

before structural alterations occur

[13,28,32,35,47]

MRS � Can detect several metabolites that may serve as

IDD biomarkers (eg, alanine, collagen, LA, and PG)
� Has shown to successfully recognize painful IVDs

and correlate with pain and disability scores
� Patients operated at levels characterized by high

catabolic biomarker concentrations showed better

postoperative outcomes

� MRS may provide a functional measurement

of IDD biomarkers and help understand IDD

pathophysiology

[8,19]

23Na-MRI � Can estimate the NP content of 23Na, which is

proportional to the amount of PG
� Has been shown to correlate with Pfirrmann and

modified Pfirrmann scores
� 23Na content seems to be higher in women compared

to men in healthy conditions

� 23Na-MRI can produce a quantitative

analysis of subtle biochemical changes in the

setting of IDD

[14,25]

IDEAL � Consents to quantify the fat fraction of both

vertebral bone marrow (BMFF) and paraspinal

muscles
� Increased paraspinal fat fraction and BMFF have

been associated with worse ODI and VAS scores in

patients with LBP

� IDEAL sequences are able to quantitatively

describe fatty infiltration of paraspinal

muscles and vertebral bodies

[9,46]

CSE-MRI � Allows the assessment of BMFF, which is negatively

correlated with the amount of hematopoietic

marrow, thus providing a proxy for perfusion
� Has been inversely associated with NP PG content

and degeneration

� CSE-MRI can accurately describe vertebral

bone marrow fat content

[40]

23Na, positively charged 23 sodium; AF, annulus fibrosus; BMFF, bone marrow fat fraction; CEP, cartilaginous end plate; CSE-MRI, chemical shift encoding-based water-fat MRI; DTI, diffusion tensor

imaging; DWI, diffusion-weighted imaging; GAG, glycosaminoglycan; gagCEST, glycosaminoglycan chemical exchange saturation transfer; Gd, gadolinium; IDD, intervertebral disc degeneration; IDEAL,

Iterative Decomposition of water and fat with Echo Asymmetry and Least-Squares Estimation; IVD, intervertebral disc; LA, lactic acid; LBP, low back pain; LFJ, lumbar facet joints; MRS, magnetic resonance

spectroscopy; NP, nucleus pulposus; ODI, Oswestry disability index; PG, proteoglycan; PD, provocative discography; qMRI, quantitative magnetic resonance imaging; UDS, ultrashort echo time disc sign;

UTE, ultrashort echo time; VAS, visual analog scale.
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Fig. 2. Summary of the methodological quality of included studies regarding the 4 domains assessing the risk of bias (A) and the 3 domains assessing appli-

cability concerns (B) of the QUADAS-2 score. Studies with a low risk of bias are highlighted in green, studies with an unclear risk of bias are depicted in

blue and studies with a high risk of bias are represented in orange.
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Pfirrmann grade in both LBP patients and controls,

although results were statistically significant between

groups for grade three only. When analyzing all subjects,

the water/PG peak area ratio was significantly different in

patients versus controls. In addition, the regression model

demonstrated a significant correlation between T1r and

the water/PG peak area ratio. Among LBP patients, IVDs

with a positive PD showed a significantly higher water/

PG peak area ratio compared with PD-negative IVDs.

Furthermore, an increased water/PG peak area ratio was

significantly associated with worse outcomes at ODI and

SF-36. Gornet et al. [8] performed a prospective study on

patients affected by LBP that underwent MRS of selected

lumbar IVDs, whose 44% subsequently received PD.

MRS generated spectral features of carbohydrate/collagen

(CA) and PG as structural markers and alanine (AL), lac-

tic acid (LA) and propionate as acidic pain markers.

These components were combined to generate an MRS-

SCORE for each IVD, which was directly proportional to

the degree of IDD. Furthermore, averaged PG spectral

measurements were used to calculate a PG-SCORE,

which resulted in significant differences between Pfirr-

mann grades, except for grade 1 versus 2. MRS-SCOREs

were significantly higher in painful IVDs compared to

non-painful IVDs as well as in PD-positive IVDs com-

pared to PD-negative IVDs. Subsequently, 89 patients

from the initial cohort underwent surgery at painful IVD

levels independently of MRS-SCOREs. At 6 and 12

months, patients operated at levels classified as positive

at MRS (“MRSmatch”) showed significantly better ODI

and VAS scores compared to patients operated at levels

considered negative at MRS (“MRSmiss).” Consequently,

treatment success was 94% in MRSmatch patients com-

pared to 55% in the MRSmiss group. When patients were

treated at all MRS+ levels success rate reached 97%,

while it dropped to 54% in patients left with an untreated

MRS+ IVD.
23Na-MRI

In the study by Haneder et al. [14], the mean normalized
23Na signal (23Nanorm) was significantly reduced in IVDs

rated with Pfirrmann scores of 4 and 5 compared with Pfirr-

mann scores of 1 to 3 in healthy subjects. In LBP patients,

significant reductions in 23Nanorm were observed among

IVDs with Pfirrmann scores 2 and 4 versus 5 but not relative

to Pfirrmann score 3. No significant difference was found in

terms of 23Nanorm in individuals with the same Pfirrmann

scores and no correlation was reported with age or BMI.

Interestingly, mean 23Nanorm was significantly higher in

women compared to men, but only within the control group.

In their healthy cohort, Noebauer-Huhmann et al. [25] found

a cubic function at 23Na-MRI between normalized sodium

signal intensities and modified Pfirrmann score. Interestingly,

the Pearson coefficient showed no correlation between nor-

malized sodium signal intensities and T2. Furthermore, no

significant difference in sodium signal was noticed among

different levels and with regard to patients’ age.
IDEAL

In their study, Bailey et al. [9] acquired IDEAL sequen-

ces for paraspinal muscle fat fraction measurement in

patients with chronic LBP and matched asymptomatic indi-

viduals. Interestingly, patients with greater disability

(ODI>40) showed a significantly increased fat fraction

within the paraspinal muscles, which was also associated

with a higher risk of CEP damage at L4−L5.
On the other hand, Krug et al. [46] performed IDEAL

MRI to evaluate vertebral BMFF as an index of hematopoi-

etic bone marrow conversion to the significantly less per-

fused yellow bone marrow. The authors showed that BMFF

was significantly associated with VAS and ODI scores in

patients with LBP and inversely correlated with both IVD

T1r and T2 values, especially at L4-L5 and L5-S1 levels.
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CSE-MRI

In the study from Bonnheim et al. [40], CSE-MRI

showed that vertebral BMFF was independently and signifi-

cantly associated with T1r and age, but not after adjusting

for age, sex, and BMI. Furthermore, the multivariate model

showed that BMFF was not able to predict NP T1r and

demonstrated that the relationship between NP T1r and

CEP T2* did not depend on vertebral BMFF.

Discussion

Advanced qMRI techniques aimed at investigating IDD

have been rapidly evolving in recent years [4,48]. The com-

mon endpoint of all these tools is to capture the degenera-

tive process occurring within the IVDs as soon as possible.

Ideally, advanced MRI techniques are implemented and

adjusted to detect IDD before the drop of T2 signal inten-

sity, which is one of the earliest signs that can be observed

with conventional MRI [49,50]. To this end, various strate-

gies have been attempted with different results. The first

notable difference among MRI tools for the analysis of IDD

concerns the use of gadolinium-based contrast agents

(GBCAs), such as delayed gadolinium enhancement in T1

mapping [24]. Indeed, GBCAs are injected intravenously to

shorten T1 relaxation times of tissues with gadolinium

absorption [51]. Despite interesting and statistically signifi-

cant results reported by the authors [24], it is known that

the injection of GBCAs usually increases scanning time

and should be avoided if similar results can be achieved

with MRI sequences obtained without GBCAs. Indeed, sev-

eral other MRI sequences to investigate IDD do not require

the use of GBCAs.

T2 mapping, for instance, is basedon T2 relaxation time

of tissues and allows to build maps to measure PG, water,

and collagen anisotropy within IVDs [52]. On the other

hand, T1r mapping relies on T1 relaxation time, it is

achieved with the so-called spin-lock MRI and mirrors the

slow interactions between ECM macromolecules and bulk

water [53]. Although T1r sequences showed more sensitiv-

ity with respect to T2 in evaluating IVD hydration and PG

content at early stages of degeneration, they require an

additional radiofrequency (RF) pulse resulting in higher

specific absorption rates (SAR) [54]. Moreover, quantita-

tive T2* mapping also showed some advantages over T2

mapping, including three-dimensionality, shorter acquisi-

tion times, and greater signal-to-noise ratio, together with

the drawbacks related to the influence of cartilage orienta-

tion and requirement of high-field strengths and high RF

energy levels [34,55]. Overall, T1r, T2 and T2* mapping

have shown to significantly correlate with advancing IDD

as per the Pfirrmann classification as well as among each

other, with some studies also specifically reporting lower

values in patients with LBP or disc herniation

[10,11,15,19,21,22,41,46].

Another approach being tested for noninvasive imaging of

IDD is diffusion MRI. DWI and DTI allow to obtain
measures of water molecular diffusion, indirectly providing

information on tissue microstructural composition and organi-

zation [17,56,57]. Indeed, diffusion imaging has been demon-

strated to effectively capture the reduction of water content in

lumbar IVDs due to IDD in patients with LBP and disc herni-

ation [11,17,35]. However, these promising markers of IVD

integrity are prone to motion artifacts and hold challenges

due to the balance of signal-to-noise [17,56,57].

MRI UTE sequence is achieved by adjusting echo time

(TE) <1 ms, allowing to measure signals from tissues with

short T2 properties [58], whereas MRS yields quantitative tis-

sue samples of metabolite levels as well as their spatial distri-

bution in specific ROIs [59]. Both these tools have shown

promising results but are limited by motion artifacts, scanning

times, and availability [58,59]. GagCEST imaging quantifies

GAG and bulk water content basedon the exchange of

hydroxyl protons [60,61]. The main drawbacks of gagCEST

are reduced signal-to-noise ratio (SNR) and difficult discrimi-

nation between frequencies of hydroxyl-GAG and water.

These issues may be mitigated by using 7 Tesla MRI scan-

ners, which are considerably expensive and thus difficult to

apply on a larger scale [60,61].

Moreover, 23Na-MRI is another option to quantify

sodium concentration which is an indicator of GAG/PG tis-

sue content and, therefore, has been utilized to assess ECM

changes within degenerating IVDs [62]. Three and 7 Tesla

magnetic field scanners have been suggested to account for

the weaknesses of 23Na-MRI technique providing lower

relaxation times, with respect to proton imaging, low SNR,

and a low gyromagnetic ratio [62].

A different approach involves assessing paraspinal tis-

sues to acquire predictive information on IDD using body

composition imaging [63−65]. Very intriguing results have

been reported by Bailey et al. [9] using IDEAL sequences

for paraspinal muscle fat fraction measurement. Indeed,

increased paravertebral muscle fatty infiltration and poor

function may lead to compromised spinal alignment and

impaired biomechanics, which may in turn increase load

transmission and microtrauma within IVDs. Nonetheless,

increased vertebral body BMFF assessed with both IDEAL

sequences [46] and CSE-MRI [40] has also been associated

with advancing IDD possibly due to reduced vertebral per-

fusion, consequently hindering nutrient diffusion through

the end plates towards the IVDs.

Despite interesting and promising available MRI tools to

investigate IDD, there is no consensus on the best imaging

solution. Further effort will be needed to validate and stan-

dardize imaging strategies in this context and to translate

them into routine clinical practice. It is likely that multi-

modal imaging integrating multiple techniques and match-

ing IVDs with paraspinal soft tissues will be the key to

improving the current standard of care.

This study has some limitations. First, significant hetero-

geneity across studies in terms of included populations,

MRI sequences, as well as the absence of patient-related

outcomes prevented a meta-analysis to be performed.
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Second, the overall quality of data was considerably low

due to the absence of controlled studies, both randomized

and nonrandomized. Third, as the search included English

manuscripts only, we may have missed articles written in

other languages matching our inclusion criteria.

Conclusions

The aim of this study was to systematically review the

available evidence on innovative MRI tools for the early

diagnosis of IDD. Most included studies were preliminary

in nature and performed on small cohorts. However, the

techniques used demonstrated to effectively detect early

degenerative changes compared to conventional MRI. Fur-

ther studies are needed to validate these novel technologies

in terms of applicability, cost-effectiveness, and possible

role as game changers in the care of LBP.
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