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Abstract

Autonomic, pain, and neuropsychologic comorbidities appear in heart failure (HF), likely resulting
from brain changes, indicated as loss of structural integrity and functional deficits. Among
affected brain sites, the anterior insulae are prominent in serving major regulatory roles in many of
the disrupted functions commonly seen in HF. Metabolite levels, including N-acetylaspartate
(NAA), creatine (Cr), choline (Cho), and myo-inositol (MI), could indicate the nature of anterior
insula tissue injury in HF. The study aim was to assess anterior insular metabolites to determine
processes mediating autonomic, pain, and neuropsychologic disruptions in HF. We performed
magnetic resonance spectroscopy in bilateral anterior insulae in 11 HF and 53 controls, using a
3.0-Tesla magnetic resonance imaging scanner. Peaks for NAA at 2.02ppm, Cr at 3.02ppm, Cho at
3.2ppm, and M1 at 3.56ppm were assigned, peak areas calculated, and metabolites expressed as
ratios, including NAA/Cr, Cho/Cr, and MI/Cr. HF patients showed significantly increased Cho/Cr
ratios, indicative of glial proliferation or injury, on the left anterior insula, and reduced NAA/Cr
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levels, suggesting neuronal loss/dysfunction, on the right anterior insula over controls. No
differences in MI/Cr ratios appeared between groups. Right anterior insular neuronal loss and left
glial alterations may contribute to distorted autonomic, pain, and neuropsychologic functions
found in HF.
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1. Introduction

Heart failure (HF) patients show a substantial range of autonomic [1], pain, and
neuropsychologic deficits [2, 3], including altered sympathetic and parasympathetic
regulation, high pain prevalence, diminished cognitive, and increased mood and anxiety
symptoms [2-6]. Of those deficits, autonomic aberrations are perhaps the most concerning
for the condition, since the failure to control chronic and dynamic changes in blood pressure
and potentiation of cardiac arrhythmia compromise survival. Multiple brain areas in HF
show structural and functional deficits, with autonomic regulatory areas especially affected,
including the insular cortices. These brain changes have been shown by voxel based
morphometry [7], T2-relaxometry [8], diffusion tensor imaging [9], and functional magnetic
resonance techniques [1, 10]. The injuries and aberrant functional responses likely
contribute to the classic symptoms of HF [2, 3]. However, neither structural nor functional
non-invasive procedures are able to differentiate between neuronal vs non-neuronal injury in
brain sites, which is essential for identification of potential therapeutic strategies for HF.

The anterior insular cortices, which are topographically organized, are key structures for
regulating autonomic, pain, mood, and anxiety functions [11-14]. Anterior sub-regions show
different functional responses to autonomic challenges, and principally serve autonomic
[12], as well as pain, mood, attention, and anxiety regulation roles. The mid- and caudal
regions serve additional neuropsychologic and sensory integrative functions. The anterior
insula receives fibers from, and projects to, the hypothalamus, an essential autonomic
regulatory structure, with projections to the brainstem, ventral tegmental area, amygdala,
and other limbic and cortical sites. Since both structural and functional deficits appear in the
anterior insula in HF, we expect that metabolite changes in anterior insular sites will impact
HF symptoms. The left and right anterior insulae must be considered separately, since
physiological roles for the two sides differ; the right anterior insula principally serves
sympathetic roles, while the left primarily serves parasympathetic action (although both
sides interact) [12]. Determining metabolite levels of both anterior insulae in HF would
provide insights into the particular types of tissue damage, and potential interventions for
tissue protection in the condition.

Proton magnetic resonance spectroscopy (PMRS) procedures can non-invasively assess
brain metabolites, partition major neuronal and non-neuronal changes, and may indicate
regional tissue integrity [15]. Brain metabolites include N-acetylaspartate (NAA), a marker
of neuronal integrity/functionality, with reduced levels largely considered as neuronal loss
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or dysfunction, creatine (Cr), an indicator of energy metabolism, choline (Cho), a measure
of non-neuronal cell (glia) membrane turnover or density, and myo-inositol (MI), a marker
of glial cell status [15]. Thus, changes in metabolite levels can differentiate neuronal vs non-
neuronal insular pathology (glial vs neuronal changes), and would provide valuable insights
into mechanisms of site-specific injury in HF. Metabolic alterations, detected by the PMRS
procedures, appear in several neurologic disorders [15], and in chronic hypoxic/ischemic
processes [16], which commonly operate in HF. The PMRS technique sensitivity allows
examination of brain metabolites, and may detect subtle changes in anterior insular tissue
integrity.

The aim of this study was to evaluate metabolite patterns in bilateral anterior insula in HF
and control subjects using PMRS procedures. We hypothesized that HF patients would
differ in metabolite levels that would indicate the relative extent of neuronal and glial injury
in the condition. That information would provide useful insights into mechanisms
underlying anterior insular injury, and the processes contributing to functional concerns in
HF.

2. Material and Methods
2.1. Subjects

We studied 11 hemodynamically-optimized HF and 53 control subjects. The demographic
data and other variables of HF and control subjects are summarized in Table 1. The
diagnosis of HF was based on national diagnostic criteria, and all subjects were classified
New York Heart Association Functional Class Il. All HF subjects were recruited from the
Ahmanson-University of California at Los Angeles (UCLA) Cardiomyopathy Center and
the Los Angeles area. Heart failure subjects underwent similar treatment and care to achieve
specific hemodynamic goals, including management with angiotensin receptor blockers or
angiotension-converting enzyme inhibitors, beta blockers, and diuretics. Body weight and
medication doses of HF subjects were stabilized for at-least six months prior to magnetic
resonance imaging (MRI) and PMRS studies, and all studies were performed within one
year of HF diagnosis to minimize variability from the disease onset. All control subjects
were recruited through advertisements at the UCLA Medical Center and Clinics, UCLA
Campus, and Los Angeles area, and were in good health, without any clinical history of
cardiovascular, stroke, respiratory, or neurologic disorder. HF subjects with NYHA I11 and
IV were excluded from this study, since HF subjects with such classifications cannot lay
supine in the MRI machine for sustained periods. Control and HF subjects were excluded if
they were claustrophobic, unable to lay supine, carrying non-removable metal such as
braces, embolic coils, pacemakers/implantable cardioverter-defibrillators, stents, or with
body weight more than 125 kg to avoid difficulties in comfortably fitting subjects inside the
scanner and claustrophobic issues from the limited bore diameter of the scanner. All subjects
gave written and informed consent prior to the study, and the study protocol was approved
by the Institutional Review Board at UCLA.
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2.2. Mood and Anxiety Symptoms

We used the Beck Depression Inventory (BDI)-11 and Beck Anxiety Inventory (BAI) to
evaluate mood and anxiety symptoms in HF and control subjects, respectively. Both are self-
report questionnaires, which are used commonly in assessment of medical conditions, and
were administered once either immediately prior to or after the MRI and PMRS studies.

2.3. Sleep Quality and Daytime Sleepiness

All HF and control subjects were assessed for daytime sleepiness and sleep quality using the
Epworth Sleepiness Scale (ESS) and the Pittsburgh Sleep Quality Index (PSQI),
respectively. These self-administered questionnaires were also introduced either
immediately before or after MRI and PMRS studies.

2.4. Magnetic Resonance Imaging and Spectroscopy

We used a 3.0-Tesla MRI scanner (Magnetom Trio, Siemens, Germany) for brain studies;
subjects lay supine during MRI and PMRS. To minimize head movement, we used foam
pads on either side of the head. We performed simultaneous proton density (PD) and T2-
weighted imaging [repetition time (TR) = 10,000 ms; echo-time (TEL, 2) = 17, 134 ms; flip
angle (FA) = 130°; matrix size = 256x256; field of view (FOV) = 230x230 mm?; slice-
thickness = 4.0 mm], covering the whole-brain in the axial plane using a dual-echo turbo
spin-echo pulse sequence. High-resolution T1-weighted images were acquired using a
magnetization prepared rapid acquisition gradient-echo (MPRAGE) pulse sequence (TR =
2200 ms; TE = 2.2 ms; inversion time = 900 ms; FA = 9°; matrix size = 256x256; FOV =
230x230 mm?; slice-thickness = 1.0 mm). Both high resolution T1-weighted and T2-
weighted images were used for voxel localization of PMRS, and proton MR spectra were
acquired from bilateral anterior insular cortices. The single voxel PMRS was performed
using point resolved spectroscopy pulse sequence (TR = 3000 ms, TE = 30 ms, spectral
points = 2048, bandwidth = 1500 Hz, averages = 144, voxel size = 10x10x10 mm3). After
global shimming, manual voxel shimming was performed, and a full-width-at-half-
maximum of 13-18 Hz was achieved in all subjects. We used a frequency-selective pulse
sequence, known as chemical shift selective suppression, for water suppression prior to
MRS data acquisition.

2.5. Spectral Data Processing

We studied only major metabolites, which included N-acetylaspartate (NAA), creatine (Cr),
choline (Cho), and myo-inositol (MI). Signal quantification of those metabolites was
performed using the standard Siemens software available in the scanner. Peaks of NAA at
2.02 ppm, Cr at 3.02 ppm, Cho at 3.2 ppm, and Ml at 3.56 ppm were assigned, and
automatic curve-fitting procedures were used to obtain signal integrals. After estimation of
NAA, Cr, Cho, and MI metabolite amplitudes, metabolite ratios, including NAA/Cr,
Cho/Cr, and MI/Cr were calculated. All spectra were assessed for artifacts, line-width,
spectral fitting, and only spectra with adequate quality and signal-to-noise ratio of >3 were
included in the analysis. We excluded 4 spectra from the left anterior insula of control
subjects and 8 from the right anterior insula of control subjects due to non-acceptable data
quality, leaving number of HF and controls subjects presented in Table 2.
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2.6. Statistical Analysis

3. Results

Data were analyzed using the IBM Statistical Package for the Social Sciences (IBM SPSS,
v20) software. Numerical demographic data and other variables were compared with
independent samples t-tests, and categorical variables were examined with y2 tests. Both left
and right anterior insular metabolite ratios of HF and control subjects were compared with
Mann-Whitney U-tests. A non-parametric test was chosen, since the metabolite ratios were
not normally distributed (significant values on the Shapiro-Wilks test of normality). A p
value < 0.05 was considered statistically significant.

Demographic data and other variables of all subjects in both groups are summarized in
Table 1. No significant differences in age, handedness, or gender appeared between HF and
control subjects. However, body-mass-index, PSQI, ESS, BDI-II, and BAI differed
significantly between the two groups (Table 1).

Brain metabolite ratios of HF and control subjects are summarized in Table 2, and
representative left insular spectra from a HF and a control subject are displayed in Figure 1.
HF patients showed bilateral insular metabolic abnormalities compared to control subjects.
The left anterior insular cortex of HF showed increased Cho/Cr ratio (p=0.02), and no
significant changes in NAA/Cr (p=0.17) and MI/Cr ratios (p=0.80), compared to control
subjects (Table 2). The right insular cortex in HF showed reduced NAA/Cr (p=0.04), and no
significant changes in Cho/Cr (p=0.17) and MI/Cr (p=0.86) ratios compared to controls
(Table 2).

4. Discussion

4.1. Overview

The changes in metabolite levels suggest that HF patients have preferential damage to
neurons on the right anterior insula, as indicated by reduced NAA/Cr ratios, and injury to
non-neuronal cells on the left side, as suggested by increased Cho/Cr ratios. The findings
support earlier evidence of a substantial tissue volume loss and altered water diffusion [7, 9],
indicating injury in the anterior insula bilaterally, and point to more severe damage on the
right side, with significant neuronal loss. Functional deficits also appeared in earlier studies
to autonomic and cold pressor challenges [1, 10], with more profound functional changes
appearing on the right side over left-side patterns [1, 10]. The most profound physiological
outcomes that may develop from the current findings relate to sympathetic control, which is
primarily mediated by the right side; the neuronal loss likely mediates a substantial portion
of the altered, sustained and dynamic sympathetic patterns found to pressor challenges in
HF. The left-side metabolic changes presumably modify the parasympathetic patterns in the
challenges, and damage to both left and right insulae may affect mood, and anxiety
regulation [12, 17].

J Neurol Sci. Author manuscript; available in PMC 2015 November 15.
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4.2. Changes of NAA and Cho Metabolites

Ratios of NAA, Cho, and MI were calculated with respect to the Cr metabolite. The right
anterior insular cortex showed reduced NAA/Cr ratios, i.e., reduced NAA levels, in HF,
relative to control subjects, and no significant changes in Cho/Cr or MI/Cr ratios. The NAA
metabolite, a major amino acid in the mammalian central nervous system is primarily
localized in neuronal cells, axons, and dendrites [18]. Reduced NAA signals appear in
various neurological diseases and conditions, and indicate neuronal/axonal loss or
dysfunction [15]. The reduced NAA signals in the acute stage of tissue changes after
hypoxia or ischemia may represent neuronal/axonal dysfunction [16], while reduced levels
in the chronic condition may indicate neuronal/axonal loss which appears to be the case
here, since in other HF patients, substantial tissue loss occurs [7]. However, voxel locations
for MRS data acquisition were predominately in gray matter, NAA signal reduction should
be interpreted here as neuronal, over axonal loss.

The left anterior insular cortex showed increased Cho/Cr ratios in HF over control subjects,
and no significant differences in NAA/Cr or MI/Cr ratios, suggesting increased levels of
Cho metabolite. Changes in Cho concentration can originate from phosphorylated choline
and alterations in membrane metabolism and glia cell reactions, which may increase Cho
levels. Myelin loss or degradation also increases the availability of Cho-containing
compounds, and thus, increased Cho signal [15].

Both left and right anterior insulae showed earlier tissue changes based on T2-relaxometry
[8], cerebral blood flow changes (unpublished data), and changes in axons near the anterior
insula, based on axial diffusion changes [9]. The metabolic changes found here replicate
structural changes observed in earlier studies [7-9].

4.3. Insular Cortices: Autonomic Roles

Insular cortices serve major autonomic roles [12, 17], and integrate autonomic actions,
together with other limbic areas. Stimulation of the insulae alters pulse rate and blood
pressure, and modifies respiration [19]. The anterior insular sites examined project to
hypothalamic areas, which receive baroreceptor input and project to multiple brainstem
areas that serve sympathetic and parasympathetic roles, and thus, modify cardiovascular
control [20, 21]. Hypothalamic stimulation independently modifies heart rate, cardiac
rhythm, and blood pressure [22], and the hypothalamus, like the insular cortices, also shows
structural injury in HF, but the altered neural and non-neuronal cellular changes from the
metabolite indications found here will compromise insular influences on the hypothalamus,
and consequently, hypothalamic output. The anterior insular cortices also project to the
cingulate and ventral medial prefrontal cortex, major contributors to autonomic regulation
[21].

4.4. Insular Cortices: Neuropsychologic, Cognitive, and Pain Regulation

The anterior insular cortices participate in mood and anxiety regulation and dyspnea
perception [13, 14, 23]. Multiple brain structures, including the anterior insula, cingulate,
hippocampus, ventral medial prefrontal cortex, and cerebellar areas are injured in subjects
with depression only [24], and are also injured in HF subjects. Increased levels of affective
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symptoms, as well as elevated signs of dyspnea, which are regulated by the insular cortices
and other brain structures (cingulate and cerebellar areas), are common in HF [1, 8, 9], and
abnormal anterior insular metabolites may contribute to such deficits.

HF subjects frequently report both acute and chronic pain [25]. The anterior insula receives
afferents from the thalamus, and encodes aspects of pleasantness of challenges, including
the stimulus location and sensory properties [11]; it can, for example, differentially respond
to cutaneous vs visceral pain. Both thalamic and insular sites showed structural injury in the
same HF subjects’ cohort [9]. The anterior insular metabolic deficits found here may
contribute to pain characteristics experienced by HF subjects.

Cogpnitive deficits, including attention inadequacies, difficulty with complex reasoning, and
confusion are also common in HF patients [2-4, 6]. The anterior insula receives from, and
projects to multiple limbic and cortical regions, sites that serve cognitive roles. Thus, the
anterior insular metabolic abnormalities observed here may also play a role in these deficient
functions.

4.5. Pathological Mechanisms

The precise pathological mechanisms underlying alterations in anterior insular metabolites
in HF are unknown, but several possibilities emerge. HF patients show compromised
cerebral perfusion, secondary to low cardiac output, with localized changes in blood flow
and axons [9]. Hypoxic/ischemic processes resulting from sleep-disorder breathing, which is
commonly reported in HF [26], may also contribute to injury. HF subjects show both
obstructive and central (Cheyne-Stokes) sleep apnea. Apneic events may lead to hypoxic
exposure in the brain, and thus, alter brain metabolites; intermittent hypoxic events trigger
oxidative and inflammatory injurious mechanisms leading to neural injury [26]. Several
limbic sites, including the insular cortices, show injury in obstructive sleep apnea in humans
[27], and animal studies simulating intermittent hypoxia also show tissue damage in multiple
limbic and cerebellar sites [28].

Both acute and chronic hypoxic/ischemic conditions show reduced levels of NAA [16] and
increased levels of Cho [29]. Animal studies simulating irreversible cerebral ischemia
showed reduced NAA levels prior to changes appearing on routine MR imaging [16]. All
HF patients included in this study were diagnosed at least one year prior to this study, and
the metabolic changes likely resulted from chronic hypoxic/ischemic conditions, as opposed
to acute process.

4.6. Clinical Significance

Several injurious processes, including reduced regional cerebral perfusion, as evaluated by
arterial spin labeling (unpublished data), probably resulting from low cardiac output and
sleep-disordered breathing, operate in HF, and may lead to altered levels of brain
metabolites. Abnormal insular metabolites may affect neurons mediating insular functions,
resulting in autonomic, mood, pain, and cognitive abnormalities. The findings of increased
Cho and decreased NAA levels indicate that additional support for protection of glial cells
may be required over neuronal protection alone in the condition. Interventions that improve
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cerebral perfusion, secondary to enhanced cardiac output, and reduction in sleep-disordered
breathing in HF may partially recover functional deficits.

4.7. Limitations

Several limitations should be discussed, including the BMI differences between groups, the
small sample size of HF subjects, disease onset variation, and inclusion of HF subjects with
NYHA functional Class 1. HF subjects significantly differed in BMI from control subjects,
and that difference may contribute to metabolic differences. However, the regression
analysis failed to show any significant effect of BMI on metabolite levels in HF and
controls, indicating that the metabolic findings do not influence BMI variations between
groups. The limited number of HF subjects in this study requires replicating findings with
larger numbers; the study was insufficiently powered to resolve all significant correlations
between metabolites and sleep and affective variables. The disease onset duration of HF
may have introduced some variability in our findings. However, studies were performed
within one year of HF diagnosis to minimize variability from disease onset, and all HF
subjects underwent the same treatment plan and care. We included only those HF subjects of
NYHA Functional Class Il. Subjects with NYHA 11 and 1V were excluded due to logistic
reasons, since HF subjects with those classes cannot lay supine in the MRI machine for a
long period. Thus, findings should not be generalized to all HF Functional Classes.

5. Conclusions

Heart failure subjects show bilateral abnormal anterior insular metabolites, including NAA
and Cho levels, compared to control subjects. Those findings indicate that both neurons and
glia are affected, providing a basis for protective interventions in both cellular aspects. The
metabolic changes likely contribute to the altered insular functions, including the autonomic,
pain, mood, and cognitive deficits frequently found in HF. The pathological mechanisms
underlying the metabolic deficits are unclear, but likely include reduced brain perfusion
resulting from low cardiac output, and hypoxia/ischemia from sleep disordered breathing;
both those conditions are common in HF.
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Figure 1.

PMRS spectra, acquired from the left insula in a HF (age, 42.8 years; female) and a
comparable age- and gender-matched control (age, 40.3 years; female) subject, showing
NAA, Cr, Cho, and MI metabolites. Java-based MRS software (jMRUI, V 3.0) was used to
process and display these spectra.

J Neurol Sci. Author manuscript; available in PMC 2015 November 15.



yduasnuel Joyny Yd-HIN

1duasnuely Joyny vd-HIN

1duasnuely Joyny vd-HIN

Woo et al.

Demographic data and other variables of HF and control subjects.

Table 1

Variables HF Controls p values
[n=11] [n =53]
Age (years) 51.60+8.38 46.81+8.13 0.08
Gender (Male: Female) 7:4 32:21 0.84
Handedness 10 right; 1 left | 40 right; 9 left; 0.48
4 ambidextrous

BMI (kg/m?) 27.47+5.39 24.71+3.80 0.045
LVEF (%) 0.28+0.08 - -
PSQI 6.55+3.70 4.15+2.60 0.013
ESS 8.82+3.92 5.74+3.29 0.008
BDI-II 10.09+7.67 4.04+4.37 0.027°
BAI 7.82+6.69 4.25+5.12 0.05

Page 13

BAI = Back anxiety inventory; BDI-1I = Back depression inventory; BMI = Body-mass-index; ESS = Epworth sleepiness scale; LVEF = Left
ventricular ejection fraction; PSQI = Pittsburgh sleep quality index;

*

= Equal variances not assumed.
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Table 2
Brain metabolite ratios of HF and control subjects.
Insular side Metabolite ratio HF Controls p values
(Mean £ SD) | (Mean £ SD)
Left NAA/Cr 1.49+0.32 1.58+0.22 0.17
e
(HF, n=11; Cho/Cr 1.19+0.21 1.03+0.16 0.02
Controls, n = 49)
MI/Cr 0.94+0.39 0.93+0.30 0.80
NAA/Cr 1.62+0.32 1.96+0.69 0.04
Right
(HF, n=11; Cho/Cr 1.00+0.22 0.91+0.35 0.17
Controls, n = 45)
MI/Cr 0.81+0.18 0.82+0.31 0.86

Cho = Choline; Cr = Creatine; NAA = N-acetylaspartate; SD = Standard deviation.
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