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Abstract: Nuts have high energy and fat contents, but nut intake does not promote weight gain or
obesity, which may be partially explained by their proposed high satiety value. The primary aim
of this study was to assess the effects of consuming almonds versus a baked food on postprandial
appetite and neural responses to visual food stimuli. Twenty-two adults (19 women and 3 men) with
a BMI between 25 and 40 kg/m2 completed the current study during a 12-week behavioral weight
loss intervention. Participants consumed either 28 g of whole, lightly salted roasted almonds or a
serving of a baked food with equivalent energy and macronutrient contents in random order on two
testing days prior to and at the end of the intervention. Pre- and postprandial appetite ratings and
functional magnetic resonance imaging scans were completed on all four testing days. Postprandial
hunger, desire to eat, fullness, and neural responses to visual food stimuli were not different following
consumption of almonds and the baked food, nor were they influenced by weight loss. These results
support energy and macronutrient contents as principal determinants of postprandial appetite and
do not support a unique satiety effect of almonds independent of these variables.
Keywords: almonds; fMRI; reward; appetite; obesity

1. Introduction
Nuts are widely recognized as a potential component of a healthful dietary pattern, but the high
energy and fat content of nuts raise continued concerns regarding their role in weight management [1].
These concerns persist despite evidence from epidemiologic studies indicating an inverse relationship
between nut consumption and body weight [2–4] and meta-analytical findings from clinical trials [5]
demonstrating that nut consumption does not increase the risk of weight gain and obesity. Potential
mechanisms contributing to the inverse or neutral relationship between nut consumption and risk of
obesity and weight gain include increased satiety, lower-than-predicted energy extraction, and possible
enhancement of resting energy expenditure [6].
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As regards almonds specifically, daily intake of 1337 kJ/day (320 kcal) of almonds for six months
did not significantly increase body weight [7], and this was supported by a mechanistic metabolic
study where daily consumption of 1440 kJ/day (344 kcal) of almonds for 10 weeks did not result
in weight change [8]. Several additional clinical trials revealed that almonds may be included in
an energy restricted diet without compromising weight reduction [7,9–11]. Further, 4- and 12-week
trials indicate that consumption of almonds specifically as a snack reduced hunger and desire to eat
ratings and did not increase energy intake or body weight [12,13]. Collectively, these data suggest that
almonds promote satiety and demonstrate that their daily consumption does not lead to increased
body weight or undermine the effectiveness of a weight loss regimen.
However, many of the studies investigating the impact of acute almond consumption on ingestive
behavior have used a negative control study design (addition of almonds vs. no food) [12,14] or have
inferred a satiety effect from observed reductions in foods eaten throughout the day when almonds are
included in the diet [8]. One study that compared postprandial hunger among eight different preloads
(peanuts, peanut butter, almonds, chestnuts, chocolate, rice cakes, pickles, and no load) found that
reductions in hunger were not different among energy-equivalent foods and concluded that energy
content is the primary determinant of a food’s impact on perceived appetite [15]. Other important
mediators of appetite sensations and ingestive behavior include macronutrient distribution (especially
protein content) [16,17], fiber content [18], and food form (i.e., liquid vs. solid) [19,20]. Food form may
be especially relevant for peanuts and tree nuts that are often processed to form butters (i.e., peanut
butter, almond butter) and other food products. For example, daylong fullness was highest when
whole almonds were consumed compared to other almond products or the control condition with no
almond product consumed [21]. Studies directly comparing the appetitive effects of whole almonds
and relative solid foods that are matched for energy, macronutrient, and fiber contents would allow for
the investigation of whether almonds demonstrate a unique satiety effect (i.e., aside from observed
effects of energy content, macronutrient distribution, fiber content, and food form on appetite) that
may partially explain their neutral or beneficial effects on weight management.
Energy intake is driven by an interaction between reportedly homeostatic (i.e., leptin action in
the hypothalamus) and non-homeostatic or reward-related neural pathways (i.e., mesocortolimbic
dopamine system and associated brain regions [22]). Human functional magnetic resonance imaging
(fMRI) studies have consistently demonstrated that visual food stimuli elicit greater responses in
reward-related brain structures including the insula, striatum, amygdala, and orbitofrontal cortex of
overweight/obese vs. normal weight adults [23–25]. Studies in adults with normal weight status
suggest that neural responses to visual food stimuli are attenuated in the postprandial state [24] and
could represent a more objective measure of motivation/desire for food. However, data regarding
postprandial attenuation of neural responses to visual food stimuli in adults with overweight/obesity
are mixed [24,26,27] and require further investigation.
Therefore, the primary aim of this study was to investigate the effects of consuming 28 g of
almonds vs. an isoenergetic baked food product with a similar macronutrient distribution and fiber
content on postprandial appetite ratings (hunger, desire to eat, and fullness) and neural responses to
visual food stimuli in brain regions associated with reward and motivated behavior in adults with
overweight/obesity. Neural responses to visual food stimuli were measured with fMRI and a priori
brain regions of interest included the bilateral insula, amygdala, orbitofrontal cortex, caudate, and
putamen [23,24]. We hypothesized that reductions in hunger and desire to eat and increases in fullness
would not differ following the consumption of almonds and the isoenergetic baked food, and that
postprandial neural responses to visual food stimuli (90 min after ingestion) would not differ following
the consumption of these foods. These hypotheses were based on documented effects of energy
content [15], macronutrient distribution [16,17], fiber content [18], and food form [19–21] on appetite
control and ingestive behavior. The design of the current study allowed for the investigation of a
potential unique satiety effect of almonds that could not be explained by these well-documented factors.
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2.2. Experimental Design of Parent Weight Loss Intervention
2.2. Experimental Design of Parent Weight Loss Intervention
Findings from the parent intervention trial were published previously [11]. As part of the
Findings from the parent intervention trial were published previously [11]. As part of the
parallel-design weight loss intervention, participants were randomly assigned to either consume
parallel-design weight loss intervention, participants were randomly assigned to either consume
almonds daily or refrain from eating all nut products for the duration of the study except on testing
almonds daily or refrain from eating all nut products for the duration of the study except on testing
days described in Section 2.3. All participants received dietary counseling from a registered dietitian
days described in Section 2.3. All participants received dietary counseling from a registered dietitian to
to consume an energy-restricted diet. Participants in the almond group were given almonds to
consume an energy-restricted diet. Participants in the almond group were given almonds to consume
consume daily, which provided 15% of energy in their individualized energy-restricted diet. Energy
daily, which provided 15% of energy in their individualized energy-restricted diet. Energy from the
from the almonds was accounted for during dietary prescription and counseling to achieve a 500
almonds was accounted for during dietary prescription and counseling to achieve a 500 kcal/day
kcal/day deficit in both the almond and control groups. No study foods were provided to participants
deficit in both the almond and control groups. No study foods were provided to participants in the
in the control group with the exception of the almonds and baked food that was provided on the 4
control group with the exception of the almonds and baked food that was provided on the 4 testing
testing days for the fMRI study. Equal numbers of participants from the almond (n = 12) and control
days for the fMRI study. Equal numbers of participants from the almond (n = 12) and control (n = 12)
(n = 12) groups from the parent weight loss trial were recruited for the fMRI study to achieve balance
groups from the parent weight loss trial were recruited for the fMRI study to achieve balance between
between the groups, and group assignment was included in statistical models as a covariate (see
the groups, and group assignment was included in statistical models as a covariate (see Section 2.7).
Section 2.7). However, the study was not statistically powered to determine differences in appetitive
However, the study was not statistically powered to determine differences in appetitive or neural
or neural responses between the almond and control groups.
responses between the almond and control groups.
2.3. Experimental Design of the fMRI Study
Participants completed two testing days prior to beginning the weight loss intervention
(pre-intervention) and two testing days during weeks 8–12 of the intervention (post-intervention) in a
randomized crossover manner. Testing days were separated by at least seven days (mean: 8.6 days),
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with the exception of one subject whose post-intervention testing days were three days apart due
to schedule conflicts. Participants were given instruction to avoid vigorous exercise for at least 48 h
prior to testing days. On all testing days, participants were provided with and asked to consume a
standard lunch (25% of estimated daily energy requirement) at 1200 h or 1300 h and to arrive at the
Purdue University MRI Facility 5 h after lunch (1700 h or 1800 h). Participants were instructed not to
consume any foods or beverages other than water during this 5-h period. Upon arrival, preprandial
appetite (hunger, desire to eat, and fullness) and fMRI assessments were completed. Participants then
consumed either 28 g of lightly salted, roasted whole almonds or a 40 g baked food product with
equivalent energy, macronutrient distribution, and fiber content (Table 1). The recipe for the baked
food product was created by the research dietitian (AJW) and resembled a small biscuit. The baked
food product was produced in the metabolic research kitchen at Purdue University, which is supported
by the NIH through the Indiana Clinical and Translational Sciences Institute. Postprandial appetite
assessments were completed immediately after (0 min) and 30, 60, and 90 min after consuming the
almonds or baked food. Postprandial fMRI assessments were initiated immediately after completing
the 90-min appetite assessment. The alternate food was consumed on the 2nd testing day and this
randomized process was repeated for the third and fourth testing days during post-intervention testing.
The order of consuming the almonds and baked food product was determined using computerized
randomization software [28] both at pre-intervention and post-intervention.
Table 1. Nutrient comparison of almonds and baked food product.

1

Nutrient

Almonds

Bake Food Product

Total Energy (kcal)
Total Mass (g)
Energy Density (kcal/g)
Carbohydrates (g) 1
Protein (g)
Fat (g)
Fiber (g)

174
28
6.2
6
6
14
3

174
40
4.4
6
5
14
3

Quantities of carbohydrates, protein, fat, and fiber are rounded to the nearest gram. Abbreviations: kcal, kilocalories.

2.4. Body Mass and Composition
Body mass and composition were measured at pre-intervention and post-intervention using dual
X-ray absorptiometry (General Electric Lunar Prodigy, Version 15.10.035 enCORE iDXA software,
Madison, WI, USA).
2.5. Appetite Assessments
Appetite (hunger, desire to eat, and fullness) ratings were completed using visual analog scales
(VAS) [29] by Adaptive Visual Analog Scales software (Neurobehavioral Laboratory and Clinic,
San Antonio, TX, USA) [30]. Participants reported their level of hunger, desire to eat, and fullness,
by clicking/marking on a 100 mm scale with end descriptors ranging from “Not at all” to “Extremely”.
2.6. fMRI Data Acquisition, Preprocessing, and Analysis
Detailed methods for fMRI data acquisition, preprocessing, and analysis are available
elsewhere [27,31]. Neural responses to visual food stimuli were measured using a 3.0 Tesla magnetic
resonance scanner (General Electric, Signa HDx, Milwaukee, WI, USA) housed at the Purdue University
MRI Facility. Visual stimuli were presented using VisualSystem goggles (NordicNeuroLab, Bergen,
Norway) and PsychoPy, Version 1.76.00 software [32]. Visual stimuli were images of food of high
hedonic value and neutral nonfood objects, which were validated [33] and used previously [27,34–37].
Three functional runs with three blocks of visual food stimuli and three blocks of visual nonfood
stimuli each were performed during each fMRI assessment. Each block of visual stimuli lasted 30 s and
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included 10 images presented for 2.5 s each with a 0.5 s fade between each image. Blocks of a low-level
baseline stimulus (fixation cross) lasting 16 s each were presented before the first visual stimuli block,
in between blocks of visual stimuli, and after the final visual stimuli block. Functional images were
acquired with an echo-planar gradient-echo T2* blood oxygenation level dependent (BOLD) contrast
sequence, with TR = 2000 ms, TE = 30 ms, 642 matrix, 20 cm2 field of view, 40 slices to cover the whole
brain, 3.1 mm thick, and no gap between slices. A high resolution, T1-weighted anatomical scan was
completed after functional imaging for co-registration with functional images.
Preprocessing and first-level data analyses (food vs. nonfood BOLD contrasts) were completed
using AFNI [38]. Preprocessing steps included slice-time correction, motion correction, smoothing
(4.0 Gaussian blur), and normalization of the signal. Preprocessed functional runs were then aligned
with the anatomical scan. Censor files were created to identify volumes within each functional run with
excessive head motion (>2.5 mm), which were included in the food vs. nonfood contrast regression
model. The resulting food vs. nonfood BOLD contrast was expressed as a β coefficient resulting
from the regression model. A priori determined regions of interest were bilateral insula, amygdala,
orbitofrontal cortex, caudate, and putamen. Spherical regions of interest with 3 mm radii (123 voxels)
were created using data from a previous fMRI study of adults with overweight/obesity [31].
2.7. Statistical Analysis
All statistical analyses were completed using SAS (Version 9.3, SAS Institute Inc., Cary, NC, USA).
Unpaired Student’s t-tests (PROC TTEST) were used to test for differences in baseline characteristics
between participants assigned to the almond and control groups. On the 1st testing day, the first-level,
food vs. nonfood BOLD contrast was quantified in each voxel as a β coefficient from the AFNI
regression analysis. Next, a mean β coefficient was calculated by averaging the β coefficients of all
voxels (123 voxels) in each region of interest to represent the food vs. nonfood contrast for each
entire region of interest. Mean β coefficients were then analyzed using single-sample Student’s t-tests
(PROC TTEST) to determine if the food vs. nonfood contrast was significantly different from zero.
A Bonferroni correction was applied to correct for multiple comparisons among 10 a priori brain
regions of interest (α = 0.005) to determine statistical significance of the BOLD contrast as in previous
studies by our group [27,31]. Only regions of interest demonstrating a significant food vs. nonfood
BOLD contrast in the preprandial state on the 1st testing day were considered for further analyses.
Repeated measures ANOVA (PROC MIXED) was used to assess the effects of food (almonds vs.
baked food), intervention time (pre-intervention vs. post-intervention), and their interaction term on
total area under the curve (AUC) for postprandial hunger, desire to eat, fullness, palatability ratings,
and postprandial neural responses to visual food stimuli. AUCs for hunger, desire to eat, and fullness
were calculated using the trapezoidal rule. Group assignment in the weight loss intervention was
included as a covariate in the model. As an exploratory analysis, hunger, desire to eat, and fullness
ratings were assessed using doubly repeated measures ANOVA (PROC MIXED) to test for effects of
time relative to food consumption (preprandial vs. 0 min vs. 30 min vs. 60 min vs. 90 min), food (almond
vs. baked food), and intervention time (pre-intervention vs. post-intervention). A Tukey-Kramer
adjustment for multiple comparisons was used as needed for post-hoc analyses. Baseline participant
characteristics are reported as mean ± SEM and outcome data are presented as LSMEANS ± SE and
statistical significance was set at α = 0.05 unless otherwise noted.
3. Results
3.1. Participant Characteristics
Participants were 35 ± 3 years of age with an average BMI of 30.0 ± 1.0 kg/m2 and 39.9 ± 1.6%
body fat at baseline. Baseline participant characteristics were not significantly different between
participants assigned to the almond and control groups for the parent intervention trial (Table 2).
Among all participants, body and fat masses were decreased by 1.8 ± 0.6 kg and 1.3 ± 0.5 kg,

Participants were 35 ± 3 years of age with an average BMI of 30.0 ± 1.0 kg/m2 and 39.9 ± 1.6%
body fat at baseline. Baseline participant characteristics were not significantly different between
participants assigned to the almond and control groups for the parent intervention trial (Table 2).
Among all participants, body and fat masses were decreased by 1.8 ± 0.6 kg and 1.3 ± 0.5 kg,
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after the 12-week intervention, and these changes were not different between
participants in the almond and control groups.
respectively after the 12-week intervention, and these changes were not different between participants
Table 2. Baseline subject characteristics 1.
in the almond and control groups.
Almond Group (n Control Group (n
Combined
p Value for
Table
characteristics 1(n
. = 22)
= 11) 2. Baseline subject
= 11)
Difference 2
Female/Male
9/2
10/1
19/3
Almond
Group
Control
Group
Combined
p Value
for
Age
(years)
33
±
4
37
±
4
35
±
3
0.48
Variable
2
(n
=
11)
(n
=
11)
(n
=
22)
Difference
Body Mass (kg)
82.8 ± 4.1
80.8 ± 4.1
81.8 ± 2.8
0.73
Female/Male
10/1
19/3± 1.0
BMI (kg/m2)
29.99/2
± 1.2
30.0
± 1.6
30.0
0.96
Age
(years)
33 ±±25.8
4
37 ±± 42.2
35
± ±3 1.6
0.48
%
Body
Fat
40.8
38.9
39.9
0.55
Body
Mass (kg)
±24.1
80.8 ± 4.1
81.8
± 2.8 9.3, PROC 0.73
1 Values
presented
as mean ±82.8
SEM.
Unpaired Student’s
t-tests (SAS,
Version
TTEST) were
29.9 ± 1.2
30.0 ± 1.6
30.0 ± 1.0
0.96
BMI (kg/m2 )
used to test for differences in baseline subject characteristics between participants randomized to the
% Body Fat
40.8 ± 25.8
38.9 ± 2.2
39.9 ± 1.6
0.55
almond
and control groups. No differences in baseline characteristics were noted between the groups.
1 Values presented as mean ± SEM. 2 Unpaired Student’s t-tests (SAS, Version 9.3, PROC TTEST) were used to test
Abbreviations:
BMI, body
mass
index.
for differences in baseline
subject
characteristics
between participants randomized to the almond and control groups.
Variable

No differences in baseline characteristics were noted between the groups. Abbreviations: BMI, body mass index.

3.2. Appetite Ratings
3.2. Appetite Ratings
Preprandial hunger, desire to eat, and fullness ratings were not different on the 4 testing days
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Figure
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before and
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after the
the 12-week
12-week weight
weight
Figure 2.
for almonds
and the
loss
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Postprandial
total
AUCs
for
hunger,
desire
to
eat,
and
fullness
were
not
different
loss intervention. Postprandial total AUCs for hunger, desire to eat, and fullness were not different
after consuming almonds vs. baked nor at Pre-Intervention vs. Post-Intervention. Abbreviations:
AUC, area under the curve.

3.3. Neural Responses to Visual Food Stimuli
On the first testing day, preprandial responses to visual food stimuli were greater than visual
nonfood stimuli in the bilateral insula, amygdala, and orbitofrontal cortex (Table 3, Figure 3), but not
caudate or putamen. Therefore, postprandial responses and the influence of food consumed (almonds
vs. baked food) and time (pre-intervention vs. post-intervention) were only investigated in the insula,

3.3. Neural Responses to Visual Food Stimuli
On the first testing day, preprandial responses to visual food stimuli were greater than visual
nonfood stimuli in the bilateral insula, amygdala, and orbitofrontal cortex (Table 3, Figure 3), but not
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or 9,putamen.
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(almonds vs. baked food) and time (pre-intervention vs. post-intervention) were only investigated in
the insula, amygdala, and orbitofrontal cortex. Postprandial neural responses to visual food stimuli
amygdala,
and orbitofrontal
cortex. Postprandial
responses
tofoods
visualorfood
stimuli
werewere
not
were
not different
following consumption
of either neural
almonds
vs. baked
when
the foods
different
following
consumption
of
either
almonds
vs.
baked
foods
or
when
the
foods
were
consumed
consumed at pre-intervention vs. post-intervention (Table 4).
at pre-intervention vs. post-intervention (Table 4).

1

Table 3. A priori brain regions of interest demonstrating a significant food vs. nonfood contrast 1.
Table 3. A priori brain regions of interest demonstrating a significant food vs. nonfood contrast 1 .
Y
Z
t Statistic
p Value
Brain Region
X2
2
Insula
(L)
−38
−7
6
6.04
Brain Region
Y
Z
t Statistic
p<0.0001
Value
X
Insula (R)
39
−4
4
4.47
0.0002
Insula (L)
−38
−7
6
6.04
<0.0001
Amygdala (L)
−23
0
−17
3.26
0.0036
Insula (R)
39
−4
4
4.47
0.0002
Amygdala
(R)
24
0
−18
3.66
0.0014
Amygdala (L)
−23
0
−17
3.26
0.0036
Orbitofrontal
Cortex
−25
35
−18
4.18
0.0004
Amygdala
(R) (L)
24
0
−18
3.66
0.0014
Orbitofrontal
33
−20
3.77
0.0010
Orbitofrontal Cortex
Cortex (R)
(L)
−23
25
35
−18
4.18
0.0004
Orbitofrontal
(R) by single-sample
23
33
−20
3.77 (SAS,0.0010
Mean β coefficients
were Cortex
analyzed
Student’s
t-tests
Version 9.3, PROC

1 Mean βto
TTEST)
determine
if the
food by
vs.single-sample
nonfood contrast
was
significantly
different
from
0. A to
Bonferroni
coefficients
were
analyzed
Student’s
t-tests
(SAS, Version
9.3, PROC
TTEST)
determine
if
the
food
vs.
nonfood
contrast
was
significantly
different
from
0.
A
Bonferroni
correction
was
utilized
to
for
correction was utilized to control for multiple comparisons among 10 a priori brain regions ofcontrol
interest
multiple comparisons among 10 a priori brain regions of interest (α = 0.005). The t statistics and p values presented
(α
= 0.005).
The
t statistics
and
p values
presented
in the table
are reflective
ofCoordinates.
the results of
these tests.
in the
table are
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interaction on postprandial neural responses to visual food stimuli (SAS, Version 9.3, PROC MIXED).
1

Figure 3. Visual representation of preprandial neural responses to visual food stimuli on Day 1.
Figure 3. Visual representation of preprandial neural responses to visual food stimuli on Day 1. Greater
Greater responses to visual food stimuli vs. nonfood stimuli (PROC TTEST, SAS, Version 9.3; p <
responses to visual food stimuli vs. nonfood stimuli (PROC TTEST, SAS, Version 9.3; p < 0.005) were
observed in the bilateral orbitofrontal cortex, amygdala, and insula. Black circles represent functional
regions of interest with 3 mm radii within a priori brain regions of interest with known reward functions.
Images are in the axial plane and left side of the figure corresponds to the right side of the body and
vice versa. Display threshold: p < 0.005 and minimum cluster size of 123 voxels. Abbreviations:
OFC, orbitofrontal cortex.
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4. Discussion
The primary aim of the current study was to investigate the impact of almond consumption on
postprandial appetitive and neural reward responses to visual food stimuli before and after a 12-week
behavioral weight loss intervention. The results of the current study are consistent with our hypotheses
of no difference in postprandial appetitive sensations or neural responses to visual food stimuli after
consuming almonds and an isoenergetic baked food product.
The satiety value of nuts (including almonds) has been suggested as a potential mechanism by
which their consumption does not pose a threat to healthy body weight maintenance [6]. Postprandial
hunger and desire to eat ratings were not different following consumption of comparable portions of
almonds and a baked food in the current study, which supports previous research demonstrating the
importance of energy content and macronutrient distribution for mediating postprandial appetite [15].
However, energy extraction from almonds and other nuts is reduced by their structure and fiber
content. In particular, the parenchymal cell walls of nuts must be disrupted by mechanical processing,
microbial degradation, and/or enzymatic activity to fully access the energy present in nuts. The fiber
present in almonds also may reduce the efficiency of energy extraction by binding fatty acids that
are released into the intestinal lumen [39]. While energy extraction and metabolizable energy of
the almonds and baked product were not measured in the current study, it is possible that energy
extraction may have been reduced in almonds vs. baked food. Therefore, similar postprandial appetite
ratings between almonds and the baked food may actually represent a greater suppression of hunger
and desire to eat following almond consumption. Future studies should measure fecal energy losses to
determine metabolizable energy and energy absorption and match foods on the basis of net energy
absorption rather than energy values predicted from Atwater factors to clarify the impact of almond
consumption on appetite, ingestive behavior, and/or weight status.
Interest in the role of the brain’s reward system in the modulation of ingestive behavior and
weight status has risen in recent years [24]. Meta-analytical data from fMRI-based studies consistently
demonstrate that exposure to visual food cues elicits significant activation in regions of the brain
associated with reward and/or motivated behavior including the insula, amygdala, orbitofrontal cortex,
striatum, and others. Furthermore, individuals with obesity have greater responses in these regions
compared to their lean counterparts [24]. There is limited evidence that meal composition—specifically
protein content—may influence postprandial neural reward responses to visual food stimuli. In a study
of adolescent breakfast-skipping girls, consumption of a high-protein breakfast reduced responses to
visual food stimuli in the insula and pre-frontal cortex compared to a normal protein breakfast [26].
However, high vs. normal protein and fiber intakes at breakfast did not influence postprandial
responses to visual food stimuli in a group of overweight young adults [27]. Similar to appetite ratings,
postprandial neural responses to visual food stimuli in the insula, amygdala, and orbitofrontal cortex
did not differ following consumption of almonds or the baked food in the current study. Collectively,
these data suggest that consumption of almonds and a baked food with a similar macronutrient
distribution and fiber content did not differentially influence postprandial appetitive drive.
Strengths of the current study include a high retention rate (22 of 24 participants completed the
study) and a total sample size that is consistent with previous fMRI-based studies (n = 23 for weight
loss interventions in a systematic review by Pursey et al. [24]). Our sample size is also congruent
with published recommendations for evaluating the effects of foods and food ingredients on appetite
control [40]. The comparison of almonds to a food product of similar estimated energy, macronutrient
distribution, and fiber content allowed us to investigate whether the reportedly high satiety value of
almonds could be explained by these properties.
While the overall number of participants was appropriate for an fMRI-based study, the relatively
small number of participants in the almond and control groups (n = 11 each) that completed the study
limited our ability evaluate the impact of daily almond consumption on appetite and neural responses
to visual food stimuli. Also, our results suggest that 28 g of almonds and the isoenergetic portion of
the baked food product (174 kcal each) may not have been sufficient to elicit strong satiety responses,
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which may have resulted in limited ability to detect differences between the foods. Past studies using
larger portions of almonds (i.e., ≥42 g) have shown greater reductions in hunger and/or increases in
fullness [12,14,21] and did not cause weight gain when added to the diet [7,8] or negatively influence
weight loss during energy restriction [11]. We elected to use 28 g or 1 oz of almonds in the current
study because this is the recommended daily intake of nuts in the 2015–2020 Dietary Guidelines for
Americans and constitutes a substantial increase in average nut consumption in the United States [1].
We believe that this level of intake was a reasonable representation of what could be achieved under
free-living conditions and therefore has the greatest translational potential to impact public health
messaging. Other limitations of the current study include a predominance of women in our sample that
limits the generalizability of our results. Female participants were not asked to provide information
regarding their menstrual cycles, which could alter appetitive sensations [41] and brain responses [42].
5. Conclusions
In conclusion, consumption of almonds and a portion of a baked food with a similar macronutrient
distribution and fiber content resulted in similar postprandial appetite ratings and neural reward
responses to visual food stimuli. This held prior to and following 12 weeks of daily almond consumption
during weight loss. These results provide further support for the energy content, macronutrient,
and fiber contents of a food as the primary drivers of postprandial appetitive sensations, but potential
differences in energy extraction should be considered in future studies.
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