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Brain iron load is one of the main neuropathologic hallmarks of Parkinson’s disease (PD). Previous studies
indicated that iron in the substantia nigra (SN) is related to disease duration and motor impairment. We
explore, through a cross-sectional study, the association between brain iron distribution, evaluated by T2*-
weighted magnetic resonance imaging (T2*), and clinical features in a cohort of patients with PD. Thirty-
two patients with PD, compared with 10 control subjects, were evaluated for motor and cognitive fea-
tures (attention and working memory, executive functions, language, memory, and visuospatial function).
They underwent a magnetic resonance imaging protocol including T2* analysis of specific brain regions of
interest to measure iron load compared with healthy control subjects. We found that iron content of the SN
correlated positively with both disease duration and Unified Parkinson’s Disease Rating Scale III off score.
Montreal Cognitive Assessment, Spatial Span, and Graded Naming Test scores were inversely associated with
iron load of the SN, whereas Wechsler Adult Intelligence Scale-IV Similarities score showed an inverse
relationship with iron content in all the regions of interest examined. Our findings suggest a relationship
between topographic brain iron distribution and cognitive domain impairment.

© 2019 Published by Elsevier Inc.

Keywords:

Parkinson’s disease

Cognitive impairment

Brain iron

Magnetic resonance imaging
Susceptibility-weighted imaging

1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative
disease characterized by movement disorders and nonmotor
symptoms of which cognitive impairment is the most frequent
(Aarsland et al., 2017). Brain iron load is for PD, a neuropathologic
hallmark that can be evaluated by magnetic resonance imaging
(MRI). Physiologically, iron homeostasis is needed to sustain normal
brain functions (Anderson et al., 2009; Bartzokis et al., 2004;
Simpson et al.,, 2015). On the other hand, dysregulation of iron
metabolism is known to be implicated in PD mechanisms linked to
neurodegeneration. Several findings have provided a potential
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involvement of iron accumulation in the nigral cell death in PD.
However, it seems that excessive brain iron deposition is not a simple
consequence of neuronal cell death but rather a causative factor in
processes leading to neurodegenerative changes (Apostolakis and
Kypraiou, 2017). The alterations of iron metabolism can occur at
different levels and they are linked to a multifactorial pathogenesis,
related to genetic and nongenetic factors (Ke and Qian, 2003). It is
well accepted that one of the main mechanisms by which iron causes
neurotoxicity in PD is the increased generation of reactive oxygen
species that in turn damage cellular components and facilitate
protein aggregation, including a-synuclein aggregation (Zecca et al.,
2004). However, it has been controversial whether the iron accu-
mulation is a primary causative event or merely a secondary change
related to the dopaminergic neuronal degeneration (Mochizuki and
Yasuda, 2012). Consequently, iron-mediated neurotoxicity is one
possible mechanism.
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Iron is characterized by an inhomogeneous distribution in the
central nervous system and it is predominant in brain regions
related to motor functions, such as the corpus striatum and the
substantia nigra (SN), where its levels increase with aging (Valdés-
Hernandez et al., 2016). The pioneering postmortem studies of
Hallgren and Sourander (1958) show how in the globus pallidus
(GP), SN, red nucleus (RN), and dentate nucleus (DN) iron increases
rapidly from birth until the end of the second decade, plateaus for
several years, and then shows another milder increase after age 60
years. Moreover, some findings suggest that iron deposits of the
basal ganglia are closely related to worst cognitive performance and
seem to be a biomarker of age-related cognitive decline (Penke
et al., 2012).

The advent of specific MRI techniques made it possible to eval-
uate brain iron deposits in vivo. So far, R2-weighted, R2*-weighted,
and neuromelanin imaging have been used to assess brain iron
pattern. However, relaxation rates R2 and R2* are influenced not
only by iron deposition but also by tissue water changes that
interfere on relationship between iron and R2, R2* parameters
(Ordidge et al., 1994). This is one of the main reasons leading to
investigate newer MRI protocols and parameters to quantify brain
iron.

So far, studies exploring, by means of MRI, the relationship
existing between brain iron load and clinical features of patients
with PD gave uncertain results (Brooks and Tambasco, 2016). Thus,
our purpose was to investigate the role of T2*-weighted imaging,
that is, sensitive to susceptibility changes. The possible correlations
between motor disturbances, cognitive impairment, and brain iron
levels were evaluated in a group of patients with PD.

2. Materials and methods
2.1. Participants

Thirty-two patients with PD and 10 control subjects were
consecutively included in the present study for more than a period
of 4 years. Subjects were consecutively recruited among out-
patients from Movement Disorders Center of the Neurology
Department of University Hospital in Perugia. Clinical diagnosis of
PD was established according to the Movement Disorders Society
(MDS) clinical diagnostic criteria for Parkinson’s disease (Postuma
et al., 2015). The main demographic and clinical characteristics of
the subjects were assessed by 2 experienced neurologists (P.N. and
F.P.P.). All patients were on dopaminergic therapy. Therapy was
not modified during the study. Similarly, control subjects were
recruited among supporting persons (not familiar) of the out-
patients negative for neurologic diseases. Both patients and con-
trol subjects gave their written informed consent to the study. The
study was approved by the local Ethics Committee (CEAS Umbria).

2.2. Clinical examination

2.2.1. Motor evaluation

Clinical motor impairment was rated according to the exam-
ination of the Unified Parkinson’s Disease Rating Scale (UPDRS)-
Il (Goetz et al., 2008), before (off) and after (on) levodopa
administration. Disease-related disability was assessed by means
of Hoehn and Yahr scale (Goetz et al., 2004). Patients were also
examined for the possible presence of motor fluctuations,
dyskinesia, and other medication-related complications. Func-
tional abilities were assessed with the activities of daily living
(ADL) (Katz et al., 1963) and the instrumental ADL scales (Lawton
and Brody, 1969).

2.2.2. Neuropsychological evaluation

In patients with PD, cognitive functioning was assessed according
to the MDS Task Force recommendations (Litvan et al., 2012), within 1
week of the MRI session by a 2-level operational schema using a series
of neuropsychological tests assessing general and specific cognitive
functions. The first level (level I) was represented by global cognitive
functioning, which was measured using the Montreal Cognitive
Assessment (MoCA) (Gill et al., 2008) and Mini-Mental State Examina-
tion (MMSE) (Folstein et al,, 1975). The second level (level II) was
characterized by cognitive tests that were administered in a fixed
order by an expert neuropsychologist and categorized into 5 domains:
(1) Attention and working memory: digits forward/backward (Monaco
et al, 2013), Spatial Span and Simple Reaction Time (CANTAB
Cambridge Cognition, 2006a). (2) Executive functions: Phonemic
(Carlesimo et al., 1995, 1996) and Semantic Fluency Test (Novelli et al.,
1986) and Stockings of Cambridge (CANTAB Cambridge Cognition,
2006a). (3) Language: WAIS-IV Similarities (Wechsler, 2008) and
Graded Naming Test (CANTAB Cambridge Cognition, 2006a). (4)
Memory: Wechsler Memory Scale-1V Logical Memory Subtest (Wechsler,
1987)and Pattern Recognition Memory (CANTAB Cambridge Cognition,
2006a). (5) Visuospatial function: Clock Drawing Test (Caffarra et al.,
2011) and Pentagons Copy (Cormack et al., 2004).

Control subjects underwent a neuropsychological assessment
including MMSE, MoCA, and Milan Overall Dementia Assessment
(Brazzelli, 1994), to evaluate all cognitive domains. All of them
scored within normal range.

2.3. Image acquisition and processing

2.3.1. MRI protocol

Patients and control subjects underwent MRI acquisitionona3.0 T
Philips Achieva system, using an 8-channel head coil. The MRI pro-
tocol included an anatomic fluid-attenuated inversion recovery
sequence (axial acquisition, field of view = 230 x 230 mm?, pixel
size = 0.45 x 0.45 mm?, slice thickness = 4 mm, number of slices = 29
with a slice gap of 1 mm, echo time (TE) = 125 ms, repetition time
(TR) = 11,000 ms, flip angle = 90°, no fat suppression, full k-space, no
averages) and a 3-dimensional multishot fast field echo-planar im-
aging sequence sensitive to T2* changes (FOV = 220 x 220 mm?, pixel
size = 0.45 x 0.45 mm?>, slice thickness = 1 mm, number of slices =
200 without slice gap, TE = 21 ms, TR = 15 ms, flip angle = 10°, no fat
suppression, full k-space, no averages). In particular, the magnitude
signal-intensity response in the T2*-weighted sequence (radio-
frequency-spoiled short-TR gradient echo sequence) is given by

Sm(a) = p-sin(a)~e_%-

where p is the spin density of the tissue, TE is the echo-time, TR is
the repetition-time of each data acquisition, o is the (magnetiza-
tion) flip angle, T1 is longitudinal relaxation time of the tissue, and
T2* is the transverse relaxation time considering the By static
magnetic field inhomogeneities (Haacke et al., 2009).

2.3.2. Image processing

Dicom data were converted to the neuroimaging informatics
technology initiative format using the free dcm2nii software (http://
www.mccauslandcenter.sc.edu/mricro/mricron/dcm2nii.html,
output format SPM8—3D NIFTI) to properly process the images.

T2*-weighted images were considered for the quantitative
analysis. A coregistration between FLAIR and T2*-weighted images
was performed by Statistical Parametric Mapping-12. The addi-
tional contrast provided by FLAIR allowed a double check in the
positioning of the regions of interest (ROIs) on T2*-weighted
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images. FLAIR images were also used to exclude secondary lesions
by visual inspection.

The placement of ROIs was carried out by a trained investigator,
who was blind to the clinical status of each subject (patient with PD
or control subject). ROIs were chosen on the basis of others and our
previous work (Tambasco et al., 2011; Ward et al., 2014; Zhang et al.,
2010). In particular, for each hemisphere, 7 ROIs were considered:
putamen (PU), GP, caudate nucleus (CN), RN, SN, DN, and frontal
white matter (FWM) (Fig. 1). ROIs analysis was done using Image]
(Rasband, W.S., Image], U. S. National Institutes of Health, Bethesda,
MD, USA, http://imagej.nih.gov/ij/, 1997—2016). Moreover, we
included a deep white matter ROI in the frontal lobe and in the same
axial sequence of the basal ganglia as a control ROI of the white
matter. Furthermore, to limit bias from signal heterogeneity, ROIs
were chosen in the most homogenous region (Haacke et al., 2007).
For each ROI, mean intensity value and intensity standard deviation
were evaluated. Lower values correspond to higher iron content.

First, the ROIs were manually traced on the T2*-weighted images
and directly transferred to the coregistered FLAIR. ROIs were drawn

Fig. 1. Region of interest localization. The axial T2*-weighted MRI images show the
region of interest in a patient with PD [1. red nucleus, 2. substantia nigra (A), 3. pu-
tamen, 4. globus pallidus, 5. head of the caudate nucleus, and 6. frontal white matter
(B)]. MRI, magnetic resonance imaging.

and magnified 4 times before tracing to obtain means and standard
deviations of the image intensity in the ROIs. To avoid partial volume
effects, ROI boundaries were traced, as far as possible, from the gray-
white matter junction and not very close to the edge of the selected
targets. The ROIs of the subcortical nuclei were drawn according to
the anatomic structures, including RN, SN, CN, GP, PU whereas in the
FWM the ROIs were circular. Finally, the obtained measurements
converted from the intensity measurements were considered to be
the putative iron concentrations in the ROIs.

2.4. Statistical analysis

Statistical analyses were performed using R software version 3.5
(R Development Core Team). Continuous variables were described
by means and standard deviations, whereas categorical ones were
reported as count and percentages. The 72 test was used for veri-
fying the associations between categorical variables, and Student’s t
test was used for investigating the difference in continuous vari-
ables between groups. Pearson coefficients were calculated for
measuring correlations between continuous variables. Partial cor-
relation coefficients were calculated for taking into account age and
gender as potential confounders. Holm-Bonferroni procedure was
used for controlling the familywise error rate. We performed
intraclass correlation coefficient as a measure of interobserver and
intraobserver reliability. Distribution of variables was checked for
normality with Shapiro-Wilk test. When appropriate, nonpara-
metric analyses were carried out. ROl measures and age entered in
a partial least squares generalized linear model (Ding and
Gentleman, 2005) that was fitted to discriminate PD and control
subjects, because of robustness of approach in circumstances where
there is multicollinearity in the predictors. We carried out 10-times
10-fold cross-validation with caret R package (Kuhn, 2008).
Resampling results were evaluated in terms of accuracy across
tuning parameters, including number of components to be
extracted. Significance level of 5% was assumed for all the analyses.

3. Results
3.1. Demographic and clinical characteristics

The analysis was carried out on 32 patients and 10 control
subjects. Demographic and clinical features of PD patients are
shown in Table 1. Age and gender were comparable across patients
and control subjects.

3.2. MRI results

To verify the quantification of iron content, we calculated mean
iron deposition for each area of the patient group of Martin et al.

Table 1
Average + demographics and clinical features SD or number (%)
PD Control subjects p value

Numbers 32 10 —
Sex (Male) 20 (62%) 6 (60%) 1.000
Age (y) 58.2 + 9.8 59.0 + 8.7 0.836
Disease duration (y) 39+34 — —
UPDRS-off 239 +11.0 — —
UPDRS-on 153+ 75 — —
H&Y 1.9 £0.8 — —
MoCA 23.0 £ 2.7 — —
ADL 58 4+ 0.5 — —
IADL 7.5+ 1.7 — —

Key: ADL, activities of daily living; H&Y, Hoehn and Yahr scale; IADL, instrumental
activities of daily living; MoCA, Montreal Cognitive Assessment; PD, Parkinson’s
disease; SD, standard deviation; UPDRS, Unified Parkinson’s Disease Rating Scale.
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(2008) correlating with the values of our group. The correlation
value was —0.81 (p = 0.002). The correlation is negative because R2
and T2* are one of the reciprocals of the other (R2* = 1/T2*).

One patient dropped out for MRI evaluation because of motion
artifacts, so MRI analysis was carried out on 31 patients. Both
patients and control subjects did not show significant differences
in T2*-weighted values between the 2 hemispheres within each
ROI, with left-right correlations ranging from 0.72 (SN) to 0.90
(RN). Therefore, left and right values were averaged for each ROL
Both patients and control subjects showed lower T2*-weighted
values in the GP, whereas FWM was the region with higher
values. In patients with PD lower T2*-weighted values were
detected in all the ROIs compared with control subjects, indicating
higher iron deposition, although the difference between the 2
groups was not statistically significant (Fig. 2). However, when
entered in the partial least squares generalized linear model, ROIs
discriminated PD and control subjects with a fair accuracy (79%)
with PU, CN, and FWM being mostly related to the single-
dimensional component extracted.

Spearman’s correlation between T2* values and age, that is an
independent factors of brain iron accumulation, showed a direct
relationship with T2* values indicating an effect of age on brain
iron deposition. All the ROIs showed negative correlation between
T2* and age, with Pearson correlation coefficients ranging
from —0.05 in FWM to —0.40 in PU-. In all the patients only in PU
we found as significant correlation (r = —0.40, p = 0.010) whereas
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in PD we found significant associations in PU (r = —0.47, p =
0.010), globus pallidus (r = —0.46, p = 0.010), and dentate nucleus
(r = —0.37, p = 0.040). Hence, we considered age as a potential
confounder for all the ROIs.

In patients with PD, a negative correlation was observed be-
tween duration disease and T2* values of the SN as a marker of
degeneration with increased iron load (r = —0.48, p = 0.009).

3.3. T2*-weighted image values and motor function

In patients with PD, the UPDRS-III off score had a significant
negative correlation with T2* values of the SN (r = —0.48, p = 0.014)
and GP (r = —0.45, p = 0.029), whereas the UPDRS-III on score had a
significant negative correlation only with T2* values of the GP
(r=-0.42, p = 0.048). A significant positive relationship was found
between ADL and instrumental ADL scales and T2* values of the SN
(r=0.49, p = 0.028) (Fig. 3). No significant correlations were found
between T2* values and other explored clinical features such as
motor fluctuations and dyskinesia. Taking into account age and
gender as potential confounder, the T2* values of the GP had a
significant negative correlation with UPDRS-III off score (r = —0.40,
p = 0.040), as well as with the UPDRS-III on score (r = —0.43,
p = 0.027). A significant negative relationship was also found be-
tween T2* values of the SN and UPDRS-III off score (r = —0.48,
p = 0.014).
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Fig. 2. T2* values detected in all the regions of interest (ROIs) between patients and control subjects. T2* values are lower in patients with Parkinson’s disease compared with
healthy subjects indicating that iron content is higher in patients compared with control subjects in all the ROIs we analyzed.
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Fig. 3. Ranked standardized regression coefficients of partial least squares generalized linear model. Abbreviations: CN, caudate nucleus; DN, dentate nucleus; FWM, frontal white
matter; GP, globus pallidus; PLS, partial least squares; PU, putamen; RN, red nucleus; ROI, region of interest; SN, substantia nigra.

3.4. T2*-weighted image values and neuropsychological profile in PD, represented by MoCA or MMSE. A positive correlation be-
tween MoCA score and T2* values of the SN (r = 0.41; p = 0.041) and

Level I: this level includes, according to Litvan et al. (2012), an GP (r = 0.36; p = 0.048) was found, whereas MMSE score had a
impairment on a scale of global cognitive abilities validated for use significant positive correlation only with T2* value of the GP
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Fig. 4. Heatmap of correlations between motor features, ADL, IADL, disease duration, and T2* values. The heatmap colors range from negative correlation (blue) to positive cor-
relation (red). Horizontal dendrogram added to the left show a meaningful clustering between motor features, ADL, IADL, and disease duration. Abbreviations: ADL, activities of
daily living; H&Y, Hoehn and Yahr scale; IADL, instrumental activities of daily living; CN, caudate nucleus; DN, dentate nucleus; FWM, frontal white matter; GP, globus pallidus; PU,
putamen; RN, red nucleus; SN, substantia nigra; UPDRS, Unified Parkinson’s Disease Rating Scale. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Horizontal dendrogram added to the left show a meaningful clustering between neuropsychological tests. Abbreviations: CN, caudate nucleus; DN, dentate nucleus; FWM, frontal
white matter; GP, globus pallidus; MoCA, Montreal Cognitive Assessment; MMSE, Mini-Mental State Examination; PU, putamen; RN, red nucleus; SN, substantia nigra. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

(r = 0.40; p = 0.049). Taking into account the age and gender as
potential confounders no significant relationships were found at
level I neuropsychological scores.

Level II: as regards specific neuropsychological test, WAIS-R
Similarities score showed to be a positive correlation with T2*
values of all the examined ROIs, and in particular, with PU (r = 0.59;
p = 0.001). Graded Naming Test score and Spatial Span score were
positively correlated with T2* values of the SN (Graded Naming Test
r=0.44, p = 0.032; spatial span r = 0.38, p = 0.049) (Fig. 4). Taking
into account the age and gender as potential confounder WAIS-R
Similarities score showed to be positive correlated with T2*
values of all the examined ROIs, and in particular with PU (r = 0.54;
p = 0.003) (Fig. 5). Taking into account the age and gender as po-
tential confounders Graded Naming Test score and Spatial Span
score were positively correlated with T2* values of the SN (GNT r =
0.38, p = 0.041; SS r = 0.48, p = 0.009) (Fig. 5).

According to the 2 levels of neuropsychological evaluation, pa-
tients with PD were distributed as follows: 2 patients were
demented, 3 patients were affected by mild cognitive impairment
(MCI) involving amnestic domain, and 2 patients were affected by
MCI multiple domain involving amnestic functions. The remaining
patients showed neither MCI nor dementia. No significant differ-
ences were found in T2* values among the different subgroups.

When adjusted with Holm-Bonferroni procedure none of the
significant comparisons were significant.

4. Discussion

This study suggests a potential link between increasing brain
iron load and both motor and cognitive performances in patients
with PD. Previous studies have investigated brain iron load and its
impact on motor performances, reporting a relationship between
the 2 (Zhang et al., 2009, 2010).

In our study, we observed an inverse correlation between T2*-
weighted image values of the SN and both disease duration and
UPDRS-III off, whereas UPDRS-III on was not related to T2*-weighted
image values of the SN. Therein, it is plausible that UPDRS off indi-
cated the true state of the disease, in terms of severity.

A few studies have tried to correlate brain iron and cognitive
features in patients with PD failing to show differences between
patients with PD with or without cognitive dysfunction (Zhang
et al., 2009). Our study, instead, examined patients at 2 levels of
neuropsychological assessment, as recommended by the MDS Task
Force, providing positive results (Litvan et al., 2012). Specifically,
iron accumulation was significantly related to MoCA both in the SN
and in the GP. Meanwhile, when using MMSE, the relationship was
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significant only in the GP. This is likely because of the greater
sensibility of MoCA in detecting early baseline and longitudinal
cognitive impairment in patients with PD, when compared with
MMSE (Hu et al., 2014).

The second level of cognitive evaluation revealed that both
Graded Naming Test and Spatial Span results correlated with T2*-
weighted image values of the SN. Moreover, WAIS-R Similarities
results were related to all the considered ROIs. The fact that this test
explores conceptualization and executive functions, cognitive do-
mains early affected in patients with PD, might well explain the
alteration of multiple brain areas (Muslimovic et al., 2005).

Although in the past different MRI techniques have been used to
investigate brain iron pattern in PD, no clear clinical correlation was
found. This failure was possibly because of technical reasons (Barbosa
et al., 2015; Rossi et al., 2013; Wallis et al., 2008). This is the main
reason why physicians are searching for new MR protocols and pa-
rameters to better quantify brain iron deposits. Particularly, quanti-
tative susceptibility mapping can detect with great efficacy local
magnetic changes that are sensitive to metals like iron (Guan et al.,
2017b), as demonstrated also by the comparison with histologic
findings (Mechelle et al., 2018). Previous studies reported that pa-
tients with PD can be distinguished from healthy subjects using
susceptibility-weighted imaging and the most involved areas were
CN, RN (Zhang et al., 2009), GP (Rossi et al., 2014; Wang et al., 2012),
and SN (Reiter et al., 2015; Rossi et al., 2014; Zhang et al., 2010).
Moreover, susceptibility-weighted imaging values of the SN have
been reported to correlate with both disease duration and UPDRS
score (Jin et al., 2011; Zhang et al., 2010). Furthermore, increased iron
deposit has been detected in the anterior region of the GP in patients
with greater postural instability (Rossi et al., 2014) and in the DN in
patients with higher tremor severity (Guan et al., 2017a). Iron content
of the SN has been associated with the Montgomery Asberg Depression
Rating Scale and Hamilton Anxiety Scale scores (An et al., 2018).

We accept that the ROI method lacks spatial precision, is time-
consuming, and is limited by its hypothesis-driven nature (Yu et al.,
2017). Differently, the normalization procedure used in whole-brain
studies tends to attenuate group differences that are forced into a
common standard space. Moreover, whole-brain analysis, then the
ROI approach, is not applicable when the investigation is direct to
regional changes, such as our experimental design, considering that
the 2 methods were comparable in other settings.

Our study has a few limitations. First of all, sample size was
limited and unbalanced toward a greater proportion of patients
compared with control subjects. We are currently in the process of
collecting further similar samples and making these analyses in
another more extensive cohort. Second, we used a manual-tracing
method to draw the brain structures, leading to a limitation
because of subjective evaluation and time-consuming problems.
Third, several neuropathologic aspects, such as metal deposition and
loss of dopaminergic cells, can modify SN structure inducing atrophy
and signal changes. In PD, the MRI studies also showed that the SN
presents different signal changes in different MRI contrasts or
methods (Lehéricy et al., 2014). In particular, neuromelanin, that is
mainly distributed in locus coeruleus and substantia nigra pars
compacta and that is increased in neurodegeneration, has a T1-
shortening effect when combined with metals and by magnetic
intensity (the prolongation of the T1 relaxation time at 3 T is higher
than 1.5 T). Single parameter is not sufficient to characterize SN,
whereas the multimodal method through the combination of
techniques, as R2* and fractional anisotropy, could provide addi-
tional and complementary information for characterizing SN
quantification (Péran et al., 2010). Moreover, several studies pointed
out that iron has a bimodal deposition increasing in substantia nigra
pars compacta in early stage and in substantia nigra pars reticulata
only in more advanced stage of the disease (Guan et al., 2017c).

5. Conclusion

The main finding of our study is that iron load of the SN corre-
lates with the majority of motor and cognitive parameters. Note-
worthy, although our results are in line with previous findings
suggesting that increased iron load of the SN reflects motor dis-
abilities, they also suggest that nigral iron deposition influences
decline of cognitive abilities, in particular of executive functions.
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