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The mean kurtosis (MK) is more sensitive
diagnostic biomarker than fractional anisotropy
(FA) for Parkinson’s disease

A diagnostic performance study and meta-analysis

Songtao Huang, MD?, Yanchao Dong, MDP @, Jiaying Zhao, MD®*

Abstract
Background: The mean kurtosis (MK) and fractional anisotropy (FA) in patients of Parkinson’s disease (PD) are usually meas®
by diffusion kurtosis imaging (DKI) and diffusion tensor imaging (DTI), separately.

Methods: In this study we perform a meta-analysis to discuss which noninvasive biomarker is more advantageous for PD, MK,
or FA. Databases including Medline via PubMed, the Cochrane Central Register of Controlled Trials, Embase via OVID and China
National Knowledge Infrastructure. Databases are searched up to December 31st, 2019. Four brain regions are identified for
analysis based on data extracted from articles.

Results: The articles contain 5 trials with 274 total PD patients and 189 healthy controls (HCs). The results show not only
significantly higher MK values of putamen, caudate, globus pallidus in PD compared to that of HCs (weighted mean difference
[WMD] = 0.06, 95% CI = 0.02-0.09, P =.002, WMD = 0.03, 95% CI = 0.01-0.067, P =.01, WMD =0.18, 95% CI = 0.11-0.24,
P < .00001), but also a significantly higher FA in caudate of PD compared to HCs (WMD = 0.02, 95% CI = 0.00-0.03, P = .006).

Conclusion: This indicates that the sharp difference detected between PD patients and HCs can be detected by DKI and DTI.
By further discussing results, we found that MK could be more sensitive diagnostic biomarker than FA toward PD diagnosis.

Abbreviations: DKI| = diffusion kurtosis imaging, DTl = diffusion tensor imaging, FA = fractional anisotropy, HCs = healthy
controls, MK = mean kurtosis, MR = magnetic resonance, PD = Parkinson’s disease, ROI = region of Interesting, SN = substantia

nigra, WMD = weighted mean difference.
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1. Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease worldwide. Major pathology change of
PD is a progressive degeneration of dopaminergic neurons in
the substantia nigra (SN), which results in a dopamine deple-
tion in the striatum.!"! Moreover, due to the impairment in the
dopaminergic neurotransmission, profound functional abnor-
mity occur in the input and output structures of the basal
ganglia.l?!

Owing to the close relationship between PD and the neu-
rodegeneration in SN and basal ganglia,’®’ magnetic resonance
(MR) imaging can be used to measure structural alterations of
PD patients, and may serve as sensitive and noninvasive bio-
markers.¥! Current MR imaging technology has made possi-
ble the in vivo assessment of white matter integrity by means
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of diffusion tensor imaging (DTI).>¢l This technique allows
one to accurately and quantitatively measure fiber bundles
Fractional anisotropy (FA). In recent years, a number of studies
have shown that FA in the SN of early-stage PD patients is
decreased.”! However, DTI can result in several errors under-
estimating diffusion anisotropy in the DTI metrics of white
matter when voxels include heterogeneous nerve tracts, such
as crossing, diverging, and kissing fibers, which may reduce
its accuracy in detecting pathological changes.”®! To overcome
this issue, diffusion kurtosis imaging (DKI) has been applied
recently."!

DKI is an improved DTI technique and is more capable of
detecting microstructural changes of tissues compared with
DTI technique. Mean kurtosis (MK) is a major parameter of
DKI"Y MK values are closely related to gray matter structure.
When gray matter structures are more complex, MK values
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generated from DKI are higher.'Yl Studies involving DTI and
DKI for PD diagnosis in Taiwan have shown that the MK index
has higher diagnostic efficiency than the FA index. However, it
remains unknown whether or not the phenomenon is the same
in the population of all over the world.['?! The objectives of
this meta-analysis are to summarize all available evidence from
studies on the application of MK and FA for the evaluation of
neurodegeneration in SN and basal ganglia, to discuss which
noninvasive biomarker is more advantageous for Parkinson’s
diagnosis.

2. Methods

2.1. Literature search strategy

Literature related to PD and DKI are searched in 4 data-
bases including Medline via PubMed, the Cochrane Central
Register of Controlled Trials, Embase via OVID and China
National Knowledge Infrastructure, dated till December 31st,
2019. The keywords for PD and DKI are “Parkinson disease,”
“Parkinson’s disease,” “Parkinsons disease,” “Parkinsonian”
or “PD” and “diffusion kurtosis imaging,” “DKI,” “mean kur-
tosis,” or “MK” respectively. The study is approved by the
Ethics Committee of Qinhuangdao Municipal No. 1 Hospital
(202101A141).

2.2. Study selection

Based on the keywords, titles and abstracts of the identified pub-
lications are screened. Following an exhaustive examination of
the literature contents, articles are included according to our
selection criteria: population (idiopathic PD patients), com-
parators (individuals free of neurological disorders), outcome
measurement (MK and FA values of multiple brain regions),
and language (articles written in English or Chinese). The study
focused on the application of MK and FA to evaluate the degree
of lesions in PD patients SN and basal ganglia. Therefore, all
studies must be randomized controlled trial researches and pro-
vide the values of MK and FA, all subjects of papers must be
person, SN and basal ganglia must be selected as region of inter-
esting (ROIs), and the basal ganglia is subdivided into 3 groups
(putamen, caudate, and globus pallidus).

2.3. Data extraction

The literature search and data extraction are conducted by 2
researchers independently. In the case of a dispute, a third inves-
tigator is included to discuss and reach an agreement. Apart
from MK and FA measures the following data is extracted from
the publications if available: sample size, age, sex, PD diagno-
sis, scanner make, MR field strength, MR method type, num-
ber of diffusion gradient directions, motion and eddy current
correction and method of ROI placement. Assessment of the
detailed information is listed in Table 1. As shown in this table,
the disease severity (Hoehn and Yahr stage or unified PD rating
scale) is not provided by all the included studies. Therefore, we
don’t include the disease severity as a source of variance in the
analysis.

In case of visual identification and manual outlining of the
SN, caudate, putamen and globus pallidus the method of ROI
placement is classified as “manual.” In case of manual identifi-
cation and automated digital boundary detection by changes in
gradients or manual identification by using connectivity mea-
sures the ROI placement was classified as “semi-manual.”

Where available, mean and standard deviation measures of
MK and FA are extracted. To allow comparability within the
meta-analysis the mean MK and FA over all 4 regions is calcu-
lated. Also, for the purpose of the meta-analysis, the averaged
results of subdivided ROI measures of this study are included.

Characteristics of the 5 studies included for meta-analyses.
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2.4. Quality assessment

The Newcastle-Ottawa Scale is employed to assess the qual-
ity of the chosen studies. This tool classified studies in 3 broad
perspectives: selection of the study groups, comparability of
the groups, and ascertainment of either exposure or outcome
of interest for the studies. Semi-quantitative measurement using
a star system assesses the quality of study. The highest quality
studies can get a maximum of 9 stars. For further details see the
supplementary material in Table 2.

2.5. Statistical analysis

Five MRI analysis articles are eventually selected for our
meta-analysis. Means, standard deviations, and the number
of samples are extracted in each study. Meta-analyses are con-
ducted within the studies of the same brain region. All of the
analyses are performed using Review Manager 5.2 for Windows.
A 2-tailed P value <.05 is considered statistically significant.
Weighted mean difference (WMD) is regarded as an effect size.
Q-statistics and Chi? are used for assessing the heterogeneity. A
random effects model is applied when heterogeneity is found
by Q-statistics or when P > .05. A fixed effects model is applied
otherwise. The diagnostic efficacy of MK and FA are evaluated
by ROC curve analysis, and the area under the ROC curve is
calculated. When the area under the curve is 0.5 to 0.7, the diag-
nostic accuracy is low, when the area is 0.7 to 0.9, the diagnostic
accuracy is medium, and when the area is greater than 0.9, the
diagnostic accuracy is high. Test level is o = 0.05.

2.6. Patient and public involvement

No patients were involved in the design, recruitment or conduct
of the study. The results of this review will not be disseminated
to patients included in the trials of the review.

3. Results

3.1. Search results

The initial search using the keywords as described in the
method section returns a total of 43 articles (See Flow Diagram
for details). A subsequent screening of the titles and abstracts
reduces the number to 42. Following an exhaustive examina-
tion of the contents, 12 articles are excluded according to the
selection criteria detailed in the method section. Out of 12
reviewed articles are excluded for the following reasons: 4 pub-
lications because of the MK values are not measured, 2 publi-
cations because of the studies are reviews or meta-analysis, 2
publications because of the subjects are rats or mice, 2 publi-
cations because of white matter tracts are studied, 1 publica-
tion because of healthy control (HCs) is missed, 1 publication

Assessment of study quality: A = adequate definition of case,

B = representativeness of cases, C = selection of control,

D = definition of control, E = control for important factor or
additional factor, F = exposure assessment, G = same method of
ascertainment for cases and controls, H = nonresponse rate.

Quality indications of Newcastle-Ottawa scale

Article A B C D E F G H Total
Zhang et al 0 1 0 1 2 1 1 1 7
Wang et al 0 1 0 1 1 1 1 1 6
Surova et al 0 1 0 1 2 1 1 1 7
Sunetal 0 1 1 1 2 1 1 1 8
Gao et al 0 1 1 1 1 1 1 1 7

www.md-journal.com

because of the values of MK is not normal distribution. Of the
5 articles being selected that report MK and FA value, 1 of them
only studies the region of SN, 1 misses the region of globus
pallidus. The disease comorbidity and diagnostic performance
of the cohorts of these 23 studies are summarized in Table 1.

3.2. Quality assessment

Quality assessment by Newcastle-Ottawa Scale suggests 4-stars
or above out of a maximum of 9 for all of the 5 publications.
The detailed quality assessment is listed in Table 2.

3.3. The comparison of MK and FA values in defined brain
regions

Five articles are included in the MK subgroup of meta-analyses
in 4 brain regions. The total subject numbers are 314 (SN), 319
(putamen), 319 (caudate), and 170 (globus pallidus). The num-
bers of subject in the FA subgroup are 467 (SN), 319 (putamen),
319 (caudate), and 170 (globus pallidus), respectively.

3.4. Substantia nigra

In the SN of PD subjects, the MK value is elevated (WMD = 0.11,
95% CI=0.09-0.12, P <.00001), but the heterogeneity is quite
obvious (y*=45.34, P <.00001; Fig. 1A). Results of a sensitiv-
ity analysis ascribes the heterogeneity to the studies of Gao et
al and Sun et al, as exclusion of them reduces the heterogeneity
(¥*=7.18,P =.007; Fig. 1B) (WMD = 0.13,95% CI = 0.11-0.14,
P <.00001). Even if the above 2 groups of studies are excluded,
there is a relatively high heterogeneity. Subsequent meta-analysis
cannot demonstrate a significant MK changes in the SN.

In addition, 5 studies reported nigral FA changes induces by
PD that show a significant FA reduction in SN of PD patients
with an estimated WMD of -0.05 (95% CI = -0.06, -0.04,
P <.00001; Fig. 1C). A high level of heterogeneity is recorded
(x> =66.27, P <.00001). When we remove the study of Wang
et al and Zhang et al, the heterogeneity is acceptable (y*> = 3.16,
P =.21). Unfortunately, the nigral FA is no difference between
the PD and control group (P = .25; Fig. 1D).

3.5. Putamen

For putamen, the MK values are also elevated (WMD = 0.06,
95% CI=0.03-0.09, P <.0001), there is also a high degree of
heterogeneity (x> = 44.20, P < .00001; Fig. 1E). When the article
of Wang et al and Surova et al are removed based on sensitiv-
ity analysis, we still observed an increase of the values of MK
in the putamen (WMD = 0.06, 95% CI = 0.02-0.09, P = .002)
(x*=0.14, P = .71, Fig. 1F).

There’s a difference in the results of subgroup analysis for
the FA in putamen, yet. Although the FA of PD is significantly
lower than the control group (WMD =-0.01, 95% CI=-0.02
to -=0.01, P =.001), but also there is significant heterogeneity
(x> =18.99 P =.003; Fig. 1G). On the one hand, Surova and
Gao et al publications cover the obvious FA reduction in PD
group (WMD =-0.03, 95% CI=-0.04 to -0.02, P <.00001;
x> =0.47, P =.50; Fig. TH). On the other hand, the results no
significant difference of FA changes is observed in the subgroup
analysis for the studies of Wang et al and Sun et al (WMD = 0.01,
95% CI=0.00-0.03, P=.15; »*=0.11, P =.73; Fig. 1I). In a
word, this meta-analysis document a no significant difference on
FA changes in PD group.

3.6. Caudate

Similar to putamen, significant heterogeneity is detected in
the caudate group, which are attributed to Gao et al and
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Flow Diagram. Flow Diagram describing the selection process of articles retrieved from initial literature search. CENTRAL = Cochrane Central Register of

Controlled Trials.

Wang et al as determined by a sensitivity analysis (y* = 18.71,
P =.0003; Fig. 1]). Although there is an increase of the MK
values (WMD = 0.05, 95% CI = 0.03-0.07, P <.00001). Meta-
analysis after exclusion of the above 2 papers shows a significant
increase of MK (WMD = 0.03, 95% CI=0.01-0.06, P =.01)
(x*=0.02, P = .88; Fig. 1K).

Among the 4 studies that have reported FA changes, no
changes of significant differences are documented on DTT mea-
surements (FA) between the PD patients and HCs (WMD = 0.01,
95% CI=0.00-0.01, P=.24) (¥*=10.19, P =.02; Fig. 1L).
When the value of x? is reduced to 2.16 (P = .34), the meta-anal-
ysis of 3 studies also indicate significance with an estimated
WMD of 0.02 (95% CI = 0.00-0.03, P = .006; Fig. 1IM).

3.7. Globus pallidus

Results of analyses suggests an increase of the MK values in the
globus pallidus (WMD =0.07, 95% CI=0.03-0.12, P =.001).
Due to the removal of the article of Gao et al, the heterogeneity

has dropped significantly from (x> = 18.83, P <.0001; Fig. 1N) to
(* = 2.29, P = .13; Fig. 10). Despite of a high heterogeneity, there
are studies that shows a significant increase in MK values in the
globus pallidus (WMD = 0.18,95% CI = 0.11-0.24, P < .00001).

The changes of FA are not significant difference between
the PD patients and HCs (WMD =0.01, 95% CI=-0.02
to 0.03, P=.62) (x> = 8.31, P =.02; Fig. 1P). And in order to
induce the heterogeneity, the article of the Gao et al is deleted
(x* = 0.01, P = .94). However, this meta-analysis also fail to cer-
tify that significant change of FA values in PD globus pallidus
(WMD = -0.03, 95% CI = -0.06 to 0.00, P = .07; Fig. 1Q).

The above results are summarized in detail in Figure 1 and
Table 3.

3.8. Comparison the efficiency of MK and FA in PD
diagnosis

For the MK value, the results show that the area under
ROC curve is 0.713 (P =.047), and diagnostic accuracy is
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Figure 1. Forrest plot of subgroup analysis for MK and FA changes of PD. FA = fractional anisotropy, MK = mean kurtosis, PD = Parkinson’s disease.

moderate. The value cutoff is 0.891, and the corresponding
sensitivity and specificity are 46.7% and 100%, respectively.
And for the FA value, the results show that the area under
curve is 0.516 (P = .880), and diagnostic accuracy is low. The
value cutoff is 0.311, and the corresponding sensitivity and
specificity are 56.3% and 62.5%, respectively. See Figure 2
for details.

4. Discussion

DTI is widely used as an MRI technique in early diagnosis
of PD, however, it is controversial that whether DTI is able
to distinguish between patients and HCs. Cyril’s research
believed that DTI is a sensitive method to study PD patho-
physiology and severity.['3! But some studies have found the
opposite that the FA of SN is not a diagnostic biomarker
of PD.'* Although traditional DTI assumes that water
molecules display Gaussian diffusion in a hindered and

unrestricted environment, in biological structures, they are
restricted by cell membranes or organelles and thus often dis-
play non-Gaussian diffusion.!'"”! Therefore, the sensitivity of
DTT is limited by the diffusional and microstructural proper-
ties of biological structures.

Because kurtosis is a measure of the deviation of the diffusion
profile from a Gaussian distribution, DKI quantifies the degree
of diffusional non-Gaussian or tissue complexity. Therefore,
DKI would appear adequate for analyzing the structure of the
human brain.!’!

The MK value of DKI is more valuable for diagnosing
pathologic changes of isotropic structures, such as gray mat-
ter, than the FA value because of the independence on the
spatial direction of structures. Because the most significant
pathologic changes in PD patients occur in the SN and basal
ganglia, MK values in the gray matte applies to the diagnosis
and evaluation of PD maybe more sensitive than FA values.
This meta-analysis also find significantly higher MK values in
the basal ganglia of PD patients over HCs, but the significant
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variables of FA values only appears in caudate, no statisti-
cal differences in other 3 brain regions. By means of analyses
of heterogeneity, sensitivity, an obvious variation in results is
found in the meta-analysis for PD-induced MK changes, so
performed a measurement of MK in basal ganglia that could
be a potential surrogate, noninvasive marker for precise diag-
nosis of PD. Combined with the results of comparative study
of the accuracy of MK and FA, the accuracy of MK is higher
than that of FA. So, the FA values may be slightly inferior to
the MK in the diagnosis of PD.

The results show that the MK values of PD group were sig-
nificantly higher than the control group, including putamen,
caudate, globus pallidus. The observed increase in kurtosis
and the absence of significant changes in mean diffusivity
seem to suggest a distribution of water diffusion that peaks
at the center and has heavier tails, even though the variance
is maintained. This possibility can be related to neuronal
loss and glial proliferation in the basal ganglia as a result of
enlarged structural complexity.'® Because the more complex
the brain structure, the higher the MK value.'Y! Therefore,
the MK value is elevated in the lesion area. However, further

studies are needed to shed more light on the mechanisms
underlying the changes of MK in the basal ganglia of patients
with PD.

Some studies have shown that MK values in the SN may
reflect the severity of disease, the more serious the lesions,
the higher the MK values.l'”! This meta-analysis found
that increase in MK values in SN is not significant due to
the high heterogeneity. It can be caused by increased iron
content in the SN, which can reduce the signal-to-noise
ratio.l'8! In addition, the volume of SN is much smaller
than other nuclei. It can even be divided into pars compact
and pars reticulate, and the lesions of PD are mainly in the
SN pars compacta that the volume is smaller."”! Therefore,
there may be errors when researchers choose the ROI,
and consequently induce an inaccurate in kurtosis value
measurement.

Our study has a number of limitations. There is less research
on the diagnosis of PD using DKI, this leads to greater heteroge-
neity of the studies and inaccurate results. Moreover, the sample
size of each study is so small, these are where researchers will
need to work in the future.
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5. Conclusion

Our meta-analysis aims at providing a quantitative evalu-
ation of structural brain changes associated with PD. We
show that the value of MK is particularly relevant for
subcortical areas (lesions in the putamen, caudate, globus
pallidus). DKI evaluation of structural lesions remains dif-
ficult, due to the variability in PD pathophysiology and
MRI acquisition parameters (e.g., artifacts and nature of
the ROI). However, our meta-analysis and literature review
contributes to significantly increasing our knowledge of PD
pathophysiology. It also addresses the interesting possibil-
ity of follow-up of the disease severity and associated brain
structural modulations using in vivo imaging. From our
review and meta-analysis, we can summarize the following
points: the MK value in putamen, caudate, globus pallidus
could participate to the diagnosis of PD, it is a more sensi-
tive diagnostic marker than the FA value; MK in SN maybe
a good indicator to identify PD patients, but more research
is needed to prove this point. Despite some limitations, DKI
appears as a sensitive method to study PD pathophysiology

and severity. The association of DKI with other MRI meth-
ods (VBM; generalized autocalibrating partially parallel
acquisition; Diffusion Spectrum Imaging) should be consid-
ered to study brain alterations in PD.
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Figure 1. Continued
Table 3
x stands for no difference;  stands for difference.
MK FA
Subgroup WMD 95% Cl P Results WMD 95% CI P Results
SN 0.13 0.11-0.14 <.00001 X -0.01 —-0.02t0 0.01 .25 X
Putamen 0.06 0.02-0.09 .002 v 0.01 0.00t0 0.03 15 X
Caudate 0.03 0.01-0.06 .01 \ 0.02 0.00t0 0.03 .006 v
Globus pallidus 0.18 0.11-0.24 <.00001 v -0.03 —0.06 to 0.00 .07 x

Cl = confidence interval, FA = fractional anisotropy, MK = mean kurtosis, SN = substantia nigra, WMD = weighted mean difference.
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Figure 2. Solid line represents MK value and dotted line represents FA value.
A = fractional anisotropy, MK = mean kurtosis.
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