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Abstract N\
It is not clear whether the fornix and cingulum are involved in cognition after putaminal hemorrhage (PH). We investigated structural |
changes and differences of the neural tracts, and the relationship between the integrity of the neural tracts and cognition not only at
the affected but also at the unaffected side.

Sixteen patients with left chronic putaminal hemorrhage and 20 healthy volunteers were enrolled. Using diffusion tensor
tractography (DTT), we compared fiber number (FN), fractional anisotropy (FA), and apparent diffusion coefficient (ADC) of the neural
tracts between patient and control groups. The relationship between the neural tract parameters and neuropsychological results was
also analyzed.

The left fornix FN was significantly lower than the right fornix FN in the patient group. Except for the cingulum FA, the neural tracts
parameters for both the affected and unaffected hemispheres differed significantly between the groups. The fornix FA and ADC at the
affected side were significantly correlated with intelligence quotient (IQ), mini-mental status examination (MMSE), and short-term
memory. Interestingly, the fornix ADC at the unaffected side was significantly correlated with MMSE. However, none of the cingulum
parameters was correlated with neuropsychological results.

The fornix integrity is critical for cognitive impairment after putaminal hemorrhage.

Abbreviations: ADC = apparent diffusion coefficient, DTI = diffusion tensor imaging, DTT = diffusion tensor tractography, FA =
fractional anisotrophy, FN = fiber number, ICH = intracranial hemorrhage, IQ = intelligence quotient, MAS = memory assessment
scale, MMSE = mini-mental status examination, PH = putaminal hemorrhage, ROI = region of interest, TBI = traumatic brain injury.
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1. Introduction

Although the prevalence of cognitive impairment including
dementia after intracranial hemorrhage (ICH) has not been well
studied, it is assumed to occur in 5% to 44% of patients.!!
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Recently, some prospective cohort studies reported incidence
rates of cognitive impairment and dementia after ICH."*! One
study indicated 37% of patients showed cognitive decline during
4-year follow-up and another study noted major vascular
cognitive disorders in 2.5% of patients within 4 months after
ICH.">! In new-onset dementia, incidence of dementia was
14.2% of patients within 1 year and an estimated yearly
incidence rate was 5.8% of patients per year during 4-year
follow-up.** The mechanism of cognitive impairment after ICH
is unknown. Understanding the mechanism is necessary for
development of rehabilitative and therapeutic strategies.

The putamen is one of the most commonly affected structures in
spontaneous primary ICH.!”! Therefore, investigating the
relationship between cognitive neural tracts surrounding the
putamen and neuropsychological subscores in patients with
putaminal hemorrhage (PH) may provide clues relevant to the
mechanism underlying cognitive impairment after ICH. Cognitive
impairment after PH has not been intensively studied; studies that
have been done focused on the disability level, motor, and language
function in patients.””~*! Anatomically, the putamen is enclosed in
the fornix and cingulum, which are the part of the limbic system.
The limbic system is vital in cognition and emotion." %! Diffusion
tensor tractography (DTT) is a novel neuroimaging technique and
derived diffusion tensor imaging (DTI) is used to reconstruct the
neural tracts of the limbic system in a three-dimensional (3D) view
with quantitative analysis.!*"!

Recently, the structural changes in the fornix and/or cingulum
using DTI and DTT have been suggested to explain cognitive
impairment after stroke, traumatic brain injury (TBI), and
Alzheimer dementia."'>'”! Cognition and motor functions are
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reportedly correlated with the integrity of white matter at the
ipsilesional and contralesional hemispheres.'®2% These observa-
tions suggest that studies need to pay special attention to the
structural integrity of white matter at the unaffected as well as the
affected side in ICH patients. Three DTT analyses have addressed
the structural integrity of the fornix or cingulum after ICH.1617:211
Although these studies are valuable in that they revealed the
structural integrity of the fornix or cingulum in a 3D view and the
relationship between the tract parameters and cognition, they had
several limitations. DTT was performed mainly at the acute stage
of ICH (1-14 weeks), and 2 studies did not simultaneously evaluate
the fornix and cingulum to assess the association between the
neural tract and cognition."®*!! In addition, the mini-mental
status examination (MMSE) was mainly used to evaluate cognition
in the enrolled patients. In this DTT-based study, we chose patients
with chronic left PH with an onset of 2.35 + 1.65 years previously
to minimize the volume effect of acute hemorrhage.

In the study, we investigated whether structural changes of the
fornix and cingulum occur at the affected and unaffected sides,
and whether the structural integrity of the fornix or cingulum
correlates with neuropsychological results with the following
approaches. Firstly, we evaluated the structural differences
between the affected and unaffected sides in PH patients.
Secondly, we compared the structural changes of the 2 neural
tracts in patients with those in the control group at the unaffected
and affected sides. Thirdly, we assessed the association between
the parameters of the neural tracts and the neuropsychological
results at both sides in the patient group.

2. Methods
2.1. Subjects

Sixteen chronic patients with left PH (11 men, 5 women; mean age,
54.12+11.27 years; age range, 35-69 years) and no previous
history of neurological and psychiatric disease were enrolled.
Inclusion criteria were first-ever stroke, hematoma located
primarily in the putamen of the basal ganglia, and DTT scan
performed at least 6 months after PH (2.35+1.65 years). Twenty
age and sex-matched control subjects (12 men, 8 women; mean
age, 51.95+8.23 years; age range, 31-66 years) were recruited as a
control group for comparison with the patient group. There were
no significant demographic differences between the groups
(Table 1). All subjects understood the aim of the study and
participated in research with written informed consent. The study
protocol was approved by the Institutional Review Board of the
Yeungnam University Hospital (Daegu, Korea).

2.2. Neuropsychological assessment

Cognitive function of the patients was evaluated by measuring the
intelligence quotient (IQ) using the Wechsler intelligence scale, and

Demographic data.

Duration to DTI

Age (years) Male/Female  from onset (years)
Patient group (n=16) 5412 (11.27) 11/5 2.35 (1.69)
Control group (n=20) 51.95 (8.23) 12/8
P-value 0.508 0.587

Values indicate mean (+standard deviation).
DTl=diffusion tensor imaging.
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MMSE, and the memory assessment scale (MAS).?>24 The MAS
is a comprehensive standardized memory assessment battery that
consists of 4 memory subsets (global memory, short-term memory,
verbal memory, and visual memory).

2.3. Diffusion tensor tractography

DTI data were obtained using a 6-channel head coil on a 1.5T
Philips Gyroscan Intera (Philips Ltd., Best, The Netherlands) with
single-shot echo-planar imaging. For each of the 32 non-
collinear, diffusion-sensitizing gradients, 70 contiguous slices
were acquired parallel to the anterior commissure—posterior
commissure line. Imaging parameters were: acquisition matrix =
96 x 96, reconstructed to matrix=192 x 192, field of view=
240 x 240mm?, TR=10,726ms, TE=76ms, parallel imaging
reduction factor (SENSE factor) =2, echo-planar imaging factor
=49, b=1000s/mm>, number of excitation=1, and slice
thickness=2.5 mm. Fiber tracking was performed using the fiber
assignment continuous tracking algorithm implemented within
the DTI task card software (Philips Extended MR Work Space
2.6.). For the reconstruction of the fornix, the seed region of
interest (ROI) was placed on the junction between the body and
column of the fornix on a coronal image of the color map. The
target ROIs were placed on each side of the crus of the fornix on a
coronal image of the color map.'%! Fiber tracking was performed
using a fractional anisotropy (FA) threshold of >0.2 and a
direction threshold <45°. In addition, for the reconstruction of
the cingulum, the seed ROI was placed on the middle portion of
the cingulum. The target ROI was placed on the posterior portion
of the cingulum.'"®! Fiber tracking was performed using an FA
threshold of >0.15 and a direction threshold <27°. We
reconstructed all tracts of the fornix and cingulum in the control
group and all cingulum tracts in the patient group three
dimensionally. However, the fornix injury occurred in 9 patients
at the affected side, and in 2 patients at the unaffected side,
respectively (Fig. 1).

2.4. Statistical analysis

To identify any possible differences in the DTT parameters of fiber
number (FN), FA, and apparent diffusion coefficient (ADC) of the
fornix or cingulum between the affected (left) and unaffected
(right) sides in the patient group, independent ¢ test was done. The
same analysis was repeated in the control group. Next, to evaluate
whether ICH had caused structural changes of the neural tracts at
the unaffected as well as at the affected side, parameters of the
neural tracts at both sides of the patient group were compared with
those of the control group using an independent ¢ test. Significance
levels for group differences were set up at P <.05. Lastly, to
evaluate the association between the parameters of the neural tract
(FN, FA, and ADC) at both sides and neuropsychological sub-
scores (IQ, MMSE, short-term, verbal, visual, and global memory),
the Pearson correlation coefficient was carry out. For the correction
of multiple comparisons, we also used Bonferroni correction for 3
correlations (FN, FA, ADC) and significance levels were set up at P
<.0167.2% All statistical analyses were assessed using SPSS version
17.0 (SPSS Inc., Chicago, IL).

3. Results

3.1. Structural differences of neural tracts between
unaffected and affected sides in control and patient groups

We first studied symmetry by measuring the parameters of the
neural tracts between the left and right sides in the control group.
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Figure 1. Representative T2-weight magnetic resonance images and diffusion tensor tractography (DTT) of a 42-year-old man with a putaminal hemorrhage at 55
months after onset in the left hemisphere. The magnetic resonance images reveal a chronic lesion (green arrowheads) in the left putamen (A). DTT images show that
the left fornix is discontinued compared with the right fornix (blue arrows). The right fornix and the cingulum at the both sides were well reconstructed (B). L=left

hemisphere, R=left hemisphere.

None of the parameters showed any significant differences. The
values (right vs left) of the fornix and cingulum in control group
were: fornix FN, 848.85+175.25 versus 780+139.71, P=.18;
fornix FA, 0.39+0.02 versus 0.40+0.03, P=.32; fornix ADC,
1.41+0.20 versus 1.42+0.19, P=.76; cingulum FN, 2112.55 +
331.29 versus 2066.35+261.91, P=.63; cingulum FA, 0.41+
0.02 versus 0.41+0.02, P=.53; and cingulum ADC, 0.80+0.02
versus 0.78 +0.03, P=.26.

Next, we investigated the structural differences in the neural
tracts between the affected (left) and unaffected (right) sides in the
patient group. Only the left fornix FN was significantly lower
than that of the right fornix FN (left: 584.88 +346.92 vs right:
250+144.67; P<.001). However, other FA or ADC of the
fornix and the FN, FA, or ADC of the cingulum did not show
significant differences between the affected and unaffected sides
(Fig. 2).

3.2. Structural changes in neural tracts at unaffected and
the affected sides in patient group

To understand whether PH causes structural changes in the
neural tracts at the unaffected and affected sides, we compared
the parameters of the fornix and cingulum between the patient
and control groups (Fig. 3).

At the affected side, all fornix parameters were significantly
different in the patient group compared with the control group.
More interestingly, significant differences were also observed at
the unaffected side (FN/FA/ADC: P<.005/P<.001/P<.001,
respectively). The cingulum FN and ADC of the patient group
showed significant differences at the affected and unaffected sides
compared with the control group. However, the cingulum FA of
the patient group did not show significant differences compared
with the control group at either side (P=.60 and .50 at the
affected and unaffected side, respectively).

3.3. Relationship between neural tract parameters and
cognitive function

To determine whether alternations in the structural integrity of
the fornix or cingulum may cause cognitive impairment in
chronic patients with PH, we investigated the relationship
between neural tract parameters and neurophysiological sub-
scores at the both sides. Assessments of the cognitive function in
the patient group revealed average values of neuropsychological
test as follows: IQ, 93.9+13.5; verbal memory, 74.0+16.0;
visual memory, 90.5+16.0; short-term memory, 84.3+16.5;
global memory, 77.5+16.0; MMSE, 24.6+6.2. The relation-
ships between the fornix or cingulum parameters at both
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Figure 2. Structural differences of the fornix and cingulum between the left and right sides in patient group. ADC =apparent diffusion coefficient (x10~% mm?/s),
EA:fractional anisotropy, FN=fiber number, L=left (affected) side, R=right (unaffected) side. Data are expressed as mean=+SD; significant differences,
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Figure 3. Structural changes of the fornix and cingulum at the affected (left) and unaffected (right) sides in control and patient groups*.*ADC=aQsQ*arent diffusion
coefficient (x10~° mm?/s), FA=fractional anisotropy, FN =fiber number. Data are expressed as mean +SD; significant differences, = P<.01, ~ P<.001.
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Relationship between parameters of the fornix and cingulum and neuropsychological subscores at the affected (left) and unaffected (right)
sides.

FN FA ADC
Fornix Cingulum Fornix Cingulum Fornix Cingulum

Affected side B

1Q 0.178 (0.508) —0.323 (0.223) 0.638 (0.008)** 0.065 (0.810) —0.602 (0.014)" —0.265 (0.321)

Short-term memory 0.458 (0.074) —0.106 (0.696) 0.514 (0.042) —0.291 (0.273) —0.651 (0.006)" —0.268 (0.315)

Verbal memory 0.445 (0.084) 0.021 (0.938) 0.535 (0.033) —0.217 (0.420) —0.508 (0.045) —0.138 (0.610)

Visual memory 0.027 (0.931) —0.066 (0.807) 0.295 (0.267) —0.341 (0.196) —0.168 (0.535) —0.327 (0.216)

Global memory 0.268 (0.315) 0.004 (0.989) 0.438 (0.090) —0.380 (0.147) —0.392 (0.133) —0.221 (0.410)

MMSE 0.420 (0.105) 0.016 (0.952) 0.678 (0.004)" 0.225 (0.403) —0.724 (0.002)" —0.392 (0.134)
Unaffected side

IQ 0.211 (0.433) —0.117 (0.666) 0.454 (0.077) 0.372 (0.156) —0.496 (0.051) 0.031 (0.908)

Short-term memory 0.239 (0.373) 0.183 (0.498) 0.279 (0.295) 0.056 (0.838) —0.311 (0.242) 0.305 (0.250)

Verbal memory 0.155 (0.566) 0.355 (0.178) 0.146 (0.590) 0.197 (0.464) —0.143 (0.597) 0.187 (0.487)

Visual memory 0.225 (0.403) 0.354 (0.179) 0.239 (0.373) 0.133 (0.624) —0.125 (0.646) 0.276 (0.301)

Global memory 0.204 (0.449) 0.415 (0.110) 0.202 (0.454) 0.106 (0.696) —0.137 (0.612) 0.327 (0.216)

MMSE 0.387 (0.139) —0.034 (0.900) 0.552 (0.027) 0.453 (0.078) —0.651 (0.006) —0.25 (0.337)

Values indicate r (P-value).

ok,

Significant differences are shown using asterisk (). The level of significance for group differences was set at P<.0167 based on Bonferroni’s correction for 3 correlations (FN, FA, and ADC).
ADC =apparent diffusion coefficient (x 10~ mm?/s), FA=fractional anisotropy, FN=fiber number, 1Q =intelligence quotient, MMSE = mini-mental status examination.

hemispheres and neuropsychological subscores are summarized
in Table 2.

At the affected side, the fornix FA was positively correlated
with IQ and MMSE (1Q, r=0.638, P <.008; MMSE, r=0.678,
P<.004 (Fig. 4A and B). In contrast, the fornix ADC was
negatively correlated with IQ (r=-0.602, P <.0014), short-term
memory (r=-0.651, P<.006),and MMSE (r=-0.724, P <.002)
(Fig. 4C-E). No correlations were found between the fornix FA
and memory scores. Interestingly, the fornix ADC was negatively
correlated with MMSE at the unaffected side (r=-0.651,
P<.006) (Fig. 4F). For the cingulum, no correlations were
observed between all parameters and neuropsychological sub-
scores at both sides.

Collectively, the results suggest that the fornix parameters at
the affected side can be a good indicator of cognitive impairment
in chronic patients with PH. Additionally, the significant damage
of white matter at the unaffected side may influence cognitive
impairment.

4. Discussion

Our study demonstrates the relationship between structural
integrity of the neural tract and cognition in chronic patients with
left PH. After PH, the fornix plays a critical role in cognitive
impairment; structural changes of the fornix were observed at the
affected as well as the unaffected side.

Similar to the subject of our chronic patient with brain injury,
prior studies have revealed a relationship between the cingulum
and cognition in TBLI%!*2¢1 Notably, the cingulum was
appeared as one of the major neural tracts involved in cognitive
impairment and the cingulum FA was related to visuoperceptual
ability, cognitive speed, language, verbal memory, and delayed
recall.l"*¢1 Furthermore, the cingulum FA was significantly
positively related to IQ and MAS, and the cingulum voxel
number was related to MAS, implicating the cingulum
parameters as useful indicators of cognitive impairment."?!
These results correspond with anatomical findings showing that
the common sites of TBI are located at the frontal lobe and the
corpus callosum close to the cingulum pathway.?”*8! However,

application of these results to our study as a way of better
understanding the mechanism of cognitive impairment is limited
due to several issues. For TBI, shearing force plays a major role in
the progression of the pathology. Moreover, while TBI is not
always accompanied by hemorrhage, a hematoma caused by ICH
that increases intracranial pressure may alter the cellular
architecture in the brain.?**%! Prior studies on the relationship
between the injury of the fornix and/or cingulum and cognition in
patients with ICH have focused on the acute stage."*17*" Yeo
et al'”! found that the complete disruption of the fornix body
occurred in 10% of patients (6 of 58 patients) with acute ICH. In
that study, no significant correlation was observed between the
structural disruption of the fornix and MMSE scores. In a study
of patients with ruptured anterior communicating artery
aneurysm, cingulum injury occurred in 6 of 11 patients and
fornix injury in 7 of 11 patients, but no relationship was evident
between MMSE and parameters of the 2 neural tracts.*!! In
another study, patients with bilateral cingulum injury after acute
PH showed a significantly lower MMSE compared with the
patients with a preserved cingulum or unilateral cingulum
injury.'®! Those studies have drawn much attention as they
showed, for the first time, the structures of the fornix and/or
cingulum in a 3D view in acute patients with different types of
ICH. Nevertheless, it remains unclear which neural tracts are
specifically responsible for cognitive impairment depending on
the site of ICH. One of the limitations of those studies is that only
one neural tract—either the cingulum or fornix—was investigat-
ed to study its involvement in cognition. In addition, these studies
used MMSE, this is a coarse and incomplete cognitive assessment.
Although, anatomically, the cingulum is located farther from the
putamen compared with the fornix, it is likely that cingulum
injury may occur during acute large PH.

Reconstructing the neural tract of the fornix using DTT is
difficult due to the large volume effect because of the close
proximity of the fornix to the putamen, compared with that of the
cingulum. Minimizing the volume effect is essential to clarify the
mechanism of cognitive impairment after ICH. To resolve this
hurdles, firstly, we recruited patients with at least 6 months after
the onset of PH. We evaluated detailed their cognitive function
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Figure 4. Relationship between parameters of the fornix and cingulum and neuropsychological subscores at the both sides in patient group. At the affected side,
the fornix FA was positively correlated with IQ and MMSE (A and B), whereas the ADC was negatively correlated with short-term memory as well as IQ and MMSE
(C, D, and E). At the unaffected side, the fornix ADC was negatively correlated with MMSE (F). ADC = apparent diffusion coefficient (x 10~ mm?/s), FA=fractional
anisotropy, FN=fiber number, IQ=intelligence quotient, MMSE =mini-mental status examination.

using neuropsychological assessment as well as MMSE. Second-
ly, the enrolled patients were homogenous as only left hemisphere
was damaged, which is important because the nature of memory
impairment differs significantly depending on the location of the
lesion.®!! These precautions allowed us to demonstrate signifi-
cantly lower (16.5 points) verbal memory scores compared with
visual memory scores. Thirdly, we simultaneously analyzed the
relationship between neuropsychological subscores and the
integrity of the fornix and cingulum. Using the condition of
subjects and strictly quantitative methods, we demonstrated that

only the fornix FA and ADC at the affected side were correlated
with the neuropsychological results, which strongly suggests that
fornix integrity is a good indicator of cognitive function after PH.
The present results agree with prior studies that revealed the
important role of the fornix in cognition. Zhuang et al!**! studied
206 patients with mild cognitive impairment and found a lower
left fornix FA and higher radial diffusivity of the bilateral fornix
in the amnestic group than in those with non-amnestic mild
cognitive impairment. Another study compared changes of the
neural tracts over time in control, mild cognitive impairment, and
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Alzheimer disease groups.*?! In that study, the fornix was
affected mostly during the mild cognitive impairment, and a
mean diffusivity of the fornix was a better indicator of neural
changes than FA of the fornix. In addition, a significant and
notable correlation was observed between the mean diffusivity of
the left fornix and the memory function in the patients with
Parkinson disease.*®! Although there was no correlation with
memory function, attention and language functions related to the
cingulum parameters were shown.

Interestingly, our study found that the fornix ADC at the
unaffected side was negatively correlated with MMSE. This
result reflects the possibility that cognition in chronic patients
with ICH is influenced by integrity of white matter at the
affected and unaffected sides over time. Until now, only 2
studies have reported that a correlation between cognitive
impairment and neural tract at both hemispheres in patients
with cerebral infarct.!'*?°! Dacosta-Aguayo et al'**! found that
in poor cognitive stroke recovery group significantly different
values of FA, axial and radial diffusivity of several white matter
tracts at the unaffected hemisphere were observed compared
with healthy control group. Furthermore, there were stronger
disruptions of white matter at the unaffected hemisphere of the
patient group. Another study suggested that a higher FA of the
white matter at the unaffected side was related to a higher
cognition, and a higher mean diffusivity of the white matter was
linked to worse cognition.?”! The structural changes at the
unaffected side were also observed in chronic patients with
stroke in whom the posterior limb of internal capsule FA at the
unaffected side was significantly correlated to the grip strength
and hand dexterity during motor recovery.''8! In addition,
complex network analysis in patients with left basal ganglia
stroke has revealed reduced communicability not only at the
affected hemisphere but also in homologous locations at the
unaffected hemisphere.l>*!

Our study is the first to show that in patients with ICH the
integrity of the cognitive neural tract at the unaffected side is
correlated with cognitive function. With regard to the structural
changes of the neural tracts after ICH as described in Fig. 3, it is
interesting to note that, except for the cingulum FA, all
parameters of the fornix and cingulum showed significant
differences at the unaffected as well as at the affected side between
the patient and control groups, respectively. We postulate that
these findings resulted from the resolution of hematoma or
reorganization of the injured neural tracts after PH over time. It is
assumed that normal FA means healing of injured neural fibers,
whereas low FN with high ADC is a sequela of the ICH. The
parameter of the FN reflects the volume or the number of neural
fibers contained in the neural tract, in which the FA values
indicate the integrity of the microstructure of axons and myelin,
and the ADC values indicate a magnitude of water diffusion.
Thus, the tightened fibers of axons in the white matter force water
to diffuse in a more uniform direction parallel to axons, which are
referred to as a high FA and low ADC.*#35! In our study, the
observations of low FA, high ADC, and low FN in chronic
patients suggest that membrane degradation and cellular lysis of
the neural fiber would provide more space for water to diffuse
after ICH. Consequently, it is possible that the first ICH may have
a long-term effect at the unaffected side of the fornix and
cingulum through an accelerated degenerative process of the
white matter at the affected hemisphere. The cingulum FA at the
affected and unaffected hemispheres in the patient group was not
significantly different compared with that of the control group
regardless of the low FN and high ADC as shown in the fornix.
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However, there are some limitations in the study. Firstly, we
did not conduct a prospective longitudinal study, so it is hard to
explain a causal relationship between the decreased integrity of
the neural tracts and cognitive impairment in the patients with
PH. Secondly, ROI analysis is not free from some degree of intra-
and inter-subject variation because DTT analysis with algorithm
of tract based spatial statistics was not performed. Lastly, we did
not take account other neural tracts of limbic system such as
mammillothalamic and thalamocingulate tracts.

5. Conclusions

The mechanism of the cognitive impairment after PH was
investigated using DTT. Our findings suggest that the fornix is
associated with the cognitive impairment after PH. In addition,
PH may lead to structural changes at the unaffected side as well as
at the affected side over time. These findings may contribute to
the pathophysiologic mechanism of cognitive impairment and
therapeutics after ICH.
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