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Microstructural effects of Ramadan fasting on the brain: a diffusion

tensor imaging study
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PURPOSE

We aimed to examine whether the brain displays any micro-
structural changes after a three-week Ramadan fasting period
using diffusion tenson imaging.

METHODS

This study included a study and a control group of 25 volun-
teers each. In the study group, we examined and compared
apparent diffusion coefficient (ADC) and fractional anisotro-
py (FA) values of the participants during (phase 1) and after
(phase 2) a period of fasting. The control group included in-
dividuals who did not fast. ADC and FA values obtained in
phase 1 and phase 2 were compared between the study and
control groups.

RESULTS

In the study group, ADC values of hypothalamus and, to a
lesser extent, of insula were lower in phase 1 compared with
phase 2 and the control group. The FA values of amygdala,
middle temporal cortex, thalamus and, to a lesser extent, of
medial prefrontal cortex were lower in phase 1 compared
with phase 2 and the control group. Phase 2 ADC and FA val-
ues of the study group were not significantly different com-
pared with the control group at any brain location.

CONCLUSION

A three-week Ramadan fasting period can cause microstruc-
tural changes in the brain, and diffusion tensor imaging en-
ables the visualization of these changes. The identification
of brain locations where changes occurred in ADC and FA
values during fasting can be helpful in diagnostic imaging
and understanding the pathophysiology of eating disorders.
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ietary changes such as hunger and thirst have metabolic, phys-

iological, and neurological effects. Prior studies on the impact

of hunger and thirst on brain functions were usually done with
fasting individuals; and these studies investigated effects of fasting on
psychomotor activities, sleep patterns, and motor cortex activity (1-3).
A helpful way to understand effects of hunger and thirst on the brain
is to examine neuroanatomical correlates of hunger and satiation with
fasting individuals.

In Islam, fasting during Ramadan, which is the ninth month of a lu-
nar yeatr, is an obligatory practice. Fasting for Muslims entails abstaining
from food and drink from dawn till dusk. Depending on the season that
Ramadan coincides with and the location, the duration of fasting may
vary between approximately 10 and 20 hours.

In the literature, different brain locations associated with hunger and
satiety have been identified. In a study that used positron emission to-
mography, hunger was shown to be associated with an increase in neu-
ronal activity in the hypothalamus, thalamus, basal ganglia, temporal
cortex, cerebellum, insula, anterior cingulate, and orbitofrontal cortex;
and satiety was found to be related to increased neuronal activity in
prefrontal cortex (4-5).

Diffusion-weighted imaging (DWI) and diffusion tensor imaging
(DTI) are magnetic resonance imaging (MRI) techniques that are used
to measure the molecular motion of fluid and to quantify the direction
and magnitude of diffusion (6-7). DWI produces apparent diffusion co-
efficient (ADC) as a measure of the diffusion, and DTI yields fractional
anisotropy (FA) values to indicate the directionality of water diffusion.
ADC and FA values can be used to deduce microstructural changes (8).
Increased ADC values would indicate microstructural damage, and high-
er values of FA may suggest better structural integrity (8-9).

To date, there is not a single study that examined structural integrity
in the brain during fasting using DTI. The purpose of our study was to
examine whether microstructural changes occur in the neuroanatomi-
cal correlates of hunger and satiety centers after a three-week Ramadan
fasting period.

Methods
Subjects

The study and control groups consisted of 25 volunteering adults
each (15 females and 10 males in each group). Volunteers were em-
ployees of the university where the study took place. The mean ages of
the study and control groups were 30.2+8.5 years (range, 19-51 years)
and 32.2+7.4 years (range, 20-48 years), respectively. The mean age



of the study and control groups were
not significantly different (P = 0.371).
The Institutional Ethics Committee
approved the study, and participants
provided written informed consent.
All participants had the same working
environment and had similar working
conditions. Body mass indices (BMI) of
all participants were calculated using
the World Health Organization (2006)
classification system. There was no sig-
nificant difference in the mean BMI of
fasting and control subjects. The ma-
jority of the study (n=20) and control
groups (n=22) were within the normal
weight range (BMI, 18.5-24.9 kg/m?),
and the rest were overweight (BMI,
25.0-29.9 kg/m?).

Study design

In the study group, we examined ADC
and FA values of the participants during
and after a period of Ramadan fasting.
In this study, to establish consistency
among study group participants they
were told to start fasting at 00:30 am,
and they broke their fast around 8:30
pm every day in Ramadan. Apart from
the fasting practice, the study group
did not follow any other dietary restric-
tions. Weight of the study subjects were
measured two times: at the beginning
of Ramadan and at the end of the third
week of Ramadan. The difference be-
tween these two measurements were
less than 1 kg on average, which indi-
cated stabilized body weights during
this three-week period.

Measurements in the study group
were carried out in two phases. The
first phase (phase 1) was conducted
during the last week of Ramadan fast-
ing. In the first phase, all tests were
performed 15 hours after the study
group started their daily fasting. Glu-
cose, hemoglobin Alc, insulin, and
homeostasis model of assessment-in-
sulin resistance (HOMA-IR) levels
were also measured in the first phase
to determine and exclude participants
with insulin resistance. To identify
participants with brain abnormalities,
T1, T2, and fluid-attenuated inversion
recovery (FLAIR) axial images were ob-
tained. None of the participants had
insulin resistance or any brain abnor-
malities including white matter T2 hy-
perintense foci; thus all of them were

included in the study and were further
evaluated with DTI. The second phase
(phase 2) took place two months after
the fasting period ended. In the second
phase, study subjects were evaluated
by DTI within one hour of having a
meal and at roughly the same day time
as in the first phase.

The control group included volun-
teers who did not follow the fasting
practice during Ramadan. The rea-
son for having a control group in this
study was to compare ADC and FA val-
ues of the study group in the second
phase (i.e., two months after Ramadan
ended) and the ADC and FA values of
the control group. Control group par-
ticipants underwent the same tests as
the study group to identify individu-
als with insulin resistance and brain
pathology. None of the participants
in the control group had insulin resis-
tance or brain abnormalities, and all
of them were kept in the study. Sub-
sequently, control group participants
were evaluated with DTI within one
hour of having a meal and at roughly
the same day time as the study group.

Magnetic resonance imaging

MRI was performed on a 1.5 T sys-
tem (Avanto, Siemens Healthcare).
T1-weighted three-dimensional mag-
netization prepared rapid acquisition
gradient echo (3D-MPRAGE) (TR/TE/TI,
12.5/5/450 ms; matrix, 128x128; field
of view, 200x230 mm), T2-weighted
spin echo (SE) (TR/TE, 4530/100 ms;
matrix, 128x128; field of view, 200x230
mm) and FLAIR images (TR/TE/TI,
8000/90/2500 ms; matrix, 128x128;
field of view, 230x230 mm) were ob-
tained in the axial plane. The DTI
protocol consisted of a single-shot SE
echo-planar sequence with fat suppres-
sion technique (TR/TE, 2700/89 ms;
matrix, 128x128; field of view, 230x230
mm; slice thickness, 3 mm). Thirty dif-
tfusion encoding directions were used at
b=0 s/mm?and b=1000 s/mm?.

Image interpretation and analysis

The post-processing of DWI data sets
was carried out on a workstation (Leon-
ardo, software version 2.0, Siemens
Healthcare), and the ADC and FA maps
were reconstructed. ROIs were placed in
hunger and satiety related centers, and

ROI sizes were determined based on the
size of the brain area measured (4, 5,
10). To standardize the measurements
all ROIs were obtained from the left
cerebral hemisphere. The areas of ROIs
were 10 mm? in the left hypothalamus,
hippocampus, insula, orbitofrontal cor-
tex, thalamus, midbrain, amygdala, oc-
cipital cortex, and cerebellum; 8 mm? in
the left middle temporal cortex, cingu-
late gyrus, medial prefrontal cortex, and
lateral prefrontal cortex; and 30 mm? in
the left corpus striatum (Fig). Two ex-
perienced radiologists (A.B., S.Y.), who
were blinded to the satiety conditions of
the participants, manually drew similar
size ROIs on axial color-encoded ADC
and FA maps of all participants. Imaging
distortions were automatically correct-
ed, and the data were co-registered in
reference to T1-weighted 3D-MPRAGE
images. ADC and FA values were ob-
tained automatically with reference to
corresponding ADC and FA maps.

Statistical analysis

All statistical analyses were per-
formed using SPSS 17.0, a commer-
cially available software package (SPSS,
Inc.). Descriptive statistics for ADC
and FA values were reported as meant
standard deviation. The ADC and FA
comparisons were done using t tests
and Cohen’s d effect sizes. A P value
below 0.05 was considered statistically
significant in all analyses.

Results

Phase 1 and phase 2 ADC and FA
values at 14 different brain locations
in the study group are presented in
Table 1. The mean ADC and FA values
of the control group are presented in
Table 2. Paired t test results showed
that the mean ADC value of the hy-
pothalamus was significantly lower in
phase 1 compared with phase 2 with
a Cohen’s d effect size of 0.67 (P =
0.025). The mean ADC value of insu-
la in phase 1 was also relatively lower
compared with that in phase 2 with a
Cohen’s d effect size of 0.57 although
the difference was not statistically sig-
nificant (P = 0.052).

We also compared ADC values of
the study group in phase 1 to the ADC
values of the control group. The mean
ADC values of the hypothalamus (P =
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Figure. a—c. ADC maps show ROlIs of participants in the study group: (a) amygdala (1), hippocampus (2); (b) hypothalamus (3), middle temporal
cortex (4); (c) cingulate gyrus (5), corpus striatum (6), insula (7), and thalamus (8).

Table 1. Comparison of ADC and FA values between Phase 12 and Phase 2°

FA (x103) FA ADC (x10* mm?/s) ADC
Locations Phase 1 Phase 2 P Cohen’sd Phase 1 Phase 2 P Cohen's d
Hypothalamus 456.6£85.6 470.2491.2 0.573 0.15 683.0+150.0 763.1+77.5 0.025 0.67
Hippocampus 349.8+98.3 324.3+65.4 0.357 -0.31 759.9+99.4 760.0£59.3 0.997 0.00
Middle temporal cortex 161.3+34.0 213.6+55.8 <0.001 1.13 807.9+49.2 811.9+68.0 0.794 0.07
Insula 223.6+43.5 215.2+42.3 0.467 -0.20 826.0+43.7 851.4+44.8 0.052 0.57
Corpus striatum 236.0+£51.2 235.7+48.2 0.987 -0.01 725.3+23.3 739.44£36.5 0.158 0.46
Cingulate gyrus 224.11£98.4 265.7+128.5 0.160 0.36 784.9+63.2 799.5+60.8 0.341 0.24
Orbitofrontal cortex 195.1+57.2 239.6£117.5 0.068 0.48 802.5+78.6 817.7461.1 0.409 0.22
Thalamus 312.3+51.0 365.1+76.3 0.011 0.81 763.4+50.0 747.0+59.3 0.264 -0.30
Midbrain 469.6191.5 478.9+91.9 0.674 0.10 766.4+64.3 773.2+54.3 0.735 0.1
Amygdala 196.5+44.8 276.4162.8 <0.001 1.46 841.3+55.7 834.3+51.8 0.624 -0.13
Occipital cortex 204.2+71.9 231.8+46.1 0.115 0.46 791.5+38.7 790.24+45.5 0.921 -0.03
Medial prefrontal cortex 202.6+48.8 233.0£50.3 0.052 0.61 789.9+70.5 757.0+70.6 0.167 -0.47
Dorsolateral frontal cortex ~ 182.4+46.2 203.0£61.9 0.266 0.38 834.0+£80.9 820.6+73.4 0.591 -0.17
Cerebellum 209.0+£132.5 196.4+30.2 0.633 -0.13 721.6£139.2 745.3£61.0 0.468 0.22

Data are presented as meanzstandard deviation.

ADC, apparent diffusion coefficient; FA, fractional anisotropy.
After a 3-week fasting period; "Two months after the end of Ramadan.

0.022; Cohen’s d, 0.67) and the insu-
la (P = 0.051; Cohen’s d, 0.57) for the
study group in phase 1 were statistical-
ly and practically lower than the mean
ADC values of the same locations in
the control group.

The mean FA values of the amygdala
(P<0.001) and middle temporal cortex
(P < 0.001) were significantly lower in
phase 1 compared with phase 2 with

Cohen'’s d effect sizes of 1.46 and 1.13,
respectively. The mean FA value of
the thalamus (P = 0.011) was also sig-
nificantly lower for phase 1 compared
with phase 2 with a Cohen’s d effect
size of 0.81. The average FA value of
the medial prefrontal cortex was rela-
tively lower in phase 1 compared with
phase 2 with a Cohen'’s d effect size of
0.61 although the difference was not
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statistically significant (P = 0.052).

The mean FA values of the amygdala
(P < 0.001; Cohen’s d = 1.50), middle
temporal cortex (P < 0.001; Cohen’s d
=1.15), thalamus (P =0.007; Cohen’s d
=0.79), and medial prefrontal cortex (P
=0.042; Cohen’s d = 0.59) for the study
group in phase 1 were lower than the
mean FA values of the same locations
in the control group.
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Table 2. Descriptive statistics for ADC and FA measurements in the control group

Locations FA (x103) ADC (x10° mm?/s)
Hypothalamus 470.3£91.8 762.4+75.8
Hippocampus 324.2+65.5 760.0+£58.7
Middle temporal cortex 214.0+55.1 811.6+67.1
Insula 215.5439.5 851.8+47.1
Corpus striatum 236.4£50.0 739.94£38.3
Cingulate gyrus 265.8+£127.5 798.7+61.8
Orbitofrontal cortex 239.9+117.5 817.3+60.5
Thalamus 364.6+78.2 747.1£61.3
Midbrain 478.2492.8 773.3£52.9
Amygdala 277.5+61.6 834.4+55.0
Occipital cortex 232.3142.7 791.4+47.8
Medial prefrontal cortex 233.04£53.5 756.6+71.8
Dorsolateral frontal cortex 203.6+59.3 820.6+74.1
Cerebellum 197.0+£29.2 742.7£59.0

Data are presented as meantstandard deviation.

Independent samples t test compar-
isons between the study group’s ADC
and FA values in phase 2 and the con-
trol group’s ADC and FA values showed
no statistically significant difference at
any of the brain locations. Indeed, the
largest Cohen’s d value obtained for
these comparisons was 0.04, indicat-
ing that the study group’s phase 2 ADC
and FA values and the control group’s
ADC and FA values were quite similar.

Discussion

In this study we show that there are
microstructural changes in different
brain locations during the fasting pe-
riod.

Diet is essential for maintaining gen-
eral health and is particularly import-
ant for the brain, as it requires a steady
supply of energy (11-12). A number of
studies on the lack of energy as a conse-
quence of fasting consistently showed
a decline in attention and cognitive
functions and an increase in fatigue,
headaches, and irritability (13-15).

DWTI is a specific MRI technique that
examines molecular motion of water at
the cellular level (16). ADC is the most
widely accepted DWI measure and pro-
vides information about the local cell
breakdown (17). As a more recent MRI
method, DTI allows for the measure-
ment of the direction and magnitude

of water diffusion. DTI produces FA as a
measure of the orientational coherence
of water diffusion. Low FA values may
suggest loss of white matter integrity,
decrease in axonal density, or disorga-
nization of axonal structure (18-19).

Although neural mechanisms of
hunger and satiation have been ex-
amined in studies that used neuroim-
aging techniques other than DWI, to
our knowledge, no studies have been
conducted with fasting individuals to
investigate hunger- and satiety-related
brain locations using DWI and DTIL.
One study that examined diffusion
changes in hunger- and satiety-relat-
ed centers using DWI was conducted
with obese individuals (10). This study
found increased ADC values for obese
individuals at hypothalamus, amyg-
dala, hippocampal gyrus, midbrain,
insula, and cerebellum. The authors
suggested that vasogenic edema could
be the reason for the increase in ADC
values (10).

We examined hunger- and sati-
ety-related centers in the brain using
DTI and determined that FA values
of amygdala, middle temporal cortex,
thalamus, and medial prefrontal cor-
tex during fasting period were lower
compared with FA values during sa-
tiety. These findings suggest micro-
structural changes, mainly due to loss

of functional and structural integrity,
at these locations. In addition ADC
values of hypothalamus and insula
during fasting were lower compared
with the ADC values of these locations
during satiety. The low ADC values of
hypothalamus and insula could be sec-
ondary to a dysfunction similar to hy-
pothalamic and insular inflammation.
A recent study that was conducted
with fasting mice and humans using
advanced diffusion also suggested that
changes in diffusion parameters could
be associated with hypothalamic in-
flammation (20).

Hypothalamus and insula are parts
of distinct neural networks associated
with energy intake and regulation of
appetite. Whereas the hypothalamus
plays a major role in the homeostatic
control, the insula is a key contribu-
tor to the hedonic, or reward-based,
regulation of appetite (21). Long fast-
ing hours in our study may model
ungrounded diets that start with long
hunger periods to restrict energy in-
take. Thus, our findings suggest that
following such restricted diets may af-
fect hypothalamus and insula, which
may result in failure to accurately rec-
ognize hunger signals. The inaccurate
perception of hunger signals can lead
to refusing to eat or overeating, which
are possible pathophysiologies of eat-
ing disorders such as anorexia and bu-
limia nervosa (22).

Neuroimaging studies about hypo-
thalamus, insula, amygdala, middle
temporal cortex, thalamus, and me-
dial prefrontal cortex, which were the
affected hunger and satiety centers in
the current study, have highlighted the
crucial role of these brain locations in
the neurobiology of eating disorders
and, particularly, in the related emo-
tional regulation deficits (23-30). Hy-
pothalamus, thalamus, and amygdala,
which are parts of limbic system, have
major roles in processing emotions and
memory (25). Amygdala also plays a
pivotal role in regulating anxiety and
thus coping with self-injurious behav-
ior (23). Dorsomedial prefrontal cortex
has a central role in emotion regulation
and the pathophysiology of major de-
pression (26). The medial prefrontal
cortex and temporal cortex are asso-
ciated with socioemotional responses
(24). In a previous study on patients
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with anorexia nervosa, Frieling et al.
(28) observed reduction in FA values of
thalamic regions. These regions have
been implicated in the etiopathogene-
sis of anorexia nervosa and contribute
to impairments in cognitive domains,
especially set-shifting ability. In an-
other study, Kazlouski et al. (27) found
reduced FA values mainly in the amyg-
dala-related white matter tracts of an-
orexia patients, which play a major role
in coping with self-injurious behavior.

Although all of the affected brain
regions in this study have been impli-
cated in the pathophysiology of eating
disorders, most present data on brain
abnormalities are still insufficient to
answer some main questions about the
eating disorders. Prior DTI studies on
eating disorders included patients with
anorexia nervosa, and, except for one,
included either acutely ill patients (27)
or patients after weight-restoration (30)
making it impossible to answer wheth-
er microstructural abnormalities in the
brain are a cause or result of these disor-
ders, or whether these abnormalities are
only related to malnourishment or un-
derweight. The only study that included
both ill and weight-recovered patients
could also not answer these questions
because microstructural abnormalities
remained after weight-restoration (28).
Indeed to solve this problem we need
studies that use healthy participants
that go through long periods of hunger
(e.g., fasting individuals) or studies that
include control groups consisting of
acutely underweight and malnourished
patients without an eating disorder.
Thus, our study is informative for eating
disorder studies, in that, microstructur-
al changes in the brain regions, which
have been implicated in the pathophys-
iology of eating disorders, were observed
as a result of the three-week fasting peri-
od and were not related to malnutrition
or underweight.

A limitation of the current study was
the relatively small sample size, which
may have been inadequate to detect
the statistical significance of some ef-
fects (31). Also, the present study could
have been improved by using a single
group with measurements made on the
same subjects before, during, and after
the fasting period. However, we could
initiate the study during Ramadan and

thus used a control group. One other
limitation of this study was that ROI-
based analysis could affect the estimat-
ed diffusion parameters. Tract-based
spatial statistics (http://www.fmrib.ox-
.ac.uk/fsl/) would have provided more
accurate and detailed results and re-
vealed more significant areas showing
whole brain voxel-based changes (32).
Furthermore, previous studies showed
that ADC values may differ accord-
ing to the ROI size (33). In the current
study, ROI sizes were determined based
on the size of the brain area measured.
Thus, although the ROI sizes differed by
the brain area, for the same brain area
the ROI sizes were the same across the
three measurements (i.e., study group
phase 1, study group phase 2, and the
control group). Finally, Ramadan fast-
ing involves total abstaining from not
only food but also fluids, which can
impact serum osmolarity and, even-
tually, intracellular water content and
quantitative values of DWI and DTL In
the current study we did not examine
the effect of dehydration using a direct
measure of body water content such
as serum osmolarity. However, stud-
ies that investigated serum osmolari-
ty changes in active Ramadan fasting
groups found that Ramadan fasting did
not affect serum osmolarity (34, 35).

In conclusion, we observed mi-
crostructural changes in the brain of
healthy individuals after a three-week
Ramadan fasting period, and DTI en-
abled the visualization of these micro-
structural changes. The identification
of brain locations in which temporary
changes occur in ADC and FA values
during fasting may be helpful in diag-
nostic imaging and understanding the
pathophysiology of eating disorders.
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