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ORIGINAL RESEARCH
PEDIATRICS

Asymmetry Matters: Diffusion Tensor Tractography of the
Uncinate Fasciculus in Children with Verbal Memory Deficits

S.A. Mohammad, N.H. Nashaat, A.A.M.B. Okba, A. Kilany, A.S. Abdel-Rahman, A.M. Abd-Elhamed, and
E.R. Abdelraouf

ABSTRACT

BACKGROUND AND PURPOSE: Verbal declarative memory performance relies on frontotemporal connectivity. The uncinate fasciculus
is a major association tract connecting the frontal and temporal lobes. Hemispheric asymmetries contribute to various cognitive and
neurobehavioral abilities. Here we investigated microstructural alterations and hemispheric asymmetry of the uncinate fasciculus and their
possible correlation to memory performance of children with learning disorders attributed to verbal memory deficits.

MATERIALS AND METHODS: Two groups of right-handed children with learning disorders attributed to verbal memory deficits and
typically developing children (n ¼ 20 and 22, respectively) underwent DTI on a 1.5T scanner. Tractography of the uncinate fasciculus
in both hemispheres was performed, and fractional anisotropy and diffusivity indices (radial diffusivity, axial diffusivity, and trace)
were obtained. The asymmetry index was calculated. Verbal memory was assessed using subsets of the Stanford Binet Intelligence
Scale, 4th edition, a dyslexia assessment test, and the Illinois test of Psycholinguistic Abilities. Correlation between diffusion metrics
and verbal memory performance was investigated in the learning disorders group. Also, hemispheric differences in each group
were tested, and between-group comparisons were performed.

RESULTS: Children with learning disorders showed absence of the normal left-greater-than-right asymmetry of fractional anisotropy and
the normal right-greater-than-left asymmetry of radial diffusivity seen in typically developing children. Correlation with verbal memory
subsets revealed that the higher the fractional anisotropy and asymmetry index, the better the rapid naming performance (P ,.05) was.

CONCLUSIONS: These findings demonstrated microstructural aberrations with reduction of hemispheric asymmetry of the uncinate
fasciculus, which could disrupt the normal frontotemporal connectivity in children with learning disorders attributed to verbal
memory deficits. This outcome gives more understanding of pathologic mechanisms underlying this disorder.

ABBREVIATIONS: AD ¼ axial diffusivity; AI ¼ asymmetry index; FA ¼ fractional anisotropy; LD ¼ learning disorder; RD ¼ radial diffusivity; UF ¼ uncinate
fasciculus; TDC ¼ typically developing children; VMD ¼ verbal memory deficits

Memory is considered a critical component of the learning pro-
cess. Children rely on their memory for acquiring and proc-

essing new information, which is needed for proper school
performance.1 Verbal memory is concerned with the processing of
language and verbally presented information. A higher proficiency
at verbal memory–related tasks was found to be associated with

better educational outcomes. Verbal memory was reported to be de-
fective in children with various types of learning disorders (LDs).2,3

Different brain systems have been found to control different
types of memory. Connections between diverse brain regions are
essential for the process of encoding memory, in addition to its
consolidation and retrieval.1,4 Verbal declarative memory is
thought to rely primarily on medial temporal lobe structures
including the hippocampus. Functional neuroimaging studies
have found that the left medial temporal lobe supports the ability
to encode verbal information with activation of the left hemi-
spheric prefrontal regions during semantic retrieval.5,6 Increased
memory performance has been correlated with elevated functional
connectivity between the temporal lobes and prefrontal cortex.7

Moreover, the 2 cerebral hemispheres were found to have func-
tional and anatomic asymmetries that contribute to cognitive and
neurobehavioral abilities; this hemispheric lateralization of func-
tion was found to be associated with increased cognitive ability.
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Aberrations in hemispheric asymmetries have been reported in
dyslexia, autism spectrum disorder, and schizophrenia.8-12

The uncinate fasciculus (UF) is a long association tract con-
necting the inferior frontal and mesial temporal lobes (regions
that are implicated in encoding and retrieval of verbal memory).
Left hemispheric dominance of the UF has been reported in
healthy individuals.13-16 In developing children and adolescents,
the proficiency of verbal memory performance has been linked to
white matter integrity of the left UF in DTI studies.17,18

Furthermore, DTI has been used to explore the correlations
between white matter microstructure and different aptitudes
reflecting cognitive performance, not only in typically developing
children (TDC) but also in children with other neuropathologic
conditions such as temporal lobe epilepsy and traumatic brain
insult.12,19-22 In addition, frontotemporal connectivity has been
investigated using DTI in schizophrenia, dementia, and bipolar
disorder, which are known to be associated with memory defi-
cits.8,15,23 However, to the best of our knowledge, there were no
prior reports investigating frontotemporal connectivity and hem-
ispheric asymmetry in children with LDs manifesting verbal
memory deficits (VMD) without reading or writing disorders.

We hypothesized that frontotemporal connectivity expressed
by UF integrity and hemispheric asymmetry might be altered in
children with LDs manifesting VMD compared with TDC. To
test this hypothesis, we investigated microstructural alterations of
the UF in terms of fractional anisotropy (FA) and diffusivity indi-
ces using DTI. In addition, we tested the correlation between DTI
markers and verbal memory performance in children with LDs.

MATERIALS AND METHODS
Participants
The study was conducted after approval of the ethics committee. A
cross-sectional study included a convenient sample of children
with poor scholastic achievement, which was related only to VMD.
They were diagnosed as having an LD with executive functioning
deficits, which included memory performance.24 They were visit-
ing the Learning Disability and Neurorehabilitation Research
Clinic at the Medical Research Center of Excellence, National
Research Center. In addition, control subjects were recruited from
the patients’ relatives. They included age- and sex-matched TDC,
having the same social and ethnic origins. All participants were
right-handed, native Arabic speakers, enrolled in the national edu-
cational system. Children with impairment in reading and writing
and dyscalculia, sensory deficits, intellectual disability, associated
neuropsychiatric disorders, or abnormalities on electroencephalog-
raphy were excluded from the study group. Control subjects with a
history of developmental language disorders, delayed developmen-
tal milestones, or having received language therapy sessions in
early childhood were excluded as well. Also, any participant with
contraindications to MR imaging was excluded.

A total of 45 subjects were initially included. Three subjects
were excluded due to poor image quality. Finally, 20 children
with LDs related to VMD and 22 TDC (matched in age, sex, and
handedness) were enrolled in the study. The age of children in
both groups ranged from 7 to 11 years; the mean ages were 9.3
(SD, 1.3) years and 9.1 (SD, 1.3) years for cases and control
groups, respectively.

Clinical Measures
The aptitudes of the children with LDs were evaluated by the
Arabic version of the Stanford-Binet Intelligence Scale, 4th edi-
tion, for intelligence quotient assessment,25 the Arabic Dyslexia
Assessment Test,26 and the Arabic version of the Illinois Test of
Psycholinguistic Abilities.27 The items that represented verbal
memory in these tests were rapid naming, semantic fluency of the
Arabic Dyslexia Assessment Test (representing long-term mem-
ory), the Digit Span Backward (representing working memory),
and the Auditory Sequential Memory Test of the Illinois Test of
Psycholinguistic Abilities (representing short-term memory).
The higher the scores of rapid naming, the worse the perform-
ance of this subtest was. The opposite applied to the other
subtests in which higher scores were associated with better
performance.

MR Imaging Protocol
All children were scanned with a 1.5T scanner (Achieva; Philips
Healthcare) using an 8-channel sensitivity encoding head coil
(sensitivity encoding acceleration factor of 8). The DTIs were
acquired in 32 noncollinear directions along with baseline B0
images using a single-shot echo-planar sequence. Axial images
were acquired parallel to the anterior/posterior commissure line
with a 2-mm section thickness. The FOV was 230 � 230mm,
and in-plain resolution was 2.5� 2.5 mm2. The head position
was maintained using padding.

Image Analysis
DTI images were analyzed in Windows on a PC using DTIStudio
software (Version 3.0.3; Johns Hopkins University), produced by
this laboratory (H. Jiang and S. Mori, the Johns Hopkins Medical
Institute [http://lbam.med.jhmi.edu]). Participants with scans that
showed obvious head-motion artifacts were excluded from the
study. The raw DWIs were then coregistered to B0 images using the
Automatic Image Registration tool (AIR; https://www.nitrc.org/
projects/air/) with affine transformation and trilinear interpolation.
FA and color FA and different diffusivity indices, radial diffusivity
(RD), axial diffusivity (AD), and trace maps, were calculated in
native space.28

Tractography
Tractography was performed using the fiber assignment by contin-
uous tracking method following the previously described high-
reproducibility protocol described by Wakana et al.29 The UF was
extracted from both hemispheres using 2 manually drown ROIs
(Online Supplemental Data).29 Tractography started at FA ¼ 0.25.
It ended at FA ¼ 0.25 and a turning angle ¼ 70°. The average FA,
RD, AD, and trace were then calculated.

Moreover, the asymmetry index (AI) was calculated using the
formula (2 � [Right � Left]/[Right 1 Left]) � 100 to further
quantify the differences between the measured variables of both
hemispheres. A positive AI value indicated that the measured
variable of the right hemisphere was greater than the correspond-
ing left variable (rightward asymmetry), while a negative value
corresponded to the opposite (leftward asymmetry).11,12
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Statistical Analysis
FA, diffusivity indices (RD, AD, trace), and AI were correlated to
the raw scores of rapid naming, semantic fluency, Digit Span
Backward, and the Auditory Sequential Memory Test using the
Spearman rank correlation test. To test hemispheric asymmetry
in each group, we compared each tract value between both hemi-
spheres using a paired Student t test. All the measured FA, diffu-
sivity indices, and AI for each tract were compared between both
groups using the Student t test.

RESULTS
All participants with LDs manifested rapid naming and semantic
fluency deficits (mean raw scores: 66.2 [SD, 24.3] and 9.3 [SD, 0.9],
respectively) with intelligent quotient ranges of 89–107 (mean, 96.7
[SD, 51]). The percentage of children with deficits in the Digit Span
Backward was 65%, and in the Auditory Sequential Memory Test, it
was 35%. Correlation with clinical tests revealed a significant nega-
tive correlation between rapid naming and both FA of the right un-
cinate fasciculus and its AI (r ¼ �0.5, P = .02 and r ¼ �0.52, P ¼
.01, respectively). In other words, the higher the FA and AI, the
lower the rapid naming score was with better performance.
Otherwise, no significant statistical correlations were detected.

In TDC, the mean FA of the left UF was significantly higher
than that of the right UF (P ¼ .004), while RD, trace, and AD
were found to be significantly lower (P, . 001, P, .001, and P ¼

.016, respectively). However, in children with LDs, there was no
significant statistical difference between the right and left hemi-
spheres regarding FA or RD. On the other hand, hemispheric dif-
ferences regarding the AD and trace were still preserved (P = .04
and .03, respectively) (Fig 1 and the Table).

Compared with TDC, the AI was found to be lower in children
with LDs (Fig 2). Also, the UF of both cerebral hemispheres of the
LD group showed higher FA, higher AD, but lower trace and RD.
However, these differences failed to reach statistical significance
(Table).

DISCUSSION
Despite the existence of growing literature exploring the relation
between frontotemporal connectivity and cognitive aptitudes in
healthy subjects and individuals with neuropsychiatric abnormal-
ities,8-12 microstructural aberrations of the UF and hemispheric
asymmetry in children with LDs related to VMD have not yet
been comprehensively investigated. Our findings support the hy-
pothesis of the existence of white matter microstructural altera-
tions in terms of reduced hemispheric asymmetry in right-handed
children with LDs related to VMD, in addition to significant sta-
tistical correlations with certain verbal memory subsets. These
alterations in hemispheric asymmetry together with the correla-
tion results might be useful in understanding the pathogenesis of
VMD in children with LDs.

FIG 1. The UF asymmetries were calculated by comparing FA, RD (mm2s-1), AD (mm2s-1), and trace (mm2s-1) in both hemispheres. Rightward
asymmetry was defined as having a higher value in the right brain than in the left, while leftward asymmetry was defined as left-greater-than-
right values. The asterisk indicates P, .05; double asterisks, P, .01; triple asterisks, P, .001).
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All participants of the LD group manifested deficits in subtests
related to long-term memory, highlighting its role in the perform-
ance of these children and necessitating its targeting in the rehabili-
tation programs designed to increase performance in executive
functions. Furthermore, the percentage of participants showing
deficits in verbal working memory was more than in those having
deficits in short-term memory. Nonetheless, similar memory defi-
cits were previously reported in children with dyslexia,3 underscor-
ing the contribution of memory performance in all kinds of LDs.

The rapid naming performance showed a significant correlation
with the FA of the right UF and its AI, indicating the reliance of par-
ticipants with LDs in this study on the right-sided connections. The
more the FA and AI, the better was the performance of rapid nam-
ing. Learning and memory are complex interacting cognitive func-
tions. Declarative memory, which is a form of long-term memory,
incorporates semantic and episodic memory. Semantic memory is
considered a child’s database of knowledge about the world.30 Data
in formal educational situations in school-aged children are acquired
through direct experience and are further extended through several
processes. The latter include self-generation of new factual knowledge
via integration of information acquired in separate-yet-related epi-
sodes of new learning. These operations are related to working mem-
ory integrity. Therefore, brain structures sharing in verbal memory
processing are essential for the proficiency of learning.2

The uncinate fasciculus can be di-
vided into 3 segments (temporal, insu-
lar segment, and frontal) (Online
Supplemental Data). The temporal seg-
ment originates partly from the ento-
rhinal cortex, perirhinal cortex, and
anterior temporal lobe. The entorhinal
and perirhinal cortices are believed to be
related to episodic memory function,
object memory, and perception, respec-
tively, while the anterior temporal lobe
has been linked to semantic memory.15

While the role of the UF in object naming
and semantic processing has been pro-
posed; more recently, its role in object
naming has been suggested to be the
most relevant function.31 Furthermore,
verbal memory (as evaluated by list learn-
ing) was found to be instantly impaired
following left UF resection in 18 right-
handed individuals.32 Similarly, a decrease
in UF integrity has been associated with

semantic dementia and memory impairment in temporal lobe epi-
lepsy.12,23 Our finding of the significant correlation between the UF
and rapid naming scores enforces the previously suggested link
between them.

By means of DTI voxel-based morphometry, the UF was dis-
sected into a longer superior segment and a shorter inferior seg-
ment. The former showed a higher FA in the left hemisphere,
while the latter showed a greater FA in the right.20,33 Using diffu-
sion tensor tractography in our study, we averaged FA and diffu-
sivity indices from all voxels occupied by this tract.
Consequently, the mean values were influenced by the longer
superior portion, which was found to be left-lateralized. Leftward
asymmetry of the UF was also documented by other research
groups.8,16,20 Higher FA could reflect higher myelination and
higher fiber numbers and/or density in the left hemisphere in
TDC. Moreover, we have found that the left hemisphere had
lower diffusivity values in terms of RD, AD, and trace. RD was
found to reflect myelination, while AD reflects axonal integrity.34

In the control group (TDC), the hemispheric asymmetries of FA
and the diffusivity indices of the UF may reflect structural differences
between cerebral hemispheres. In the second and third trimesters of
gestation, structural asymmetries have been found in the Sylvian fis-
sure, the surrounding frontal operculum, and the planum tempo-
ral.33,35,36 These structural asymmetries were found to be associated

FIG 2. AIs of the UF in both groups (FA, AD, RD, and trace).

Diffusion metrics of the uncinate fasciculusa

LD TDC
Right (mean)

(SD)
Left (mean)

(SD)
P

Value
AI (mean)

(SD) Right (mean) (SD)
Left (mean)

(SD)
P

Value
AI (mean)

(SD)
FA 0.46 (0.02) 0.47 (0.02) .09 –1.58 (4.02) 0.45 (0.02) 0.46 (0.02) .004 –3.9 (5.69)
RD 5.98E-04 (3.2E-05) 5.86E-04 (2.5E-05) .06 1.95 (4.54) 6.14E-04 (3.35E-05) 5.88E-04 (3.22E-05) ,.001 4.32 (4.85)
AD 1.27E-03 (4.73 E-05) 1.26E-03 (4.09–05) .04 1.3 (2.64) 1.27E-03 (4.03E-05) 1.25E-03 (3.74E-05) .016 1.66 (3.00)
Trace 2.47E-03 (9.9E-05) 2.43E-03 (7.5E-05) .03 1.61 (3.19) 2.50E-03 (9.50E-05) 2.43E-03 (9.25E-05) ,.001 2.96 (3.24)

a AD (mm2s-1), RD (mm2s-1), trace (mm2s-1).

AJNR Am J Neuroradiol 43:1042–47 Jul 2022 www.ajnr.org 1045



with functional asymmetries as well. Production and processing of
language are predominantly controlled by the left hemisphere, while
visuospatial processing has right-hemispheric dominance in most
individuals.37 Decreased hemispheric asymmetry has been linked to
autism spectrum disorder and developmental dyslexia.38 Moreover,
the lateralization hypothesis of schizophrenia signifying developmen-
tal aberrations in brain lateralization has been developed.36 Similarly,
the reduced asymmetry in the UF in children with LDs related to
VMD can suggest an analogous mechanism with significant struc-
tural and functional aberrations that could be developmental in ori-
gin. Children with LDs in our study were found to have lost
hemispheric asymmetry of the UF in terms of FA and RD, while the
differences between UFs of both hemispheres in terms of AD and
trace were preserved. To the best of our knowledge, this pattern of
alterations of diffusion metrics has not been previously published.

Compared with the control group (TDC), UFs of both cere-
bral hemispheres in children with LDs showed higher FA, higher
AD, but lower RD and trace. However, the difference was statisti-
cally insignificant. These possible aberrations in anisotropy and
diffusivity could be attributed to an increase in myelination, axo-
nal diameter, packing density, or branching. More FA and less
diffusivity are not always indications of better function. These
changes could represent compensatory mechanisms secondary to
the dysfunction of memory-related cortical areas. Similarly, FA
was found to be abnormally higher in the right superior longitu-
dinal fasciculus of patients with Williams syndrome compared
with control subjects.39

The study is possibly limited by the relatively small number of
participants; however, to the best of our knowledge, this is the
first study to investigate UF hemispheric asymmetry in children
with LDs related to VMD. We recruited children who were per-
fectly matched in age, sex, and handedness to ensure that the DTI
metrics were truly reflecting alterations in brain structure related
to the disease rather than just differences in brain structure due
to language hemispheric dominance. Also, a considerable per-
centage of included children with LDs had long-term memory
impairment in addition to other types of verbal memory deficits.
Nevertheless, memory performance and tasks interlace even in
the models describing the memory.1 Thus, it would be difficult to
recruit children with only 1 type of memory deficit.

CONCLUSIONS
The present findings indicated microstructural aberrations of the
UF with reduction of hemispheric asymmetry in right-handed
children with LDs attributed to memory deficits. These changes
could influence the normal frontotemporal connectivity and, con-
sequently, disrupt the proper functioning of memory performance
of such children. The results of this study give more understanding
of neuropathologic mechanisms underlying this disorder.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.

REFERENCES
1. Brem AK, Ran K, Pascual-Leone A. Learning and memory. Handb

Clin Neurol 2013;116:693–737 CrossRef Medline

2. Bauer PJ, Blue SN, Xu A, et al. Productive extension of semantic mem-
ory in school-aged children: relations with reading comprehension
and deployment of cognitive resources. Dev Psychol 2016;52:1024–37
CrossRef Medline

3. Nashaat N, Hasan H, Kilany A, et al. Correlation between reading
and spelling performance of Egyptian children with reading disor-
der and their cognitive and linguistic abilities. Journal of Indian
Association for Child and Adolescent Mental Health 2017;13:82–106

4. Thompson RF, Kim JJ.Memory systems in the brain and localization of
amemory. Proc Natl Acad Sci U S A 1996;93:13438–44 CrossRef Medline

5. Kelley WM, Miezin FM, McDermott KB, et al.Hemispheric speciali-
zation in human dorsal frontal cortex and medial temporal lobe
for verbal and nonverbal memory encoding. Neuron 1998;20:927–
36 CrossRef Medline

6. Gotts SJ, Jo HJ, Wallace GL, et al. Two distinct forms of functional
lateralization in the human brain. Proc Natl Acad Sci U S A 2013;110:
E3435–44 CrossRef Medline

7. Menon V, Boyett-Anderson JM, Reiss AL. Maturation of medial
temporal lobe response and connectivity during memory encod-
ing. Brain Res Cogn Brain Res 2005;25:379–85 CrossRef Medline

8. Kubicki M, Westin CF, Maier SE, et al. Uncinate fasciculus findings
in schizophrenia: a magnetic resonance diffusion tensor imaging
study. Am J Psychiatry 2002;159:813–20 CrossRef Medline

9. Mohammad SA, Sakr HM, Bondok SM, et al. Fronto-temporal con-
nectivity in never-medicated patients with first-episode schizo-
phrenia: a DTI study. Egypt Journal of Radiology and Nuclear
Medicine 2016;47:255–62 CrossRef

10. Song JW, Mitchell PD, Kolasinski J, et al. Asymmetry of white matter
pathways in developing human brains. Cereb Cortex 2015;25:2883–93
CrossRef Medline

11. Carper RA, Treiber JM, DeJesus SY, et al. Reduced hemispheric
asymmetry of white matter microstructure in autism spectrum dis-
order. J Am Acad Child Adolesc Psychiatry 2016;55:1073–80 CrossRef
Medline

12. Zhao X, Zhou ZQ, Xiong Y, et al. Reduced interhemispheric white
matter asymmetries in medial temporal lobe epilepsy with hippo-
campal sclerosis. Front Neurol 2019;10:394 CrossRef Medline

13. Powell HW, Parker GJ, Alexander DC, et al. Hemispheric asymme-
tries in language-related pathways: a combined functional MRI and
tractography study.Neuroimage 2006;32:388–99 CrossRef Medline

14. Hasan KM, Iftikhar A, Kamali A, et al. Development and aging of
the healthy human brain uncinate fasciculus across the lifespan
using diffusion tensor tractography. Brain Res 2009;1276:67–76
CrossRef Medline

15. Von Der Heide RJ, Skipper LM, Klobusicky E, et al. Dissecting the
uncinate fasciculus: disorders, controversies and a hypothesis.
Brain 2013;136:1692–1707 CrossRef Medline

16. Mohammad SA, Nashaat NH. Age-related changes of white matter
association tracts in normal children throughout adulthood: a dif-
fusion tensor tractography study. Neuroradiology 2017;59:715–24
CrossRef Medline

17. Peters BD, Szeszko PR, Radua J, et al. White matter development in
adolescence: diffusion tensor imaging and meta-analytic results.
Schizophr Bull 2012;38:1308–17 CrossRef Medline

18. Schaeffer DJ, Krafft CE, Schwarz NF, et al. The relationship between
uncinate fasciculus white matter integrity and verbal memory pro-
ficiency in children. Neuroreport 20142;25:921–25 CrossRef Medline

19. Mabbott DJ, Rovet J, Noseworthy MD, et al. The relations between
white matter and declarative memory in older children and adoles-
cents. Brain Res 2009;1294:80–90 CrossRef Medline

20. Eluvathingal TJ, Hasan KM, Kramer L, et al. Quantitative diffusion
tensor tractography of association and projection fibers in normally
developing children and adolescents. Cereb Cortex 2007;17:2760–68
CrossRef Medline

21. Diehl B, Busch RM, Duncan JS, et al. Abnormalities in diffusion
tensor imaging of the uncinate fasciculus relate to reduced mem-
ory in temporal lobe epilepsy. Epilepsia 2008;49:1409–18 CrossRef
Medline

1046 Mohammad Jul 2022 www.ajnr.org

http://www.ajnr.org/sites/default/files/additional-assets/Disclosures/July%202022/0071.pdf
http://www.ajnr.org
http://dx.doi.org/10.1016/B978-0-444-53497-2.00055-3
https://www.ncbi.nlm.nih.gov/pubmed/24112934
http://dx.doi.org/10.1037/dev0000130
https://www.ncbi.nlm.nih.gov/pubmed/27253263
http://dx.doi.org/10.1073/pnas.93.24.13438
https://www.ncbi.nlm.nih.gov/pubmed/8942954
http://dx.doi.org/10.1016/s0896-6273(00)80474-2
https://www.ncbi.nlm.nih.gov/pubmed/9620697
http://dx.doi.org/10.1073/pnas.1302581110
https://www.ncbi.nlm.nih.gov/pubmed/23959883
http://dx.doi.org/10.1016/j.cogbrainres.2005.07.007
https://www.ncbi.nlm.nih.gov/pubmed/16122916
http://dx.doi.org/10.1176/appi.ajp.159.5.813
https://www.ncbi.nlm.nih.gov/pubmed/11986136
http://dx.doi.org/10.1016/j.ejrnm.2015.11.012
http://dx.doi.org/10.1093/cercor/bhu084
https://www.ncbi.nlm.nih.gov/pubmed/24812082
http://dx.doi.org/10.1016/j.jaac.2016.09.491
https://www.ncbi.nlm.nih.gov/pubmed/27871642
http://dx.doi.org/10.3389/fneur.2019.00394
https://www.ncbi.nlm.nih.gov/pubmed/31068889
http://dx.doi.org/10.1016/j.neuroimage.2006.03.011
https://www.ncbi.nlm.nih.gov/pubmed/16632380
http://dx.doi.org/10.1016/j.brainres.2009.04.025
https://www.ncbi.nlm.nih.gov/pubmed/19393229
http://dx.doi.org/10.1093/brain/awt094
https://www.ncbi.nlm.nih.gov/pubmed/23649697
http://dx.doi.org/10.1007/s00234-017-1858-3
https://www.ncbi.nlm.nih.gov/pubmed/28580531
http://dx.doi.org/10.1093/schbul/sbs054
https://www.ncbi.nlm.nih.gov/pubmed/22499780
http://dx.doi.org/10.1097/WNR.0000000000000204
https://www.ncbi.nlm.nih.gov/pubmed/24949818
http://dx.doi.org/10.1016/j.brainres.2009.07.046
https://www.ncbi.nlm.nih.gov/pubmed/19632208
http://dx.doi.org/10.1093/cercor/bhm003
https://www.ncbi.nlm.nih.gov/pubmed/17307759
http://dx.doi.org/10.1111/j.1528-1167.2008.01596.x
https://www.ncbi.nlm.nih.gov/pubmed/18397294


22. Chung S, Wang X, Fieremans E, et al. Altered relationship between
working memory and brain microstructure after mild traumatic brain
injury. AJNR Am J Neuroradiol 2019;40:1438–44 CrossRef Medline

23. Matsuo K, Mizuno T, Yamada K, et al. Cerebral white matter dam-
age in frontotemporal dementia assessed by diffusion tensor trac-
tography. Neuroradiology 2008;50:605–11 CrossRef Medline

24. Cortiella C, Horowitz SH. The state of learning disabilities: facts,
trends, and emerging issues. August 13 2014. https://www.ncld.org/
wp-content/uploads/2014/11/2014-State-of-LD.pdf. Accessed March 1,
2022

25. Melika L. Stanford Binet Intelligence Scale. 4th Arabic Version. 2nd
ed. Victor Kiorlos Publishing, Cairo; 1998

26. Aboras Y, Abdou R, Kozou H. Development of an Arabic test for
assessment of dyslexia in Egyptian children. Bull Alexandria Fac Med
2008;44:653–62

27. El-Sady S, El-Shobary A, Rifaie N, et al. Illinois Test of Psycholinguistic
Abilities. [master's thesis]. Ain Shams University, Department of
Otorhinolaryngology, Phoniatrics Unit; 1996

28. Jiang DT, van Zijl PC, Kim J, et al. DtiStudio: resource program for
diffusion tensor computation and fiber bundle tracking. Comput
Methods Programs Biomed 2006;81:106–16 CrossRef Medline

29. Wakana S, Caprihan A, Panzenboeck MM, et al. Reproducibility of
quantitative tractography methods applied to cerebral white mat-
ter. Neuroimage 2007;36:630–44 CrossRef Medline

30. Martin-Ordas G, Atance CM, Caza JS. How do episodic and seman-
tic memory contribute to episodic foresight in young children?
Front Psychol 2004;5:732 CrossRef Medline

31. Papagno C.Naming and the role of the uncinate fasciculus in language
function. Curr Neurol Neurosci Rep 2011;11:553–59 CrossRef Medline

32. Papagno C, Miracapillo C, Casarotti A, et al. What is the role of the
uncinate fasciculus? Surgical removal and proper name retrieval.
Brain 2011;134:405–14 CrossRef Medline

33. Park HJ, Westin CF, Kubicki M, et al. White matter hemisphere
asymmetries in healthy subjects and in schizophrenia: a diffusion
tensor MRI study.Neuroimage 2004;23:213–23 CrossRef Medline

34. Song SK, Sun SW, Ramsbottom MJ, et al. Dysmyelination revealed
through MRI as increased radial (but unchanged axial) diffusion
of water. Neuroimage 2002;17:1429–36 CrossRef Medline

35. Wada JA, Clarke R, Hamm A. Cerebral hemispheric asymmetry in
humans: cortical speech zones in 100 adults and 100 infant brains.
Arch Neurol 1975;32:239–46 CrossRef Medline

36. Crow TJ, Ball J, Bloom SR, et al. Schizophrenia as an anomaly of de-
velopment of cerebral asymmetry: a postmortem study and a pro-
posal concerning the genetic basis of the disease. Arch Gen
Psychiatry 1989;46:1145–50 CrossRef Medline

37. O'Regan L, Serrien DJ. Individual differences and hemispheric asym-
metries for language and spatial attention. Front Hum Neurosci
2018;12:380 CrossRef Medline

38. Waldie KE, Haigh CE, Badzakova-Trajkov G, et al. Reading the wrong
way with the right hemisphere. Brain Sci 2013;3:1060–75 CrossRef
Medline

39. Hoeft F, Barnea-Goraly N, Haas BW, et al.More is not always better:
increased fractional anisotropy of superior longitudinal fasciculus
associated with poor visuospatial abilities in Williams syndrome.
J Neurosci 2007;27:11960–65 CrossRef Medline

AJNR Am J Neuroradiol 43:1042–47 Jul 2022 www.ajnr.org 1047

http://dx.doi.org/10.3174/ajnr.A6146
https://www.ncbi.nlm.nih.gov/pubmed/31371359
http://dx.doi.org/10.1007/s00234-008-0379-5
https://www.ncbi.nlm.nih.gov/pubmed/18379765
https://www.ncld.org/wp-content/uploads/2014/11/2014-State-of-LD.pdf
https://www.ncld.org/wp-content/uploads/2014/11/2014-State-of-LD.pdf
http://dx.doi.org/10.1016/j.cmpb.2005.08.004
https://www.ncbi.nlm.nih.gov/pubmed/16413083
http://dx.doi.org/10.1016/j.neuroimage.2007.02.049
https://www.ncbi.nlm.nih.gov/pubmed/17481925
http://dx.doi.org/10.3389/fpsyg.2014.00732
https://www.ncbi.nlm.nih.gov/pubmed/25071690
http://dx.doi.org/10.1007/s11910-011-0219-6
https://www.ncbi.nlm.nih.gov/pubmed/21853238
http://dx.doi.org/10.1093/brain/awq283
https://www.ncbi.nlm.nih.gov/pubmed/20959310
http://dx.doi.org/10.1016/j.neuroimage.2004.04.036
https://www.ncbi.nlm.nih.gov/pubmed/15325368
http://dx.doi.org/10.1006/nimg.2002.1267
https://www.ncbi.nlm.nih.gov/pubmed/12414282
http://dx.doi.org/10.1001/archneur.1975.00490460055007
https://www.ncbi.nlm.nih.gov/pubmed/1124988
http://dx.doi.org/10.1001/archpsyc.1989.01810120087013
https://www.ncbi.nlm.nih.gov/pubmed/2589928
http://dx.doi.org/10.3389/fnhum.2018.00380
https://www.ncbi.nlm.nih.gov/pubmed/30337864
http://dx.doi.org/10.3390/brainsci3031060
https://www.ncbi.nlm.nih.gov/pubmed/24961521
http://dx.doi.org/10.1523/JNEUROSCI.3591-07.2007
https://www.ncbi.nlm.nih.gov/pubmed/17978036

	Asymmetry Matters: Diffusion Tensor Tractography of the Uncinate Fasciculus in Children with Verbal Memory Deficits
	MATERIALS AND METHODS
	PARTICIPANTS
	CLINICAL MEASURES
	MR IMAGING PROTOCOL
	IMAGE ANALYSIS
	TRACTOGRAPHY
	STATISTICAL ANALYSIS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES


