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Appetitive, dietary and health effects of almonds consumed with
meals or as snacks: a randomized, controlled trial
SY Tan1 and RD Mattes2

BACKGROUND/OBJECTIVES: Snacks contribute toward a significant proportion of human total daily energy intake. This study
investigated the effects of almonds, a satiating and nutrient-rich, common snack, on postprandial glycemia, appetite, short-term
body weight and fasting blood parameters when consumed with meals or alone as a snack.
METHODS: This was a 4-week randomized, parallel-arm study that entailed consuming almonds (43 g/day) with breakfast (BF) or
lunch (LN), alone as a morning (MS) or afternoon (AS) snack or no almonds (CL). Participants (N¼ 137) with increased risk for type 2
diabetes completed an oral glucose tolerance test (OGTT) and acute-feeding session at baseline, followed by almond consumption
for 4 weeks before repeating the OGTT and acute-feeding trials. Anthropometric, biochemical and appetite responses were
assessed.
RESULTS: Almonds lowered serum glucose responses postprandially. Effects were most prominent in the snack groups. Almonds,
consumed as snacks, also reduced hunger and desire to eat during the acute-feeding session. After 4 weeks, anthropometric
measurements and fasting blood biochemistries did not differ from the control group or across intervention groups. Without
specific guidance, daily energy intake was reduced to compensate for energy from the provided almonds. Dietary
monounsaturated fat and a-tocopherol intakes were significantly increased in all almond groups.
CONCLUSION: Almonds provide post-ingestive metabolic and appetitive benefits and did not increase the risk for weight gain.
This suggests that almonds may be a healthful snack option.
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INTRODUCTION
The National Health and Nutrition Examination Surveys (NHANES)
document changes in US consumer eating patterns over the
past 3 decades.1 In 2006, almost all adults (97%) reported
consuming at least one snack per day2 compared with 71% in
1977. Snacking was self-defined by the survey respondents and
most likely referred to eating events that occurred between self-
described main meals. Not only has snacking become more
prevalent, the number of snacks consumed per day has also
increased. One daily snacking event was included by the
population in 1977 and that increased to about 2.2 snacks per
day in 2006. In conjunction with increased snacking frequency,
snack size has increased from 165 to 264 kcal/day over the same
period of time.1

Higher eating frequency is associated with greater energy
intake, especially after correcting for under-reporting.3 Population
studies report that body weight is positively associated with
eating frequency in both children4,5 and adults.6–9 Because the
number of meals has remained relatively stable over the last few
decades,1 an increase in eating frequency is likely due to more
frequent snacking. Findings indicate that compensation for
snacking or eating events occurring several hours before meals
lead to poor dietary compensation.10 Increased portion size has
also been implicated in weight gain,11 but no significant increase

in portion sizes of main meals are reported in the NHANES
1977–2006 data,2 and supplemental energy provided with meals
can lead to precise compensation.10 This suggests that eating
frequency may be particularly problematic for weight gain,
especially when there is no reduction in portion sizes as eating
frequency increases.6,7,9,12 However, there are several fundamental
issues that require clarification to confirm this hypothesis. One
major issue is the lack of consensus for the definition of a snack.
Snacks are variously defined by the timing of their ingestion,
their nutrient profile or energy content with possible variable
implications for their association with health outcomes.13

However, there are foods and drinks that are commonly
consumed with a meal or alone as snacks (for example, potato
chips and soda), making the classification of snacks based on
energy or nutrient profile questionable. With respect to overall
health concerns with snacking, nutrient profiles of snack foods
must be considered. Some foods/beverages may be nutrient poor,
whereas others are good sources of essential nutrients and may
be healthful dietary components.14–17 Thus, balancing the effects
of snacking on energy versus nutrient intake is vital for assessing
an items role in a healthful diet.
Almonds provide varied healthful effects. They are rich in

nutrients such as monounsaturated fats, magnesium, protein and
vitamin E as well as fiber and phytochemicals.18 Although high in
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energy, humans compensate for energy from almonds due to
their high satiety value.19 Moreover, the absorption of energy
from almonds is inefficient18 and they may raise resting
energy expenditure with chronic consumption.19 Indeed, acute
and longer-term almond ingestion helps regulate body
weight,20,21 modulates fluctuations of blood glucose22,23 and
reduces plasma lipids postprandially.24,25 As snacking is almost
universal in the United States, a priority should be to identify
snacks that pose little risk for weight gain while providing health
benefits. In this light, this study compared: (1) the acute post-
ingestive effects of almond consumption with meals or alone as
snacks and (2) the short-term effects of almond consumption on
body weight, body composition and indicators of metabolism. We
hypothesized that almonds, consumed as snacks would improve
fasting and postprandial blood glucose, insulin and lipids profiles
while not increasing the risk for weight and body fat mass gain.

MATERIALS AND METHODS
Study design
This was a 4-week randomized, controlled, parallel-arm study with five
groups:

(1) Control (CL): participants were asked to avoid all nuts and seeds during
the study period.

(2) Breakfast (BF) (meal group): participants were instructed to consume
43 g of almonds (independent analyses indicating they contain
245 kcal, 21.0 g fat, 9.2 g carbohydrates, 9.0 g protein, 5.3 g fiber and
9.9mg a-tocopherol) with their daily BF for 4 weeks. The quantity of
almonds selected was based on the recommendations from the
Dietary Guidelines for Americans 2010.26

(3) Lunch (LN) (meal group): participants received instructions similar to
the BF group, except that 43 g of almonds were consumed with their
customary LN.

(4) Morning snack (MS) (snack group): participants were instructed to
consume 43 g of almonds as a MS for 4 weeks. MS was defined as an
eating event that occurred between the participants’ customary BF and
LN, with B2 h after BF and before LN.

(5) Afternoon snack (AS) (snack group): instructions were similar to the MS
group, except that almonds were consumed between lunch and
dinner, with at least 2 h before and after these meals.

Participants and recruitment
Participants were at increased risk for type 2 diabetes based on their
being either overweight or obese (body mass index, BMI427 kg/m2) or
had normal weight (BMI 18.5–24.9 kg/m2) with a strong family history for
this disease. Other inclusion criteria were as follows: age 18–60 years;
both males and females; not allergic to nuts and test meals; non-diabetic
(2-h postprandial glucose o11.1mmol/l as determined by oral glucose
tolerance test, OGTT); not taking any medication known to affect
glycemia; metabolism or appetite; regular BF eaters; and weight
stable (o5 kg weight change in the past 3 months). Participants were
recruited through advertisements in the local media. After being
screened, eligible participants were randomized into one of the five
study arms using a computerized random number generator by the
primary investigator. To detect a difference of one s.d. between control
and intervention groups at 90% statistical power, 25 participants were
required in each group. To allow for dropouts, 30 participants were
recruited in each study group.

Experiment protocol and measurements
OGTT sessions. At baseline, a standard OGTT (75 g dextrose load) was
performed following an overnight fast. Serum glucose and insulin
concentrations were measured at 0 and 120min. During the same session,
height, weight (Tanita, model TBF-410), body fat (air displacement
plethysmography, BOD POD), waist circumference and blood pressure
were measured. Participants also completed a 24-h dietary recall using a
multi-pass interview method with a dietitian and standard questionnaires
that assessed personality and eating behaviors and habitual physical
activity levels.27–34 Participants were asked to record their appetitive

sensations hourly, measured as ‘hunger’, ‘fullness’ and ‘desire to eat’ on
personal digital assistants, using visual analog scales, during waking hours
for a day before attending each visit. Participants repeated these activities
after 4 weeks of almond consumption.

Acute-feeding sessions. Within a week following the OGTT, participants
returned, after an overnight fast of at least 10 h, for an acute-feeding
session that began between 0700 and 0800 hours and lasted for 515min
(8 h 35min). Upon arrival, an indwelling catheter was placed in an arm
vein. Participants rested for 15min before a baseline blood sample was
drawn. Immediately following, a standard BF(Table 1) was served and
participants were instructed to consume the entire portion within 10min.
Subsequent blood samplings were performed at 15, 45, 60, 90, 120, 180
and 240min after the BF. Next, a standard LN (Table 1) was provided to the
participants who were allotted 10min to consume the meal before blood
samples were taken at 265, 295, 310, 340, 370, 430 and 490min of the
session. Participants randomized into the BF and LN groups received 43 g
of almonds together with their meals, the MS and AS groups consumed
43g of almonds 120min after BF and LN, whereas the CL group did not
receive any snack. Participants also recorded their ‘hunger’, ‘fullness’ and
‘desire to eat’ sensations when blood samples were taken. During the
acute-feeding session, activities that may alter appetite sensations (for
example, sleeping and watching movies containing food cues) were
prohibited. Postprandial glucose, insulin and triacylglycerol concentrations
were measured for all 15 samples collected from each participant.
Participants in all almond groups were also asked to rate:
(1) their liking for the ingested almonds using a general labeled magnitude
scale and (2) how often they would consume almonds using the ‘Food
Action Rating Scale’.35 This session was repeated again after 4 weeks of
almond supplementation.

Weekly follow-ups (B30 minutes each). Following the baseline acute-
feeding session, participants were asked to consume 43 g of almonds
every day at times based on their assigned group. The CL group was
instructed to avoid all nuts and seeds in the diet during the study period.
All almonds were dry-roasted and lightly salted (200mg Na per 43 g
almonds) and were preweighed and packaged for the participants’
convenience. Participants were not given specific dietary advice other
than to follow their habitual dietary practices and physical activities. A ruse
was introduced to enhance the compliance with almond consumption at
the designated times of day. Breath samples were collected during follow-
up sessions and participants were led to believe that that the analysis of
their breath samples for an almond volatile would determine whether
almonds had been ingested at the specified times. Actual compliance to
almond consumption was assessed through reported dietary intake and
fasting plasma a-tocopherol concentration. Participants attended weekly
visits (week 1, 2 and 3) after an overnight fast, during which body weight
was recorded and compliance to the study protocol was reinforced. During
the week-2 visit, participants were also asked to complete a 24-h dietary
intake assessment using the multi-pass interview method. Appetite
sensation ratings were recorded on visual analog scales every waking
hour for a day. On week-4, participants returned for OGTT and acute-
feeding sessions as described above. This study was conducted according
to the guidelines established in the Declaration of Helsinki and all
procedures involving human participants were approved by the Purdue
University Institutional Review Board and registered with ClinicalTrials.gov
(identifier no. NCT01690936). Written informed consent was obtained from
all participants.

Data and statistical analysis
Group characteristics at baseline were compared using one-way analysis of
variance (ANOVA). Data are presented as mean±s.d. unless otherwise

Table 1. Standard test meals used at acute-feeding session

Nutrient Breakfast Lunch

Energy, kcal 310 225
Fat, g 0.0 0.5
Carbohydrate, g 64.0 51.5
Protein, g 8.0 6.0
Menu Cream of wheat

Orange juice
White bagel, grape
jelly and water
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specified. Within and between-group comparisons of means from acute-
feeding sessions (0, 15, 45, 60, 90, 120, 180, 240, 265, 195, 310, 340, 370,
430 and 490min) and weekly follow-up sessions (baseline, week 1, 2, 3 and 4)
were performed using the general linear model for repeated measures
of ANOVA with the Bonferroni corrections. During the acute-feeding
session, incremental area under the curve (AUC) for serum glucose
concentrations 60-min post meal or snack times were calculated using
the trapezoidal rule. Between-group comparisons were conducted using
one-way ANOVA. All statistical analyses were performed using the
Statistical Package for Social Sciences software (IBM SPSS version 20, IBM
Corp., Armonk, NY, USA) and statistical significance was set at ao0.05,
two-tailed.

RESULTS
Participants
The study was conducted between 2010 and 2012, and 906
volunteers expressed interest in the study. One hundred and fifty
participants met the eligibility criteria and were recruited.
Participants were randomly assigned to the study groups (n¼ 30
each group). A total of 137 (males, n¼ 48; females, n¼ 89)
participants completed all study visits (Figure 1). Thirteen
participants withdrew from the study due to time commitment
(n¼ 11), high fasting blood glucose (n¼ 1) and high baseline blood
pressure (n¼ 1). The mean age of participants in each study group
was CL¼ 28.7±9.6 years, BF¼ 32.9±11.5 years, MS¼ 27.8±10.7
years, LN¼ 29.3±13.5 years and AS¼ 29.0±11.9 years
(not significantly different between groups). Baseline mean
anthropometry (Table 2A), fasting blood biochemistry (Table 2B)
and dietary intake data (Table 2C) were not significantly different
between groups (one-way ANOVA, P40.05).

Acute post-ingestive effects of almonds eaten with meals or as
snacks
Figure 2 presents postprandial changes in glucose (A) and insulin
(B) concentrations during the acute-feeding session at baseline.
Overall, there were significant time and interaction effects on
postprandial serum glucose (time, Po0.001; time� group,
P¼ 0.001) and triacylglycerol (time, Po0.001; time� group,
Po0.001) concentrations. Incremental AUC revealed that groups
receiving almonds had lower glycemic responses 60min
after almond ingestion (Figure 2c), and the effect approached

statistical significance in both snack groups, MS and AS
(one-way ANOVA, P¼ 0.099 and P¼ 0.055, respectively). Insulin
concentrations changed significantly over time (Po0.001) and
the interaction effects approached statistical significance
(time� group, P¼ 0.053). However, there was no clear pattern of
change following almond ingestion. Insulin concentrations were
lowest in the BF after BF but were highest in the LN group after
lunch. Post hoc analyses comparing the combined meal (BF and
LN), snack (MS and AS) and control groups approached statistical
significance (P¼ 0.078), with a trend of blunted glycemia in the
snack groups compared with meal groups. The postprandial
glucose and insulin responses did not significantly differ between
baseline (initial almond exposure) and week-4 (after short-term
daily almond exposure) (time� group� visits, P¼ 0.972 and
0.848, respectively), suggesting minimal adaptation over 4 weeks
of almond ingestion.
Significant time� treatment group interaction effects for

‘hunger’, ‘fullness’ and ‘desire to eat’ ratings (time� group,
Po0.001 for ‘hunger’ and ‘desire to eat’, and P¼ 0.022 for
‘fullness’) were observed during the acute-feeding session
(Figures 3a–c). When examined as 60-min postprandial incremental
AUC (Figure 3d), almonds ingested with BF led to a greater
decrease of ‘desire to eat’ (one-way ANOVA, P¼ 0.037), whereas
almond consumption with LN resulted in a greater suppression of
hunger ratings (one-way ANOVA, P¼ 0.008). In contrast, reported
‘hunger’ and ‘desire to eat’ ratings were reversed (Figure 3d) when
almonds were consumed as morning and ASs (one-way ANOVA,
Po0.05). When calculated as AUC, postprandial ‘hunger’ and
‘desire to eat’ ratings followed the order of combined snack
groups (MS and AS) ocombined meal groups (BF and LN)
ocontrol (CL) (one-way ANOVA, P¼ 0.026 and P¼ 0.023, respectively).
Similar to postprandial blood biochemistries, these appetite
ratings did not differ significantly between acute-feeding
sessions conducted at baseline and at week-4 in any study
group, suggesting minimal adaptation to short-term almond
consumption.

Short-term effects of almond consumption
Dietary intake and compliance. Despite the additional 250 kcal/day
from almonds, daily energy intake in all almond groups was not
significantly higher than baseline or the CL group (Table 2C).

Figure 1. Participant recruitment and randomization and study design.
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Table 2. Anthropometric measurements (A), blood biochemistries (B) and dietary intakes (C) at baseline and week-4 of study

(A) Baseline Week-4 Repeated measures ANOVA (Greenhouse–Geisser)a

Mean±s.d. Mean± s.d. Time, P Group, P Timeb Group, P

Body weight, kg
CL n¼ 27 77.2±16.8 77.2±17.2
BF n¼ 28 80.5±15.0 80.7±14.8
MS n¼ 28 83.2±21.1 83.2±21.3 0.023b 0.510 0.357
LN n¼ 26 84.8±13.7 85.1±13.4
AS n¼ 28 81.8±14.6 81.9±15.8

BMI, kg/m2

CL n¼ 27 27.0±4.4 26.9±4.4
BF n¼ 28 28.2±4.8 28.3±4.7
MS n¼ 28 28.7±5.0 28.7±5.1 0.011b 0.547 0.627
LN n¼ 26 29.0±3.9 29.1±3.9
AS n¼ 28 28.2±5.2 28.3±5.3

Waist, cm
CL n¼ 27 81.9±12.4 82.3±12.4
BF n¼ 28 85.3±12.2 85.0±12.4
MS n¼ 28 85.6±11.4 85.8±11.6 o0.001b 0.585 0.010b

LN n¼ 26 87.0±9.9 87.2±9.7
AS n¼ 28 86.2±11.2 86.0±11.0

Body fat mass, kg
CL n¼ 27 26.3±10.5 26.2±10.4
BF n¼ 28 28.1±11.2 28.0±11.2
MS n¼ 28 28.1±10.2 28.1±10.9 0.151 0.988 0.922
LN n¼ 26 28.5±9.2 28.2±9.3
AS n¼ 28 27.3±10.7 27.0±11.2

Systolic blood pressure, mmHg
CL n¼ 27 121.2±11.5 117.8±12.5
BF n¼ 28 123.9±12.5 121.5±14.9
MS n¼ 28 122.7±11.9 122.6±11.0 0.023b 0.047b 0.481
LN n¼ 26 128.4±14.8 128.4±10.9
AS n¼ 28 127.7±11.6 124.1±10.2

Diastolic blood pressure, mmHg
CL n¼ 27 74.6±8.0 72.2±9.3
BF n¼ 28 77.1±10.3 76.3±11.0
MS n¼ 28 76.1±9.1 74.3±8.5 0.020b 0.438 0.713
LN n¼ 26 78.7±11.9 76.6±11.7
AS n¼ 28 76.8±7.9 76.8±6.7

(B) Baseline Week-4 Repeated measures ANOVA (Greenhouse–Geisser)a

Mean± s.d. Mean± s.d. Time, P Group, P Timeb Group, P

Fasting serum glucose, mg/dl
CL n¼ 27 92.3±9.7 92.2±10.0
BF n¼ 28 89.0±7.8 91.3±0.9
MS n¼ 28 93.8±18.4 90.1±9.1 0.003b 0.877 0.733 (adj. BMI 0.084)
LN n¼ 26 92.6±9.4 92.5±9.0
AS n¼ 28 91.4±8.9 91.9±11.5

Fasting serum triacylglycerol, mg/dl
CL n¼ 27 93.3±44.4 98.3±50.2
BF n¼ 28 89.7±50.3 103.3±58.7
MS n¼ 28 92.6±51.6 90.4±41.2 0.001b 0.849 0.260 (adj. BMI 0.855)
LN n¼ 26 99.5±68.5 92.7±52.6
AS n¼ 28 112.2±43.7 95.6±37.0

Fasting serum total cholesterol, mg/dl
CL n¼ 27 151.9±25.3 147.2±24.0
BF n¼ 28 152.3±23.2 153.4±26.9
MS n¼ 28 151.1±34.7 153.0±36.2 o0.001b 0.864 0.530 (adj. BMI 0.822)
LN n¼ 26 154.1±32.4 149.0±26.4
AS n¼ 28 157.5±31.4 151.8±33.0
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Table 2. (Continued )

(B) Baseline Week-4 Repeated measures ANOVA (Greenhouse–Geisser)a

Mean± s.d. Mean± s.d. Time, P Group, P Timeb Group, P

Fasting serum LDL cholesterol, mg/dl
CL n¼ 27 89.1±22.6 83.9±21.7
BF n¼ 28 95.7±26.5 92.6±23.6
MS n¼ 28 93.5±29.3 95.9±29.7 o0.001b 0.726 0.636 (adj. BMI 0.981)
LN n¼ 26 93.0±26.0 89.1±24.9
AS n¼ 28 97.0±28.5 92.0±28.3

Fasting serum HDL cholesterol, mg/dl
CL n¼ 27 52.7±11.6 53.0±12.3
BF n¼ 28 48.3±14.8 49.6±18.3
MS n¼ 28 47.7±9.4 47.3±9.2 o0.001b 0.502 0.178 (adj. BMI 0.376)
LN n¼ 26 51.0±15.7 52.0±14.7
AS n¼ 28 47.9±10.7 46.9±10.4

Fasting serum insulin, mU/ml
CL n¼ 27 10.5±5.0 9.4±5.7
BF n¼ 28 9.0±5.7 11.1±11.3
MS n¼ 28 13.4±12.9 10.7±6.4 0.024b 0.176 0.309 (adj. BMI 0.962)
LN n¼ 26 13.2±5.7 13.5±8.1
AS n¼ 28 11.2±6.5 13.3±8.7

Fasting plasma a-tocopherol, mg/dl
CL n¼ 27 6.39±1.62 6.26±1.45
BF n¼ 28 6.65±1.76 7.05±1.82
MS n¼ 28 5.90±1.33 6.15±1.36 0.181 0.541 0.333
LN n¼ 26 6.66±2.99 6.59±2.74
AS n¼ 28 6.43±2.02 6.59±1.55

(C) Baseline Week-4 Repeated measures ANOVA (Greenhouse-Geisser)a

Mean±s.d. Mean±s.d. Time, P Group, P Timeb Group, P

Energy intake, kcal/day
CL n¼ 27 1890±539 1719±661
BF n¼ 28 2026±754 1969±667
MS n¼ 28 2223±795 2216±749 0.573 0.035b 0.806
LN n¼ 26 2036±718 2082±719
AS n¼ 28 1948±748 1878±685

Fat intake, g/day
CL n¼ 27 72.8±27.3 69.0±42.4
BF n¼ 28 82.8±45.4 90.0±42.0
MS n¼ 28 84.1±36.1 96.4±34.9 0.057 0.033b 0.583
LN n¼ 26 82.3±38.9 88.2±31.5
AS n¼ 28 73.3±37.1 85.0±30.2

Carbohydrate intake, g/day
CL n¼ 27 228.5±90.6 216.0±84.9
BF n¼ 28 251.9±90.6 220.6±69.5
MS n¼ 28 285.0±114.1 259.0±108.8 0.062 0.057 0.710
LN n¼ 26 244.7±88.2 242.3±113.9
AS n¼ 28 239.8±105.6 204.4±101.6

Protein intake, g/day
CL n¼ 27 76.6±34.9 63.9±26.4
BF n¼ 28 76.9±33.7 76.1±30.6
MS n¼ 28 79.3±33.6 88.9±42.7 0.755 0.123 0.373
LN n¼ 26 84.8±31.4 84.1±26.7
AS n¼ 28 75.7±42.8 73.9±32.6

Alcohol intake, g/day
CL n¼ 27 6.3±23.9 1.4±5.3
BF n¼ 28 1.2±4.1 1.9±10.3
MS n¼ 28 6.7±22.6 1.3±5.6 0.240 0.762 0.334
LN n¼ 26 0.6±2.7 2.4±7.1
AS n¼ 28 1.8±4.9 1.0±5.2
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Almond supplementation also had no significant time or interaction
effect on the intake of other nutrients at baseline, week-2
or week-4, except for dietary monounsaturated fat (interaction
effects, P¼ 0.036) and a-tocopherol intake (interaction effects,
Po0.001). Post hoc analyses revealed that these effects derived
mainly from the CL vs all almond groups. Almonds, when ingested
with meals (BF and LN) or alone as snacks (MS and AS), were
associated with comparable habitual energy intake (CL). Liking of
almonds, measured at baseline and at week-4, decreased slightly
but significantly in all groups receiving almonds (from 48.5±25.7 to
40.8±30.8mm, time effects, P¼ 0.009) but there was no difference
between groups (interaction effects, P¼ 0.303). Ratings on the Food
Action Scale did not differ within or between groups after 4 weeks
of almond consumption.
Although all almond groups significantly increased dietary

a-tocopherol intake as calculated from their reported 24-h recall,
changes in fasting plasma a-tocopherol concentrations only
showed trends in that direction: CL¼ � 0.8%±12.8%; BF¼
þ 7.4%±16.3%; MS¼ þ 5.4%±14.4%; LN¼ � 0.7%±12.8%; and
AS¼ þ 5.7%±16.5% (Table 2C).

Anthropometric measurements and blood pressure. Body weight
and BMI fluctuated over the 4-week almond consumption period
(time effects, P¼ 0.023 and 0.011, respectively) but were not
significantly different between study groups (Table 2A). Body fat
mass, systolic and diastolic blood pressure changes were also not
significantly different between study groups after 4 weeks.
Although changes in waist circumference were significant within
and between groups, the effects were mixed and small (interac-
tion effects, P¼ 0.010). Further analyses revealed that there was
no differential effect of almonds, eaten together with meals (BF
and LN combined, n¼ 53) or alone as snacks (MS and AS
combined, n¼ 54) or between lean and overweight/obese status
on all anthropometric measurements and blood pressure.

Fasting blood biochemistries. (Table 2) Fasting blood biochemistries
changed significantly over time, but not significantly between
groups or from the CL group (Table 2B). When BMI was
included as a covariate in the general linear model analysis, there
was a trend for almond consumption on fasting glucose concentra-
tions (time� group� BMI effects, P¼ 0.084), where mean fasting

Table 2. (Continued )

(C) Baseline Week-4 Repeated measures ANOVA (Greenhouse-Geisser)a

Mean±s.d. Mean±s.d. Time, P Group, P Timeb Group, P

Dietary cholesterol (mg/day)
CL n¼ 27 259±208 227±299
BF n¼ 28 266±213 228±230
MS n¼ 28 259±209 286±250 0.437 0.705 0.890
LN n¼ 26 283±217 256±160
AS n¼ 28 276±198 231±174

Dietary saturated fat, g/day
CL n¼ 27 26.4±14.8 23.0±16.3
BF n¼ 28 31.1±21.3 25.7±15.3
MS n¼ 28 29.5±15.2 27.3±14.5 0.066 0.561 0.990
LN n¼ 26 27.2±12.7 23.5±10.1
AS n¼ 28 27.2±18.2 24.7±12.3

Dietary monounsaturated fat, g/day
CL n¼ 27 24.9±9.9 22.5±14.5
BF n¼ 28 28.4±16.0 36.3±13.2
MS n¼ 28 28.7±14.0 39.0±11.6 o0.001b o0.001b 0.036b

LN n¼ 26 29.0±15.6 37.3±12.1
AS n¼ 28 27.3±14.5 35.8±12.7

Dietary polyunsaturated fat, g/day
CL n¼ 27 15.3±7.2 18.0±12.5
BF n¼ 28 16.2±8.5 21.3±13.6
MS n¼ 28 19.1±11.3 22.8±11.2 0.008b 0.064 0.323
LN n¼ 26 19.9±13.0 20.7±10.9
AS n¼ 28 17.6±9.1 17.8±7.9

Dietary fiber, g/d
CL n¼ 27 14.7±8.3 18.4±11.5
BF n¼ 28 21.2±12.6 19.7±8.3
MS n¼ 28 21.2±11.9 23.4±12.2 0.128 0.010b 0.706
LN n¼ 26 17.0±6.0 19.0±9.0
AS n¼ 28 16.7±7.9 15.9±6.2

Dietary a-tocopherol, mg/day
CL n¼ 27 13.9±24.1 9.1±5.5 o0.001b o0.001b o0.001b

BF n¼ 28 10.2±6.7 17.6±3.4
MS n¼ 28 12.3±8.1 24.4±13.2
LN n¼ 26 11.2±8.5 18.8±6.0
AS n¼ 28 11.4±8.5 17.6±6.6

Abbreviations: AS, afternoon snack; BF, breakfast; BMI, body mass index; CL, control; HDL, high-density lipoprotein; LDL, low-density lipoprotein; LN, lunch; MS,
morning snack. aGeneral linear model for repeated measures (RMANOVA) with Greenhouse–Geisser correction for data with the Mauchly’s test of Sphericity
Po0.05. bStatistical significance, Po0.05.
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glucose concentrations were slightly elevated in the CL but
decreased in all almond groups among normal-weight participants
(n¼ 30). This trend was not observed in overweight and obese
individuals. Similar to anthropometric measurements, combining
meal and snack groups did not yield significant effects on fasting
blood biochemistry changes. Mean fasting plasma a-tocopherol

concentrations were higher in all almond groups after 4 weeks but
failed to reach statistical significance (Table 2B).

Free-living appetitive responses. Most participants recorded their
hourly free-living appetite sensations between 1000 and 2200 hours,
so data within this period of time were included in analyses. The

Figure 2. Changes in serum glucose (a), insulin (b) and 60-min postprandial incremental AUC for glucose (c) during acute-feeding session at
baseline. Legend: solid bars in (c) represent study groups that received 43 g almonds, whereas the lighter-shade bars were groups that
received none.
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‘hunger’, ‘fullness’ and ‘desire to eat’ ratings changed significantly
during the 12-h period (time effects, Po0.001) but they were not
significantly different between study groups nor between baseline
and week-4 (time� group� visits, P40.05).

DISCUSSION
Snacking reportedly increases the risk for weight gain, but such a
broad generalization may mask differential responses to selected
foods. This study compared the acute post-ingestive and the
short-term effects of incorporating almonds in a meal or
consuming them alone as snacks. It also allowed the assessment
of possible physiological adaptations to almond consumption that
could accentuate or diminish behavioral responses after 4 weeks
of daily ingestion.

Acute post-ingestive effects
This study supports the moderating effects of almond
consumption on postprandial glycemia observed in a previous
study.22,36 Serum glucose concentrations 60min after BF and LN
meals were lower when 43 g of almonds were ingested with the
meals. This may be attributable to the fiber and fat content of
almonds. Fiber reduces glycemia by: (a) increasing the viscosity of
intestinal contents hindering glucose diffusion; (b) lowering the
glucose concentration by reducing carbohydrate availability in the
gastrointestinal tract; and (c) capsulation of starch and hence
impairing a-amylase activity.37 Fat derived from the almonds may
have also caused lower postprandial glycemia by slowing gastric
emptying times and dilution.38 The glycemia-lowering-effect of
fats is primarily due to a decreased absorption rate rather than an

increased clearance from the circulation.39 This is in agreement
with our finding, where muted glucose responses were not
due to higher postprandial insulin concentrations. However,
serum glucose concentrations decreased when almonds were
consumed alone as snacks (Figure 2) suggesting an enhancement
of clearance. Future studies are required to better understand the
underlying mechanisms that elevate glucose clearance from the
circulation after almond snacks. Because of a reduction in glucose
concentrations in the MS group, glycemic responses remained low
following standard LN. A second-meal effect has been reported in
a number of studies,40–42 but our data revealed that this effect was
carried over from snack-to-meal instead of from meal-to-meal.
Appetitive sensations followed a predicted pattern after the

meals including almonds. Hunger ratings were the lowest in the
BF group immediately after BF but this hunger suppressing effect
was less pronounced in the LN group after the LN meal
(Figure 3d). This difference may be attributable to the higher
energy BF that was about 85 kcal more than the LN provided to
the participants (Table 1). Eating almonds both with meals and
alone as snacks resulted in lower hunger levels before the
subsequent meal, although the hunger levels were suppressed
more and remained below baseline when consumed as ASs
(Figure 3). Changes in the ‘desire to eat’ ratings also followed
similar patterns. The effects of almonds on appetitive sensations
were most pronounced when they were ingested alone as snacks.
The AUC of hunger, fullness and desire to eat ratings at 60-min
were reversed relative to groups that did not receive a snack.
Together, these findings indicate that there is a greater decrease
in hunger levels and this translated into a longer inter-meal
interval.43 Although hunger is a poor predictor of food intake,44

it has been shown to influence food-purchasing decisions among

Figure 3. Changes in hunger (a), fullness (b), desire to eat (c) ratings and 60-min postprandial incremental AUC for these appetite ratings
(d) during acute-feeding sessions. Legend: solid bars in (d) represent study groups that received 43 g almonds. Bars in groups represent study
groups CL, BF, MS, LN and AS from left to right.
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impulsive individuals.45 Similarly, lower desire-to-eat ratings
reduce the likelihood of individuals responding to food cues
and eating in the absence of hunger.46 In contrast to other
work,42 fullness ratings were not significantly higher in the
almond groups (Figures 3b, d). This leaves open questions
about the influence of almonds on meal size.

Short-term effects of almond consumption
Changes of body weight in the groups consuming almonds were
not significantly different from the control group despite the
contribution of 250 kcal of energy from the almonds to the daily
diet for 4 weeks. This outcome is consistent with previous
observations that humans compensate for energy from almonds
behaviorally (dietary compensation) and physiologically (ineffi-
cient energy absorption18 and increased thermogenesis19) and
remain weight stable.20,21,47

In longitudinal studies, almonds have been shown to improve
fasting glucose48, insulin49 and total and low-density
lipoprotein cholesterol.24,50 However, these effects were not
seen in this study. The lack of effects on other fasting blood
biochemical indices and blood pressure from almonds in our
study relative to many previously published reports may be
explained by differences in study design. Our study was shorter
in duration and used a relatively low dose of almonds, which
may have limited the power to detect effects. A dose-response
effect of almonds has been observed in other studies, where
higher almond intake was associated with greater lipid and
glycemia-lowering effects.24,50,51 Furthermore, participants
included in this study were relatively healthy (despite having
elevated risks for type 2 diabetes). Their fasting lipid profiles
and blood pressure were within the healthy range at baseline.
Previous studies that reported significant improvements often
included participants with hyperlipidemia50,52–56 or type 2
diabetes.36,48,57,58

Hourly appetite ratings recorded at baseline, week-2 and week-
4 of this study did not differ between study groups, showing that
participants maintained their hunger, fullness and desire to eat
levels throughout the 4 weeks, even though some groups
received an additional 43 g of almonds, an energy dense food,
in their daily diet. This observation is consistent with previous
evidence that entailed supplementing participants with fruits and
vegetables;59 foods of low energy density. Thus, energy density
does not seem to be the salient property. To a large degree,
participants in the almond groups adjusted their energy intake to
achieve a profile of appetitive sensations that resembled their
customary patterns, so energy intake in response to almond
supplementation did not affect body weight. Carbohydrate,
protein and fat intake were also unaffected. However, the profile
of fat intake was significantly altered, where monounsaturated fat
intake increased significantly in the almond groups but decreased
in the control group. Similar results were noted for dietary
a-tocopherol intake. Almonds are good sources of these
nutrients so such findings were not surprising. It should also be
highlighted that the baseline intake of a-tocopherol was
below the recommended intake of 15mg/day in all groups but
met the recommendations after 4 weeks in study groups that
received almonds. This has been reported previously.19,60

Increased reported intakes of monounsaturated fats and
a-tocopherol indicate compliance with almonds supplementation.
In this study, a-tocopherol intake from almonds (9.9mg/43 g)
was not associated with significant increases of fasting plasma
a-tocopherol concentration but they changed in the predicted
direction. A number of studies have previously shown that
almond supplementation increased plasma a-tocopherol
concentrations but larger doses of almonds were used in these
studies.19,58,60,61

CONCLUSION
In summary, consumption of 43 g of almonds modulated
postprandial glycemia and suppressed hunger and desire to eat
sensations especially after being consumed as snacks. Over a
4-week period, almond consumption helped meet recommended
dietary intake of a-tocopherol and did not affect body weight (due
largely to strong dietary compensation) or postprandial lipid
profiles in healthy adults at risk for type 2 diabetes. These findings
suggest that almonds may be a healthy snack option.
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