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Farzin Farahbakhsh, MD, MPH?’ ©, Allan R. Martin, MD, MPH'’, James Harrop, MD'', and
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Abstract
Study Design: Systematic review.
Objectives: The correlation between pre-operative diffusion tensor imaging (DTI) metrics and post-operative clinical outcomes in

patients with degenerative cervical myelopathy (DCM) has been widely investigated with different studies reporting varied findings.
We conducted a systematic review to determine the association between DTI metric and clinical outcomes after surgery.

Methods: We identified relevant articles that investigated the relationship between pre-operative DTI indices and post-
operative outcome in DCM patients by searching PubMed/MEDLINE, Web of Science, Scopus, and EMBASE from inception
until October 2023. In addition, quantitative synthesis and meta-analyses were performed.
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Results: FA was significantly correlated with postoperative JOA or mJOA across all age and follow up subgroups, changes
observed in JOA or mJOA from preoperative to postoperative stages (A JOA or A mJOA) in subgroups aged 65 and above and
in those with a follow-up period of 6 months or more, as well as recovery rate in all studies pooled together and also in the
under-65 age bracket. Additionally, a significant correlation was demonstrated between recovery rate and ADC across all age
groups. No other significant correlations were discovered between DTI parameters (MD, AD, and ADC) and post-operative
outcomes.

Conclusion: DTl is a quantitative noninvasive evaluation tool that correlates with severity of DCM. However, the current
evidence is still elusive regarding whether DTI metric is a validated tool for predicting the degree of post-operative recovery,

which could potentially be useful in patient selection for surgery.

Keywords

diffusion tensor imaging, degenerative cervical myelopathy, prognosis, clinical outcome

Introduction

Degenerative changes in vertebral disc, spinal bones and
ligaments are common. It had been reported in 60 percent of
people older than 40 years." Aging process affect all the
elements-discal, ligamentous, osseous, soft tissue and muscle,
and neural tissue. This condition known as spondylosis.”
Degenerative changes are common in elderly cervical spine
with a linear fashion and has been seen in 75% of asymp-
tomatic patients after 7th decade of life.> Spinal canal nar-
rowing could lead to compression, blood flow limitation and
ischemia. Consequently, inducing myelopathic changes in
cord* and resulting in considerable functional impairment.
Degenerative cervical myelopathy (DCM) affects approxi-
mately 60 per 100 000 persons in North America, and it is
recognized as the most common cause of non-traumatic spinal
cord injury.’

Magnetic resonance imaging (MRI) is the choice of im-
aging for detecting DCM. Despite the ability of conventional
MRI to reveal spinal cord compression or root at the level of
the lesion, MRI findings in DCM does not always indicate the
irreversible state of the cervical spinal cord lesion nor correlate
with clinical outcomes.® These variations in MRI findings
make it difficult to determine the relationship between image
findings and disease prognosis.”®

Diffusion tensor imaging (DTI), is a MRI technique, that is
capable of depicting structural detail in the brain and spinal
cord.”"* DTI assess spinal cord microstructure by tracing
water molecular diffusion at microscopic dimensions. Frac-
tional anisotropy (FA), an assessable metric derived from DTI,
varies from 0 to 1 and denotes the extent to which water
diffusion is constrained to a single axis. In a healthy spinal
cord, the axons predominantly travel in a single path, akin to a
cluster of straws.'* However, in DCM, this axonal integrity is
impaired, leading to a predictable decrease in fractional an-
isotropy. Other measurable indices from DTI include the Mean
Diffusivity (MD) and the Apparent Diffusion Coefficient
(ADC), both of which quantify the average rate of water
diffusion within a given tissue.'*

Several studies have used DTI for early detection and to
improve predicting prognosis of patients with DCM.”'>1¢
Hence, DTI should not merely be viewed as an auxiliary
diagnostic assessment, but rather as an essential instrument in
detecting DCM and a precursor in determining those patients
who are most appropriate for surgical intervention.'” Al-
though numerous investigations have explored the application
of DTI in the context of DCM, the majority of these studies are
characterized by a limited sample size'* and DTI has not been
routinely incorporated into the clinical management of DCM
patients. Past literature reviews have attempted to assess the
relevance of DTI metrics in DCM patient populations;
however, these were largely scoping or quantitative reviews,
making their conclusions predominantly qualitative.'*'®
Therefore, the primary aim of this study is to conduct a
systematic review and, if applicable, a meta-analysis, to
evaluate the correlations between preoperative DTI parame-
ters and postoperative outcomes in DCM patients.

Methods

This review’s protocol has been registered with PROSPERO
under the number CRD42023417303 and can be accessed at:
https://www.crd.york.ac.uk/prospero/display record.php?
ID=CRD42023417303. The study adhered to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) protocol for systematic reviews and meta-
analysis."’

Literature Search

To discover pertinent studies, a comprehensive search was
conducted across multiple electronic databases including
PubMed, Web of Science, Scopus, and EMBASE. This search
was executed by 1 of our authors (FF) in October 2023 and
was not bound by any language restrictions. The keywords
utilized to guide the search included “degenerative cervical
myelopathy,” “cervical spondylotic myelopathy,” “diffusion
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tensor imaging,” “fractional anisotropy,” “clinical outcome,”
and “recovery rate.” The “recovery rate” proposed by Hir-
abayashi and colleagues is metric that is now broadly rec-
ognized as a key outcome indicator in DCM.?° The selection
and combination of keywords were tailored to each database
individually to optimize the search yield. In addition, we
manually explored the reference lists of relevant articles to
identify any further potentially applicable records.

Eligibility Criteria

For inclusion in our systematic review, primary studies of any
design were required to meet the following eligibility criteria:
(1) Enrolment of adult patients diagnosed with DCM who
have undergone any form of decompressive surgery for the
condition, (2) Evaluation of the impact of DTI parameters on
patient outcomes, (3) Reporting of any post-operative out-
comes, and (4) Implementation of any correlation analysis
between DTI parameters and surgical outcomes (5) Reporting
of correlation coefficient and P value or 95% CI for it. On the
contrary, studies failing to adhere to these specifications were
excluded. We imposed no restrictions on the publication dates
of the potential studies.

Selection Process

The process of selecting studies for inclusion was conducted in a
systematic and thorough manner. Two independent reviewers,
SMK and FR, initially screened all identified studies by eval-
uating their titles and abstracts, consequently excluding any ir-
relevant research. Subsequently, these reviewers scrutinized the
full-text articles of the remaining studies in depth, adhering
strictly to our pre-specified inclusion and exclusion criteria. In
instances of discrepancies between the 2 reviewers, discussions
were held to reach a consensus. If a consensus could not be
reached, a third reviewer, FF, was consulted to provide additional
insight and to assist in resolving the disagreement. The ultimate
selection of studies for inclusion was determined based on a
mutually agreed-upon decision between the reviewers.

Data Extraction

Two reviewers (FF and MM) executed the data collection process
independently, employing a standardized data extraction tem-
plate in MS Excel that had been pre-tested for suitability to the
study requirements. Reference management was facilitated by
using EndNote software. The information collected included
patient demographics such as age and gender, radiographic data
encompassing the DTI measures of interest, protocols used for
MRI; the implementation of any other standardized clinical or
radiographic measurements; specifics of surgical interventions;
postoperative outcomes, and follow-up durations. The procedure
to handle any discrepancies between the reviewers was structured
and entailed an initial attempt to resolve the difference through
discussion.

Study Risk of Bias Assessment

The Quality in Prognosis Studies (QUIPS) instrument was
employed to assess the validity and potential bias present
within the selected studies.?' This tool aids in gauging the risk
of bias in prognostic factor studies by examining 6 key do-
mains: participant selection, attrition, prognostic factor
measurement, accounting for confounding factors, outcome
measurement, and the analysis and reporting processes. Two
independent researchers conducted (FF and SK) this evalu-
ation independently for each study, filling out their respective
judgments. Upon comparison, their assessments showed full
concurrence, highlighting the consistency in their evaluations.

Data Analysis

Our meta-analysis specifically calculated the pooled correlations
between DTI parameters and functional or recovery status pa-
rameters if at least 3 studies reported the outcome measure.
Initially, all correlations were transformed into z-scores, and the
inverse variance method was used to compute the pooled effect
size. Subsequently, these results were back transformed prior to
reporting. Each study examined the correlation between pre-
operative DTI parameters and the functional index at the longest
follow-up visit. When a study indicated correlations for more
than 1 spinal level, most compressed level (MC) was used in the
meta-analysis. Due to possible heterogeneity across the studies,
both fixed-effects and random-effects model were used for all the
studies. All analytical procedures were executed using the R
statistical software, version 4.2.2.

Results

Literature Search

With our initial search, 744 records were identified, of which 244
duplicates were removed. Then, after screening titles and ab-
stracts, 456 were further excluded. After reviewing full texts an
additional 26 articles were excluded. Finally, 18 eligible studies
were used for data extraction and quality assessment (Figure 1).

Quality Assessment

The Risk of bias for each study can be found in Table 1.
Included studies showed low to moderate risk for bias in most
domains of the QUIPS.

Study Characteristics

Seventeen studies were included in this systematic review, of
these 5 studies were conducted in United States of
America, 216262834 g iy Agig 1322:2427.2931.33.3536 5
India®>*° and 1 in Switzerland.** The total number of patients
were 653 with sample size ranging from 15°' to 95.% The
mean age in most studies was above 50 years. Most of studies
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Identification of studies via databases

Records identified from:
-Embase (n=223)
-Medline, via PubMed (n=287) »
-Scopus (n=5)

-Web of science (n=229)
Total: (n =744)

Identification

Records removed before screening:
Duplicate records removed (n =244)

) (

I

Records screened
(n = 500)

Records excluded (n =456)

\J

Reports sought for retrieval
(n=44)

Reports not retrieved (n =0)

Screening

Reports assessed for eligibility
(n=44)

Reports excluded (n=26):

Studies included in review
(n=18)

[ Included ] [

Figure |. PRISMA flow chart for this review.

had included cervical spondylosis myelopathic patients but
there was a minority of ossification of the posterior longitu-
dinal ligament (OPLL)** in other studies. Three tesla MRI
were used in 12 studies'>'**32527-293135 and 1.5 tesla MRI
was used in 5 studies.'®**?%?%3° The commonest DTI pa-
rameter which was assessed was FA. This parameter was
assessed in all studies except 1.°° ADC>>27-2%3033 and
MD'?#3-242% were 2 other common preoperative DTI mea-
surements. Follow-up duration ranged from 6 weeks® to
24 months,'®** but most studies had a follow-up of at least
3 months. (Table 2)

Three studies included DCM patients and healthy
participants,”®***> 2 compared outcomes between good and
poor recovery groups™> or best and normal responders,*” 1
study included surgical and non-surgical groups,'? and 2
other studies investigated correlations between DTI pa-
rameters and outcomes among several groups.'**’ Severino
et al also demonstrated that preop FA values were signifi-
cantly higher in the “best responders” than the “normal
responders” (.63 = .06 vs .57 = .08, P = .03). Also, the

average FA value remained higher in the “best responders”
group at both 3-months (.62 £ .08 vs .58 £ .09) and statis-
tically significantly different at 1-year (.68 +.07 vs .55 +.11,
P = .004). Furthermore, FA at the most stenotic level was
significantly lower in the “normal responder” group pre-
operatively and at 1-year (P = .02 and P = .009, respec-
tively).”> Additionally, Tian et al observed that the
preoperative FA value in the good recovery group was
significantly higher than that in the poor recovery group,
while the ADC value was significantly lower (both P <.001).
In contrast, good recovery group had lower preoperative AD
and VD than the poor recovery group, whereas there was no
statistical significance (both P > .05)*® illustrates Studies
with participant groups and correlation findings Table 3.

Outcome Assessment

In 2 studies, recovery rate of mJOA was investigates'>=>

whiles in 7 other studies, recovery rate of JOA was used for
outcome assessment.”> 2427293133 Delta mJOA 626283234
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Table I. Bias Assessment of included Studies.

Prognostic Factor Outcome Study Statistical Analysis
Authors, Year Study Participation  Study Attrition Measurement Measurement  Confounding and Reporting
Nakamura et al, 2012 Moderate Moderate Low Low Moderate Low
Jones et al, 20132 Moderate Low Low Low Low Low
Arima et al, 20153 Moderate Low Moderate Moderate Moderate Low
Maki et al, 2017% Moderate Moderate Low Low Moderate Low
Rajasekaran et al, 2017% Moderate Low Low Low Moderate Low
Vedantam et al, 20172%¢ Moderate Low Moderate Low Moderate Low
Okita et al, 2018% Moderate Low Low Low Moderate Low
Rao et al, 20187 Moderate Low Low Low High Low
Zheng et al, 2018%° Low Low Low Low Low Low
Bhosale et al, 2019%° Moderate Low Moderate Moderate High Low
Shabani et al, 2019'® Low Moderate Low Low High Low
Han et al, 2020"3 Low Low Low Low Low Low
Kitamura et al, 2020°' Moderate Low Low Low Moderate Low
Severino et al, 2020%? Moderate Low Low Low Low Low
Tian et al, 202133 Low Low Moderate Low Moderate Low
Zhang et al, 2020** Moderate Moderate Low Low Moderate Low
Zhang et al, 20223° Moderate Low Low Low Low Low
Takamiya et al, 2023%¢ Moderate Low Low Low Low Moderate
Table 2. Study characteristics.

Number of Cases Follow-Up Age (y), Gender Type of

Authors, Year Country  Population (n) in the Follow-Up Time Mean (SD) (% Female) Operation
Nakamura et al, 201272 Japan 20 20 12m 64.6 25 Post
Jones et al, 2013'? USA 30 5 mean = 181 d 62 533 N/S
Arima et al, 20153 Japan 16 16 At least 3 months 62.8 56 Post, ant
Maki et al, 2017* Japan 26 26 6m 66.5 (11.5) 30.7 Post, ant
Rajasekaran et al, 20172 India 35 26 12 m 48 57 Post, ant
Vedantam et al, 2017%¢ USA 27 27 3m 54.5 (1.9) 56 Post, ant
Okita et al, 2018* Japan 27 27 12 m 70.5 (11.7) 222 Post
Rao et al, 2018% USA 44 39 6m 53.9 (9.8) 59 N/S
Zheng et al, 2018% China 61 61 mean = 19.97 m 62.4 36 Post, ant
Bhosale et al, 2019*° India 30 30 6w 33 Post, ant
Shabani et al, 2019'® USA 46 46 3m 53.6 (9.7) 58.6 N/S
Han et al, 2020"3 China 55 44 3m 58.6 (6.8) 38 Post
Kitamura et al, 2020°' Japan 15 15 At least 12 m 71.5 (6.12) 15 Post
Severino et al, 2020°>  Switzerland 36 36 12 m 57.05 63.8 Post, ant
Tian et al, 2021% China 95 95 12 m 54.2 389 Post, ant
Zhang et al, 2020%* USA 42 42 Mean = 22.1 m 56.4 (8.6) 38.1 Post, ant
Zhang et al, 2022°° China 48 48 3m 56.79 (11.26) 18.7 Post, ant
Takamiya et al, 2023%¢ Japan 21 21 6m 69.6 (12.8) 61.9 Post, ant

and mJOA'%13:3032 yere 2 other common tools in studies  correlation coefficient!?!3:22-243!

for evaluation of outcome. Nurick scale in 2 studies,'***  analysis.'®**=°
delta JOA in 2 studies,”**" and JOA,*” NDL,'? delta NDI,*°
SF36'? and delta SF36>° cach were assessed in specific
included studies. For correlation analysis between DTI
parameters and outcomes, 8 studies utilized Pearson Correlation Between Preoperative DTl Parameters and Postoper-
correlation coefficient,”>?"32*¢ 6 studies Spearman ative JOA or mJOA. In assessing post-operative outcomes based

and 4 studies Regression

Correlation Findings
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Table 3. Participant groups and correlation findings of included studies.

Studies Participant groups

Additional findings

Jones et al. I5 CSM patients who underwent surgery vs. |5
2013 CSM patients without surgery

Rao et al. Forty-four patients presenting with CSM and the
2018 control group consisted of 24 healthy subjects
with normal MRI of the cervical spine

Zheng et al.  All the patients were further categorized into 4
2018 groups according to JOA recovery rate.
Group A: consisted of CSM patients whose JOA
recovery rate was below 25%.
Group B: consisted of CSM patients whose JOA
recovery rate ranged between 25% and 50%.
Group C: consisted of CSM patients whose JOA
recovery rate ranged between 50% and 75%.
Group D: consisted of CSM patients whose JOA
recovery rate ranged between 75% and 100%.

Han et al. Authors divided patients into 3 subgroups based
2020 on the signal changes in the Tl-weighted and
T2-weighted images:
Group I: patients with no signal changes
Group 2: patients with signal changes in only
T2-weighted images.
Group 3: patients with signal changes in both
T|-weighted and T2-weighted images.

Baseline SF-36 (MCS) was statistically higher in the surgery cohort
(12.64 £ 13.2 (n = 13)) than non-surgery cohort (1.49 £ [1.16 (n =
14), P = .03.

Baseline mJOA was statistically higher in the non-surgery cohort (14.93
1 1.98 (n = 15)) than the surgery cohort (12.4£3.04 (n = 15)), P =.02

FA at the C2-C3 level was statistically higher in the non-surgery cohort
(.69 £ .05 (n = 15)) than the surgery cohort (0.6£0.07 (n = 15)),
P<.0l.

FA at the stenosis level was statistically higher in the non-surgery cohort
(.55 £ .1 (n = 15)) than the surgery cohort (.47+0.09 (n = 15)), P=.05

-Preoperative FA at C|-2 was also lower in the patient group compared
to the controls (.56 + .05 vs .61 +.04, P <.001). However, FA at C|-2
did not correlate with changes in mJOA in follow-up in this group of
patients.

-FA calculated values were lower in the patient group, compared to the
controls, at the LMC (.51 £ .06 vs .57 + .04, P < .001).

In the 22 CSM patients whose FA values were less than .55, postoperative
mJOA scores improved by an average of 1.45 points. The 12 CSM
patients with FA values above 0.55 declined, on average, by —.92
points, although the absolute mJOA values at 12 months varied from
+6 to —5. The difference in improvement between these 2 groups was
statistically significant (P = .042).

-The ADC, MD, AD, and RD values increased when JOA recovery rate
decreased in the 4 subgroups.

-The ADC value in groups C and D were significantly higher than those in
groups A and B (P <.0001), but no significant differences in ADC value
were found between groups A and B (P = .1277).

-ADC value was not significantly different between groups Cand D (P =
.1898).

- The MD values in groups C and D were significantly higher than those in
groups A and B (P < .05).

-No significant difference in MD value were found between groups A and
B (P %4 .1275), and MD value was not significantly different between
groups C and D (P = .1947).

-No significant differences of AD value were found among the 4
subgroups (P > .05).

-The RD values in groups C and D were significantly higher than those in
groups A and B (P < .0001).

-No significant differences in RD value were found between groups A and
B (P /4 .0601), and RD value was not significantly different between
groups C and D (P = .2633).

-For the correlation analysis in each subgroup, in group | with no signal
changes, the AD value at the C2 level was correlated with the
preoperative mJOA (r = .596, P = .041), and the FA value at the C2
level was correlated with the mJOA recovery rate (r =.634, P =.027).

-In group 2 with T2-weighted signal changes only, the FA value of the C2
level was correlated with the mJOA recovery rate (r = .484, P = .042).

-In group 3 with both TI- weighted and T2-weighted signal changes, the
AD values of AC levels and the AD, FA, and RD values of the C2 level
were correlated with the mJOA recovery rate (r = 462, .469, 457,
and -.446; P = .03, .028, .033, and .037, respectively).

-The ROC analysis suggests that for the MC or average of AC levels, no
DTI metrics were predictive of the mJOA recovery rate. For the C2
level, FA showed predictive capability with an area under the curve =
0.68, P = .04, sensitivity = .56, specificity = .81.

(continued)
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Table 3. (continued)

Studies Participant groups Additional findings

Severino et al. Participants divided into “best responders” and
2020 “normal responders.

Concerning the preoperative DTI| parameters, the preoperative FA
values were significantly higher in the “best responders” than the
“normal responders” (.63 £ .06 vs. .57 + .08, P = .03).

-Six patients were excluded from the postoperative analysis because they
presented with artefacts on their MRlIs related to implanted metallic
devices.

In the remaining 30 patients, the average FA value remained higher in the
“best responders” group at both 3-months (.62 £ .08 vs. .58 £ .09) and
statistically significantly different at |-year (.68 £ .07 vs. 55 £ .1I,P =
.004,).

- FA at the most stenotic level was significantly lower in the “normal
responder” group preoperatively and at |-year (P =.02 and P = .009,
respectively).

-The preoperative FA value in the good recovery group was significantly

(JOA recovery rate 260%, n = 47) and a poor higher than that in the poor recovery group, while the ADC value was

recovery group (JOA recovery rate <60%, n = significantly lower (both P < .001).

48) -The good recovery group had lower preoperative AD and VD than the
poor recovery group, whereas there was no statistical significance
(both P > .05).

-The CR, TA, MSCC and MCC values measured before surgery in the
good recovery group were significantly lower than those in the poor
recovery group (all P < .001).

-DTI FA and DKI FA decreased significantly in patients with CSM.
Although DTI MD had no statistical difference between the two
groups (P = .897), DKI MD was significantly higher in patients with
CSM.

-NODDI ODI and NODDI ISOVF were significantly higher in patients
with CSM. However, there was no significant difference in NODDI
ICVF or DKI MK between groups (P = .914 and .586, respectively;
Figure 3).

-Regarding DWI metrics, DTI FA, DKI FA, and NODDI ISOVF (r = .31,
41, and —.34, respectively) showed a significant correlation with the
3-month follow-up RR. However, DKI MD and NODDI ODI were not
associated with short-term recovery (P =.090 and . 105, respectively).

-Multivariate analysis demonstrated that DTI FA, DKI FA, and NODDI
ISOVF contributed to RR significantly after adjusting for age (std. coef
= .13, .16, and —.14, respectively).

-Although there were no demographic differences between CSM and
control patients, baseline mJOA and patient-reported outcome
measures were worse in CSM patients (Table I, all P <.001).

having poor quality MRI data were excluded Specifically, CSM patients had lower mJOA and higher MDI and DASH

from all analyses, yielding 23 (55%) mild (mJOA  scores, reflecting worse neurofunctional status.

15-17), 9 (24%) moderate (mJOA 12-14), and - CSM patients scored lower on the SF-36 PCS and SF-36 MCS,

10 (21%) severe CSM (mJOA <I 1) patients. corresponding to worse quality-of-life. The CSM cohort also

possessed higher scores on the NDI, demonstrating greater pain.

Tian et al.
2021

Patients were divided into a good recovery group

Zhang et al
2022

48 patients with CSM were enrolled in the analysis,
and 36 healthy volunteers with no history of
neck injuries/surgeries, neurologic disorders, or
abnormalities on routine cervical MRI, were
included as controls.

Zhang et al.
2022

Fifty CSM and 20 healthy control patients were
enrolled in this study. Three patients found not
to meet inclusion criteria and five CSM patients

VD; lateral dispersion rate, CR; spinal cord compression ratio, TA; spinal cord cross-sectional area, MSCC; maximum spinal cord compression, MCC; maximum
canal compromise, MD: mean diffusivity, FA: fractional anisotropy, ADC: apparent diffusion coefficient, AD: axial diffusivity, RD: radial diffusivity, NODDI;
neurite orientation dispersion and density imaging, ISOVF; isotropic volume fraction, ODI; orientation dispersion index, DWI; Diffusion-weighted imaging, CSM;
cervical spondylotic myelopathy, MC, maximum compression, AC; average compression.

on JOA or mJOA, 4 studies explored the correlation with
FA.'#133%32 Additionally, 2 studies probed into the rela-
tionship between this outcome and MD, ADC, and RD,13’29
while another 2 examined the correlation with ADC
alone.?”° Given these, our meta-analysis was confined to the
4 studies addressing the correlation between FA and post-
operative myelopathy severity gauged via JOA or mJOA

(Figure 2). The aggregated findings revealed a pooled cor-
relation coefficient of .52 (95% CI: .28 to .70) for a total
sample size of 118, reflecting heterogeneity values of 12 =
55% and 12 = .0474. Within the subgroup aged 65 and above,
the coefficient stood at .45 (95% CI: .10 to .70) for N = 88,
accompanied by heterogeneity metrics of I2 = 61% and 12 =
.0692. Considering follow-up durations of 3 months or less,
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Figure 2. Meta-analysis for correlation between preoperative FA and post operative myelopathy severity (JOA, mJOA). (A) Preoperative FA
and postoperative myelopathy severity (JOA or mJOA). (B) Preoperative FA and postoperative myelopathy severity (JOA or mJOA),
grouped by age. (C) Preoperative FA and postoperative myelopathy severity (JOA or mJOA), grouped by F/U duration.
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data from Bhosale et al (2019) for N = 30 showed a correlation
of .67 (95% CI: .40 to .83), contributing 26.1% weight. For
follow-ups extending beyond 6 months, the accumulated
correlation across relevant studies for N = 88 was .45 (95% CI:
.10 to .70), with consistent heterogeneity markers at 12 =61%
and 12 = .0692.

Correlation Between Preoperative DTI Parameters and Delta JOA
or mJOA. A total of 7 studies explored the correlation between
preoperative FA and the changes observed in JOA or mJOA
from preoperative to postoperative stages, denoted as AJOA or
AmJOA 6242628313234 Oyther metrics, AD,”* and MD,**
were also examined in relation to AJOA or AmJOA. How-
ever, the meta-analysis was exclusively conducted for FA
(Figure 3).

From this comprehensive analysis, using a random-effects
model, a pooled correlation coefficient of .24 was deduced,
with a 95% CI ranging from —.10 to .54. A significant het-
erogeneity was identified, evidenced by an I2 value of 82%
and 12 of .1796. Diving deeper, age-based subgroup analysis
revealed differing correlations. For individuals aged 65 and
above (N = 41), a significant correlation of .47 was identified
[95% CI: .17, .68]. Conversely, for participants below 65 years
old of age (N = 156), the correlation dropped to a non-
significant .15 [95% CI: —.30, .54]. Furthermore, when
segmenting the data by follow-up duration, a significant
correlation of .35 [95% CI: .05, .59] emerged for those with a
follow-up of 6 months or more.

Correlation Between Preoperative DTI Parameters and Recovery
Rate. Correlations between recovery rate and DTI parameters
was the most commonly studied. 8 studies investigated the
correlation between FA and recovery rate,'?3-2427-3133.35.36
In the meta-analysis exploring the relationship between FA
and recovery rate, a discernible correlation emerges. The
comprehensive random effects model, consolidating data from
303 participants across various studies, pinpointed a corre-
lation of .22, with a 95% CI from .00 to .42, indicating a
positive marginally significant correlation (Figure 4). Delving
into subgroup analyses based on age offers intriguing insights.
Specifically, studies focusing on participants below 65 years
manifested a stronger correlation of .30, coupled with a tighter
95% CI of .17 to .42. This enhanced correlation underscores a
potentially more pronounced relationship between FA and
recovery rate in this age bracket. In stark contrast, the sub-
group with participants aged 65 and above presented a cor-
relation of .15, with a notably broader 95% CI of —.35 to .58,
rendering the correlation insignificant. Parsing the data by
follow-up duration, studies with a period of 3 months or less
reflected a correlation of .31 (95% CI: .03, .55). Those
spanning a follow-up of 3-6 months and beyond 6 months
registered correlations of .30 (95% CI: .23, .69) and .19 (95%
CI: .11, .46) respectively.

In the meta-analysis evaluating the relationship between
MD and recovery rate'*?****° the random effects model,

which aggregates data from 158 participants across various
studies, indicates a correlation of —.04 (Figure 5). This is
accompanied by a 95% CI ranging from —.53 to .47, sug-
gesting a minimal, non-significant negative correlation (see
Fig.). Additionally, subgroup analyses based on age and
follow-up duration did not reveal any significant correlations
within the respective subgroups.

In the meta-analysis examining the correlation between
recovery rate and ADC, data were consolidated from 4
studies (Figure 6).27-233% The random effects model,
which collates findings from 204 participants, illustrates a
correlation coefficient of —.47. This correlation is sup-
ported by a 95% CI that spans from —.60 to —.33, indicating
a significant negative correlation. When stratifying data
based on age, both age subgroups (<65 and >65) demon-
strated significant moderate negative correlations. Notably,
heterogeneity was minimal across the studies, as evidenced
by an I” value of 13% and a t* of .0083. Importantly, all the
studies included in this analysis had a follow-up duration of
6 months or more; no studies with a shorter follow-up
period were part of this analysis.

In the meta-analysis evaluating the correlation between AD
and recovery rate, data has been synthesized from 4 studies
(Figure 7)."*%%233¢ The overall random effects model,
comprising findings from 232 participants, demonstrates a
correlation coefficient of —.10 with a 95% CI spanning
from —.31 to .12, suggesting no significant correlation. Upon
analyzing the data stratified by age, the subgroup with par-
ticipants aged 65 and above produced a correlation of —.05
with a 95% CI of —.27 to .18, reiterating the absence of a
significant correlation. Similarly, in the subgroup with par-
ticipants aged below 65, represented solely by the study from
Takamiya et al, 2023, the correlation coefficient was —.38,
with a CI spanning from —.70 to .06, also indicating no
significant correlation. All studies in this meta-analysis had a
follow-up period of 6 months or more.

The meta-analysis depicted in the Figure 8 demonstrates
results from 3 different studies evaluating the correlation
between RD and recovery rate.'>***® The combined result
under the random effects model for these studies yielded a
non-significant correlation of —.38. It’s worth noting the
significant heterogeneity among the studies with I? at 85%. All
the studies included in this meta-analysis had a follow-up
duration of 6 months or more. Out of these, 2 studies involved
participants aged 65 or above, while 1 study focused on
participants below this age. Due to the limited number of
studies (only 3), no subgroup analysis is reported in our paper
for this particular meta-analysis.

Correlation Between Pre-Operative DTI Indices and Other Post-
operative Clinical Scores. We were not able to perform a meta-
analysis for other clinical outcomes than myelopathy.
Although 1 study found no correlation between FA and
change NDI at MC and C1-C2 at 3 months F/U,”® Jones
et al showed a significant correlation between FA and NDI
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Figure 3. Meta-analysis for preoperative FA and AJOA or AmJOA. (A) Preoperative FA and AJOA or AmJOA. (B) Preoperative FA and

AJOA or AmJOA, grouped by age. (C) Preoperative FA and AJOA or AmJOA, grouped by F/U duration.
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(a) Preoperative FA and Recovery Rate
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Figure 4. Meta-analysis for correlation between preoperative FA
and recovery rate. (A) Preoperative FA and recovery rate. (B)
Preoperative FA and recovery rate, grouped by age. (C)
Preoperative FA and recovery rate, grouped by F/U duration.

at the MC level after mean follow up duration of
181 days.'? On the other hand, no correlation was ob-
served between FA and Nurick'*?® at MC was found at
12 months F/U. Also, FA and SF-36 at MC, C7-T1, C2-
C3'? and change in SF-36%° at MC and C1-C2 levels at
3 months did not correlated. Enough data was not
available to perform meta-analysis for this outcome.

Discussion

This systematic review aimed to illuminate the relationship
between pre-operative DTI parameters and surgical

outcomes in patients with DCM. Pinpointing this rela-
tionship could refine surgical decision-making and facilitate
determining the optimal timing for intervention. Intrigu-
ingly, our meta-analysis showed that FA was significantly
correlated with postoperative JOA or mJOA across all age
and follow up subgroups, change in A JOA or A mJOA in
subgroups aged 65 and above and in those with a follow-up
period of 6 months or more, as well as recovery rate in all
studies pooled together and also in the under-65 age
bracket. Additionally, a significant correlation was dem-
onstrated between recovery rate and ADC across all age
groups. No other significant correlations were discovered
between DTI parameters (MD, AD, and ADC) and post-
operative outcomes.

Our findings yield several compelling insights. Firstly,
the review reveals that FA might be a more reliable pre-
dictor of outcomes for patients under 65 years old compared
to those aged 65 and older—the latter being categorized as
the elderly population. This is evidenced by FA’s significant
correlation with both myelopathy severity post-operatively
and recovery rate in the younger age group but not the
elderly aged subgroup of studies. Conversely, while FA was
not significantly correlated with recovery rate in the sub-
groups aged 65 and above (which corresponds to elderly
patients), preoperative ADC was significantly correlated
with the recovery rate in both age cohorts, suggesting that
while FA may not be a useful marker of postoperative
myelopathy outcomes in the elderly, ADC might still retain
utility in this populations. Although our study stands as the
first and largest to systematically and quantitatively high-
light these capabilities of different DTI parameters, these
findings must be interpreted cautiously. Even in this sub-
stantially pooled analysis, the largest pooled sample size
only approximates 300 patients, underscoring the necessity
for future investigations.

Postoperative FA was correlated with post-operative
myelopathy severity in the entirety of the sample and in
subgroup analyses. Coupling this with the previous dis-
covery that FA was correlated with recovery or alterations in
myelopathy severity post-operation only in certain sub-
groups, it may suggest that FA is also related to preoperative
myelopathy severity. This is due to its correlation with
postoperative JOA or mJOA in all groups, but only cor-
related with recovery rate or changes in myelopathy se-
verity in some age brackets. These latter measures might
more effectively gauge the surgical benefit for patients with
varied baseline myelopathy severity, hinting at a potential
relationship between both pre and post-operative myelop-
athy severity and FA. Discerning the role of preoperative
FA values in surgical patient selection is invaluable, par-
ticularly regarding its widespread clinical applicability. A
lower preoperative FA value, in contrast to a higher 1, might
be more instrumental for surgical patient selection as it
largely represents acute spinal cord pathology with no
prospect of improvement if left untreated.’” Nevertheless, if
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Figure 5. Meta-analysis for correlation between preoperative MD and recovery rate. (A) Preoperative MD and recovery rate. (B)
Preoperative MD and recovery rate, grouped by age. (C) Preoperative MD and recovery rate, grouped by F/U duration.

preoperative FA only correlates with myelopathy severity
and not the recovery rate in certain age groups, an in-depth
comprehension of how this relationship might exist or alter
preoperatively—a matter beyond the scope of this review—
is warranted. While we posit that patients with mild

myelopathy and higher preoperative FA values are more
likely to benefit from either conservative management or
surgery, the absence of a definitive relationship between
pre-operative DTI parameters and baseline clinical and
myelopathy measures still requires addressing.
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Figure 6. Meta-analysis for correlation between preoperative ADC and recovery rate. (A) Preoperative ADC and recovery rate. (B)
Preoperative ADC and recovery rate, grouped by age. (C) Preoperative ADC and recovery rate, grouped by F/U duration.

Moreover, our review uncovered that FA was correlated
with AJOA or AmJOA in studies with follow-up periods
exceeding 6 months, but not in shorter follow-ups. Despite the
fewer number and smaller sample size of short follow-up

studies, this observation intimates that certain effects of de-
compression for DCM materialize over more extended post-
operative periods. Hence, while FA might not forecast my-
elopathy alterations in the short term, they remain beneficial in
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Figure 7. Meta-analysis for correlation between preoperative AD and recovery rate. (A) Preoperative AD and recovery rate. (B)
Preoperative AD and recovery rate, grouped by age. (C) Preoperative AD and recovery rate, grouped by F/U duration.
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Figure 8. Meta-analysis for correlation between preoperative RD and recovery rate.

gauging longer, or potentially final, surgical outcomes in these
patient cohorts.

In previous studies, no correlation was identified between
canal diameter and surgical outcomes using CT scans, nor was
any relationship found between post-operative measurements
and clinical outcomes.*® Moreover, while MRI stands as the
gold standard for investigating degenerative changes in the
cervical spine, its limitations include a lack of correlation
between imaging findings and symptom severity.*° Thus, the
present study is the largest study that signals DTI as a
promising alternative for improved imaging predictors of
surgical outcome. Notably, even though studies from as early
as 2012 pointed toward this correlation, the collective sample
size remains constrained for this prevalent condition of DCM,
thereby allowing only a few DTI parameters to be explored in
a quantitative meta-analysis.

The employment of DWI to assess the white matter of the
brain and spinal cord has garnered increased traction,
leveraging the movement of water molecules as the primary
contrast mechanism."” DTI, exploiting DWI in a multi-
directional approach to gauge both the directionality and
diffusivity of water molecules, has evidenced efficacy in
predicting patient symptom severity and surgical
outcomes,28-30:32:33.40 ADC, FA, and MD emerge as the most
frequently assessed parameters in DTI for evaluating the in-
tegrity of the cord and nerves, with our research providing
robust evidence supporting this assertion.

There is some evidence to suggest that higher preoperative
FA values and lower ADC values are prevalent among patients
exhibiting optimal responses to surgery.>>*® Nevertheless,
assessing these parameters poses notable challenges, partic-
ularly when the exact region of interest (ROI) in the com-
pressed spinal cord is difficult to pinpoint.** Consequently, 1
study identified the fiber tract (FT) ratio—calculated as (the
number of fibers at the compressed level)/(number of fibers at
the C-2 level) x 100%—as a superior alternative in terms of
consistency and reproducibility.”® Regrettably, although a
limited number of studies have measured FT or regions other
than the maximal compression level (MC), they could not be

utilized in the meta-analysis, underlining that these ROIs
necessitate further examination in subsequent studies.

The utility of preoperative DTI values as a predictor is
getting more apparent, but It’s Imperative to discern the extent
of signal loss due to reversible vs irreversible spinal cord
injury and to further investigate the hypothesis that certain FA
thresholds, alongside baseline functions, dictate recovery
potential post-surgery.'? Furthermore, it’s crucial to recognize
that cut-off values of FA for predicting good surgical out-
comes and recovery rates can vary.”* However, previous
studies found a significant association between preoperative
FT ratio and JOA and mJOA recovery rates,”>**>> of which 1
proposed an FT ratio below 60% could be equated to a poor
recovery rate.”? In a long follow-up study, the authors found
no significant correlation between FA value and AmJOA
between 2- and 3-years follow-up.** This suggest that 2 years
after surgery, patients may likely reach their maximum clinical
recovery.’’ Also, at follow-up, the FA value may slightly
decrease and ADC increase, and natural aging and degener-
ation in the cervical cord has proposed to be cause of these
changes.***' The strength of prediction for FA value was
estimated to 66.7% and for ADC value 28.7%,*" indicating
that only in 66.7% of cases, postoperative mJOA scores could
be accurately predicted based on preoperative FA values.*

A notable finding in the existing literature is a discord between
baseline clinical severity, as demarcated by the mJOA score, and
DTI metrics.'>*' Severino et al identified that the correlation
between preoperative FA value and postoperative mJOA alter-
ations was only statistically significant at a 1-year follow-up.*?
While preoperative FA values have been routinely linked with
predicting surgical outcomes®****? the correlation between
postoperative DTT metrics, including FA and Mean Diffusivity
(MD) values, and postoperative spinal cord neural status remains
elusive. Various studies indicate a correlation®>*** while others
contest it. Discrepancies might be attributed to postoperative
neurological improvements, notwithstanding observable alter-
ations in the pathological spinal cord tissue status visualized via
DTI. Alternatively, neurological status recovery post-
decompression surgery may be ascribed to
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electrophysiological improvements.>'** The systematic review
and meta-analysis conducted herein aims to elucidate this
multifaceted relationship, offering refined insights that amplify
the existing literature. Our findings augment understanding of the
interaction between preoperative DTI parameters and surgical
outcomes, bolstering the foundation for clinical decision-making
in managing DCM patients.

Although FA is vital in predicting outcomes, other clinical
assessment scores, such as the Neck Disability Index (NDI) and
SF36, exhibit variable correlations with DTI metrics in certain
studies'>*® Importantly, the NDI is not a myelopathy scale.
Zhang et al found no significant correlation between FA value
and NDI either preoperatively or postoperatively.** Conversely,
Arima et al correlated DTI metrics with the Neurosurgical
Cervical Spine Scale (NCSS) and found a significant correlation
between MD-z and preoperative NCSS scores; higher MD-z
correlated well with higher NCSS scores, suggesting MD-z may
decrease concomitantly with the severity of cervical myelopathy.
However, no significant correlation was found between FA-z and
preoperative NCSS scores. Exploring other advanced MRI
techniques, such as magnetization transfer, myelin water fraction,
magnetic resonance spectroscopy, functional MRI, and cere-
brospinal fluid analysis using cine MRI, may unearth further
insights into measuring spinal cord neurodegeneration at both
microstructural and functional levels.***’

This systematic review illuminates pivotal insights into the
correlation between pre-operative DTI parameters and subse-
quent surgical outcomes in DCM) patients. Significantly, FA and
ADC emerge as crucial markers, particularly implicating FA’s
substantial correlation with postoperative outcomes, especially in
patients below 65 years. Though our findings carve a pathway
toward better predictive surgical models and nuanced patient-
specific intervention strategies, the constrained sample sizes and
complexity of existing studies necessitate further, robust inves-
tigations. Future endeavors should delve deeper, harnessing
additional advanced MRI techniques, to comprehensively un-
ravel the intricate relationship between spinal cord neuro-
degeneration, DTI parameters, and surgical outcomes, thereby
refining and fortifying the predictive capabilities of pre-operative
evaluations in DCM management.

Limitation

This systematic review experienced several restrictions,
warranting careful interpretation of the findings. Firstly, our
quantitative pooling and meta-analysis were solely reliant on
FA, ADC or MD, despite the existence of additional DTI
indices. While these additional indices were evaluated, the
paucity of studies precluded the formation of robust quanti-
tative conclusions.

A significant limitation within the existing literature is the
lack of research using multivariate analysis to determine if FA,
or comparable metrics, can predict outcomes such as alter-
ations in mJOA/JOA or the recovery rate, even after ac-
counting for baseline neurological conditions. While there’s a

robust association between FA and pre-operative JOA/mJOA,
patients with initial lower JOA/mJOA scores frequently dis-
play marked post-operative improvement, yet may still have
comparatively lower JOA/mJOA scores post-surgery. This
suggests that the meta-analyses discussed in this review could
be affected by baseline JOA/mJOA values. Secondly, the
meta-analysis exclusively incorporated JOA, mJOA, and re-
covery rate as outcome measures due to the sufficient research
available for these specific metrics. Even though these are
validated metrics for appraising myelopathy, embracing other
patient-reported outcomes, such as quality-of-life measures,
may provide a more holistic view of patient experiences post-
surgery. Thus, a palpable gap exists, signaling the necessity for
further exploration into the correlation between DTI param-
eters and quality-of-life outcomes.

Additionally, the review highlighted that studies have
employed various levels and ratios in measuring DTI in-
dices, yet there remains an absence of a definitive recom-
mendation regarding the optimal level for measurement.
This inconsistency in measurement levels across studies
introduces variability that could influence the comparative
and pooled analyses, necessitating a standardized approach
in future research.

Furthermore, there is an extant hypothesis suggesting a
potential reversal in the correlation between DTI parameters
and clinical severity at certain junctures following the initial
pathology in the CNS.*’ This review, however, was unable to
substantiate or refute this hypothesis, albeit an attempt to
mitigate this limitation was made by conducting the meta-
analysis predicated on follow-up duration. This underscores
an imperative for future research to delve deeper into this
hypothesis, offering clarity and additional dimensions to the
understanding of DTI parameters in the context of CNS
pathology.

Conclusion

DTl is a useful noninvasive evaluation tool that is quantifiable
and easy to measure and can be employed in patients with
DCM. DTI shows promise for becoming an integral part of the
diagnostic imaging work-up for DCM. Although DCM re-
mains a clinical diagnosis, DTI may add value in assessing
disease severity and influence the treatment plan. The ad-
vantage of this imaging is that it gives objective data, which
removes interobserver variability in interpretation of the
conventional MRI.
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