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Background-—Managing cardiovascular risk factors is important for reducing vascular complications in type 2 diabetes, even in
individuals who have achieved glycemic control. Nut consumption is associated with reduced cardiovascular risk; however, there is
mixed evidence about the effect of nuts on blood pressure (BP), and limited research on the underlying hemodynamics. This study
assessed the effect of pistachio consumption on BP, systemic hemodynamics, and heart rate variability in adults with well-
controlled type 2 diabetes.

Methods and Results-—We enrolled 30 adults (40 to 74 years) with type 2 diabetes in a randomized, crossover, controlled feeding
study. After a 2-week run-in period, participants consumed a low-fat control diet (27% fat) containing low-fat/high-carbohydrate
snacks and a moderate-fat diet (33% fat) containing pistachios (20% of total energy) for 4 weeks each, separated by a 2-week
washout. Following each diet period, we assessed BP, systemic hemodynamics, and heart rate variability at rest and during acute
mental stress, and, in a subset of participants (n=21), 24-hour ambulatory BP. BP at rest and during stress did not differ between
treatments. The pistachio diet significantly reduced total peripheral resistance (�3.7�2.9%, P=0.004), increased cardiac output
(3.1�2.3%, P=0.002), and improved some measures of heart rate variability (all P<0.05). Systolic ambulatory BP was significantly
reduced by 3.5�2.2 mm Hg (P=0.046) following the pistachio diet, with the greatest reduction observed during sleep
(�5.7�2.6 mm Hg, P=0.052).

Conclusions-—A moderate-fat diet containing pistachios modestly improves some cardiovascular risk factors in adults with well-
controlled type 2 diabetes.

Clinical Trial Registration-—URL: www.clinicaltrials.gov. Unique identifier: NCT00956735. ( J Am Heart Assoc. 2014;3:e000873
doi: 10.1161/JAHA.114.000873)
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W ith the global burden of diabetes continuing to grow,
the resulting cardiovascular morbidity in this popula-

tion is threatening to reverse the downward trend in cardio-
vascular mortality observed in recent years.1,2 Despite
successful treatment of modifiable risk factors, individuals
with type 2 diabetes retain residual risk of vascular compli-
cations. The Action to Control Cardiovascular Risk in Diabetes

(ACCORD) trial,3 the Action in Diabetes and Vascular Disease
(ADVANCE) trial,4 and the Veterans’ Administration Diabetes
Trial (VADT)5 all reported that improved glucose control does
not significantly lower the risk of major cardiovascular events.
Dietary modification has long been the first line of therapy
recommended for risk management6 and, recently, much
attention has focused on the residual risk that remains after
successful pharmacological treatment of metabolic risk
factors.7 In a 2013 Position Statement, the American Diabetes
Association recommended 5 eating patterns for the manage-
ment of diabetes: Mediterranean style, vegetarian and vegan,
low-fat, low carbohydrate, and Dietary Approaches to Stop
Hypertension.8 All these eating patterns except low-fat include
nuts, but there is a notable absence of rigorous, randomized,
controlled trials testing the effects of nut consumption in type
2 diabetes, particularly in regard to blood pressure.

Several epidemiological studies, including 2 prospective
cohort studies (the Physicians’ Health Study9 and the Athero-
sclerosis Risk in Communities Study10), a cross-sectional
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analysis of the PREDIMED trial,11 and data from the National
Health and Nutrition Examination Survey (NHANES),12 have
shown that regular nut consumption lowers blood pressure and
the risk of hypertension. Approximately 2 dozen clinical trials
assessed the effect of nuts on blood pressure (see Casas-
Agustench and colleagues13 for review), and the majority
reported non-significant changes in resting blood pressure over
3 to 24 weeks. Results from the PREDIMED trial show that
among individuals with type 2 diabetes or≥3 cardiovascular risk
factors, a traditional Mediterranean diet containing mixed nuts
(15 g/day walnuts, 7.5 g/day almonds, 7.5 g/day hazelnuts)
reduces systolic blood pressure by�7 mm Hg14 and the 1-year
incidence of hypertension by 3.3% compared with a lower-fat
control diet.15 We have previously shown that, in adults with
hypercholesterolemia, consumption of 10% of daily energy from
pistachios (�1.5 ounces/day for most adults) reduced systolic
blood pressure at rest and during acute mental stress by an
average of 4.8 mm Hg.16 We also observed significant shifts in
systemic hemodynamics, including a dose-dependent reduc-
tion in total peripheral resistance.

Among individuals with type 2 diabetes, management of
blood pressure is key to reducing vascular complications,17

and given our previous findings in adults with hypercholes-
terolemia,16 regular pistachio consumption may be an effec-
tive intervention to reduce cardiovascular risk. Thus, the
purpose of the present study was to compare the effects of
a moderate-fat diet containing 20% of daily energy from
pistachios to a low-fat control diet on blood pressure and
systemic hemodynamics in adults with well-controlled type 2
diabetes. We selected this population as proof-of-concept that
dietary changes can provide additional health benefits, even in
adults who are early in the progression of metabolic disease.
We hypothesized that daily pistachio consumption (20% of
total energy) for 4 weeks would reduce total peripheral
resistance at rest and during acute stress. Secondary
analyses assessed the effect of pistachio consumption on
24-hour ambulatory blood pressure and heart rate variability.

Subjects and Methods
Recruitment began in July 2009 and continued through
November 2012. Adults with well-controlled type 2 diabetes
(defined below) were recruited through campus and commu-
nity advertisements (Figure). Interested individuals completed
a phone interview during which trained research assistants
assessed eligibility. Participants were required to be between
the ages of 30 to 75 (women had to be postmenopausal) with
a body mass index (BMI, kg/m2) between 18.5 and 45.0 and
managing their blood glucose by (1) diet and exercise alone or
(2) any diabetes medication(s) except insulin. This study was
specifically designed to include individuals who were early in
the progression of diabetes and had achieved moderate

glycemic control (defined as glycated hemoglobin <7.4%).
Initial exclusion criteria included self-reported history of
chronic disease other than type 2 diabetes (including
cardiovascular disease and diabetes complications such as
retinopathy and neuropathy), history of bariatric surgery;
major surgery in the prior 6 months; nut or latex allergies; and
use of tobacco, daily aspirin, anti-inflammatory medications,
oral steroids, hormone replacement therapy, or medication for
hypertension. Individuals meeting the phone interview criteria
completed a clinic screening visit that included blood pressure
measurement, an electrocardiogram (ECG), and assessment
of lipids, glucose, and inflammation. Individuals with blood
pressure ≥160/100 mm Hg, an abnormal ECG, fasting
triglycerides ≥5.65 mmol/L, or glycated hemoglobin ≥7.4%
were excluded. Participants were instructed to discontinue all

Responded to 
advertisement (n=970)

Completed clinic screening 
visit (n=77)

Ineligible after phone 
interview (n=893)

Ineligible (n=36) due to:
• Glycated hemoglobin > 7.4% (n=11)
• Blood pressure > 160/100 mmHg (n=4)
• Body mass index  > 45 (n=1)
• C-reactive protein > 10 mg/l (n=2)
• Abnormal ECG (n=4)
• Medication change (n=3)
• No longer interested (n=5)
• Other (n=6)

Randomized
(n=34)

Withdrew during diet periods (n=4) due to: 
• Developed food intolerance (n=3)*
• Pre-existing medical condition revealed (n=1)

Completed full protocol; 
included in data analysis

(n=30)

Withdrew during run-in period (n=7) due to:
• Elevated blood pressure (n=2)
• Medication change (n=1)
• No longer interested (n=4)

Began run-in period 
(n=41)

Figure. CONSORT diagram of recruitment and study completion.
*Of these, 2 developed intolerances to tomatoes and 1 experienced
an allergic reaction to pistachios. It was confirmed that this
participant reported no history of nut allergies prior to study
enrollment, but during questioning that followed the allergic
reaction, this participant stated he had not previously eaten
pistachios.
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dietary supplements 2 weeks prior to study enrollment,
except for omega-3 supplements, which were discontinued
8 weeks previously.

In January 2010, due to low enrollment, the criteria were
revised to allow individuals taking a single drug for hyperten-
sion to participate when (1) their primary care physician gave
written permission for them to discontinue drug monotherapy
during the study, and (2) seated, resting blood pressure
remained below 160/100 mm Hg for the duration of the
study. In November 2010, after discovery of significant
inflammation in a participant (who, in the interest of safety,
was withdrawn from the study and referred for follow-up care;
Figure), the criteria were revised to exclude individuals with
C-reactive protein (CRP) ≥10.0 mg/L.

Thirty participants (50% female) completed the full study,
and their baseline characteristics are presented in Table 1.
Written informed consent was obtained from all participants,
and approval for the study was granted by the Institutional
Review Board of the Pennsylvania State University. All data
were collected at the Clinical Research Center at the Pennsyl-
vania State University between July 2009 andMarch 2013. This
study was registered at ClinicalTrials.gov (NCT00956735).

Intervention
The study employed a 2-period, randomized, crossover,
controlled-feeding design. A 2-week run-in period preceded

the first test diet to establish baseline values for a typical
Western diet. Test diets were presented in a counterbalanced
order for 4 weeks each, with order determined by simple
randomization (www.randomization.com) and equal allocation
to each treatment order assignment. The study coordinator
(KAS) generated the random allocation sequence and
assigned participants to the interventions. Due to the nature
of the dietary intervention, metabolic kitchen staff and
participants were aware of treatment assignments; however,
technicians who measured outcome variables were blinded to
the diet assignments. At the end of each diet period (including
the run-in period), participants underwent testing to assess
blood pressure, cardiovascular reactivity to acute mental
stress, heart rate variability, and 24-hour ambulatory blood
pressure. Short compliance breaks (average of 2 weeks)
separated the diet periods.

The nutrient composition of the study diets is presented in
Table 2. Participants were assigned to calorie levels (range:
1800 to 3900 kcal/day) according to the Harris-Benedict
equation,18 and adjustments were made as needed for weight
stability. The run-in diet was a nutritionally adequate diet with
total fat based on a typical Western diet (36% total fat, 11.5%
saturated fat, and 278 mg/day of cholesterol). The control
diet was an American Heart Association’s Therapeutic
Lifestyle Changes diet,19 with reduced total fat (26.9% of
energy), saturated fat (6.7% of energy), and cholesterol
(186 mg/day). The pistachio diet was designed by replacing
low-fat or fat-free carbohydrate snacks (ie, pretzels, string
cheese, etc.) in the control diet with pistachios equivalent to
20% of daily energy (range: 59 to 128 g, depending on calorie
assignment). The pistachios were provided by the American
Pistachio Growers and grown in California. Nutrient content of
the pistachios was analyzed by an independent laboratory
(Covance) and the nutrient content of the pistachio diet
reported in Table 2 was adjusted based on these results. One-
half of the daily dose of pistachios was provided as roasted,
salted snacks and the other half (roasted, unsalted) was
incorporated into study foods (eg, ground pistachios added to
taco meat, chopped pistachios added to muffins). The nutrient
content of the pistachio diet compared with the control diet,
therefore, reflects the nutrient content of the pistachios (ie,
rich in total fat, monounsaturated fat, polyunsaturated fat,
fiber, and potassium). Daily amounts of saturated fat and
dietary cholesterol were similar to the control diet. All meals
and snacks were prepared in the Metabolic Kitchen at the
Pennsylvania State University Clinical Research Center. For 3
to 5 days each week (depending on travel distance), partic-
ipants ate 1 meal per day in the Metabolic Kitchen and had
the other meals prepared and packed for off-site consump-
tion. Participants completed daily compliance questionnaires
regarding consumption of study and non-study foods, which
were reviewed by the dietary staff, and returned food

Table 1. Baseline Characteristics of the Participants

Mean�SD

% Female 50.0

Age, y 56.1�7.8

Body mass index, kg/m2 31.2�6.1

Resting systolic blood pressure*, mm Hg 116.2�13.6

Resting diastolic blood pressure, mm Hg 71.0�5.4

Fasting glucose, mmol/L 5.9�21.6

Glycated hemoglobin, % 6.2�0.5

Total cholesterol, mmol/L 4.2�1.0

LDL cholesterol, mmol/L 2.5�0.9

HDL cholesterol, mmol/L 1.1�0.3

Triglycerides, mmol/L 1.6�0.8

% Taking diabetes medication(s)

None 16.7

1* 66.7

2 or more 16.7

% Taking statin therapy 43.3

No participants were taking anti-hypertensive medications during the study.
HDL indicates high-density lipoprotein; LDL, low-density lipoprotein.
*Of these, 90% were on metformin only.
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containers were checked for uneaten study foods. The
compliance questionnaires and lack of study foods returned
indicated that adherence to the diets was very good.

Systemic Hemodynamic Measures
At the end of each diet period, systemic hemodynamics were
assessed in a seated position during a 20-minute rest period, 2
stress tasks, and two 10-minute recovery periods. Participants
listened to the same classical music during the rest and
recovery periods for each visit. The first stress task was the
Paced Auditory Serial Addition Task (PASAT), during which
participants were instructed to add together the last 2 numbers
played from an audio recording and state the sum aloud.20 This
task lasted for 5 minutes, and the speed at which the numbers
were played increased at each testing session to account for
habituation effects. The second stress task was the hand cold
pressor, during which participants placed their right hand into
4°C water for 2.5 minutes. Each task was followed by a
10-minute recovery period. Throughout these 5 tasks (baseline
rest, math, recovery, cold pressor, recovery), systolic and
diastolic blood pressures (SBP, DBP) were obtained at 1- to
2-min intervals (depending on task) with an automatic oscillo-
metric blood pressure monitor attached to the left arm
(Dinamap, Critikon Pro 100, GE Medical Systems). Impedance
cardiography utilizing a tetrapolar band configuration with spot
ECG electrodes was used to estimate heart rate and stroke
volume (Hutcheson Impedance Cardiograph and the Cardiac
Output Program, Bio-Impedance Technology, Inc) at the same
time as the blood pressure assessments. Cardiac output and
total peripheral resistance were calculated according to
standard formulae.21 To control for the acute effect of eating
on systemic hemodynamics,22 participants consumed a
standard snack (10% of daily calories) that matched the

macronutrient content of the corresponding treatment diet
2 hours prior to the cardiovascular reactivity testing. During the
pistachio treatment period, this snack included 6.4 to 9.6 g of
pistachios (depending on calorie assignment).

Heart Rate Variability Measures
Heart rate variability was assessed in the resting state and
during 2 acute stress tasks (mental arithmetic and hand cold
pressor, described above) at the end of each diet period. Three
electrocardiogram electrodes were placed according to guide-
lines for impedance cardiography.21 The electrocardiogramwas
used to obtain raw interbeat intervals (R-R) recorded at a
frequency of 1000 Hz. The R-R interval sequences were visually
inspected, and the data considered artifactual was manually
replaced by interpolated or extrapolated data. The square root
of the mean squared differences of successive R-R intervals
(RMSSD, ms) was calculated using commercial software
(Nevrokard, Medistar Inc). Frequency-domain measures of
HRV (using autoregressive spectra) were calculated using
standard methods.23 Oscillations in the high frequency band
(0.15 to 0.4 Hz) are thought to reflect vagal modulation of heart
rate, whereas oscillations occurring in the low frequency band
(0.05 to 0.15 Hz) may reflect a complex interplay between
sympathetic and parasympathetic modulation of heart rate as
well as baroreceptor activity.24 The HRV variables examined in
the frequency domain include high frequency (ms2), low
frequency (ms2), the ratio of low frequency to high frequency
HRV (LF:HF), and total power (ms2).

Ambulatory Blood Pressure Monitoring
Atstudyenrollment, participantswere invited toparticipate inan
optional sub-study of ambulatory blood pressure. Twenty-one

Table 2. Nutrient Composition of the Diets*

Run-In Control Pistachio

Energy, kcal 2100 2100 2100

Total fat, g (%) 85.6 (35.8) 64.0 (26.9) 78.5 (33.2)

Saturated fat, g (%) 27.5 (11.5) 16.0 (6.7) 15.9 (6.8)

Monounsaturated fat, g (%) 31.3 (13.1) 26.0 (10.9) 31.2 (13.1)

Polyunsaturated fat, g (%) 20.2 (8.4) 16.8 (7.1) 24.6 (10.4)

Protein, g (%) 85.0 (16.0) 95.6 (18.1) 88.5 (16.6)

Carbohydrate, g (%) 261.5 (48.2) 302.8 (55.1) 270.6 (50.7)

Fiber, g 23.4 31.2 35.6

Sodium, mg 3791 3039 2553

Potassium, mg 2338 3767 4045

Cholesterol, mg 278 186 172

*Values calculated using Nutrient Data System for Research (NDSR, 2009) and adjusted according to the nutrient analyses conducted on the study pistachios by an independent
laboratory (Covance).
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participants agreed, and there was no significant difference in
resting blood pressure between individuals who accepted and
declinedparticipation in this sub-study.Near theendofeachdiet
period,butwhile still on the relevantdiet, participantswerefitted
with an ambulatory blood pressure monitor (model 90207;
Spacelabs Healthcare) and brachial cuff that was worn for an
average of 21.3�0.16 hours. Automated readings were taken
every 20 minutes during the day (6 AM to 10 PM) and every
30 minutes overnight (10 PM to 6 AM). To test differences
between daytime and nighttime blood pressure, wake and sleep
times were conservatively estimated to be 10 AM to 9 PM (wake)
and1 AM to5:30 AM (sleep).25 Theaveragenumberof successful
readings obtained in a 24-hour period was 50�2, with 26�1
wake readings and 8�1 sleep readings.

Statistical Analyses
This study was designed with 80% power and alpha set at
0.05 to detect significant between-treatment differences in
total peripheral resistance of 62.2 dyne-s/cm5 (SD of the
difference=116), based on our previous study.16 Treatment
effects were tested per protocol (only participants complet-
ing the entire study were included in the analysis) using
the mixed models procedure in SAS (v9.3). Differences in
baseline characteristics according to treatment order
assignment were examined for all variables and uniformly
non-significant (data not shown). For the outcome analyses,
diet, diet period (first or second), (for relevant analyses) task
(rest, math, recovery 1, cold pressor, recovery 2), and their
interactions were entered as fixed effects; subject was a
random effect. Diet by task and diet by period interactions
were uniformly non-significant (no evidence of carryover). All
analyses were adjusted for age, sex, BMI, and the baseline
(run-in) value. a<0.05 was considered statistically signifi-
cant, and Tukey tests were used to adjust for multiple
comparisons. Tables and figures reflect means�standard
errors.

Results
Blood pressure and systemic hemodynamics at rest and
during acute mental stress are presented in Table 3. Regard-
less of treatment, systolic and diastolic blood pressure, heart
rate, cardiac output, and total peripheral resistance increased
during the stress tasks (all P<0.0001). There were no
differences between the treatments in resting measurements
for any variables. However, when data from the rest period,
stress tasks, and recovery periods were included in a
repeated-measures analysis, stroke volume and cardiac
output were significantly greater following the pistachio diet
(+3.1�2.5%, P=0.011 and +3.1�2.3%, P=0.002) than the
control diet. In contrast, total peripheral resistance was

significantly lower following the pistachio diet than the control
diet (�3.7�2.9%, P=0.004).

Mean heart rate variability at rest and during the acute
stress tasks are shown in Table 4. Both RMSSD and high-
frequency power, which reflect parasympathetic activity, were
significantly higher following the pistachio diet (+13.7�4.8%,
P=0.028 and +24.4�10.6%, P=0.007). Low-frequency power,
which reflects both sympathetic and parasympathetic activity,
was also greater following the pistachio diet (+19.8�10.6%,
P=0.041). There was no difference between the treatments in
total power or the ratio of low- to high-frequency power.

Twenty-four-hour systolic blood pressure was significantly
lower following the pistachio diet compared to the control diet
(�3.0�1.8%, P=0.046; Table 5), with the largest difference
occurring during sleep (�5.3�2.5%, P=0.052). Diastolic blood
pressure did not differ between treatments, and there were no
differences in dipping status (defined as ≥10% reduction in
systolic blood pressure during sleep) between the treatments
(data not shown).

Discussion
In this randomized, crossover, controlled-feeding study, we
have shown that consuming 20% of total energy from pistachios
for 4 weeks modifies systemic hemodynamics, increases heart
rate variability, and reduces 24-hour systolic ambulatory blood
pressure in adults with well-controlled type 2 diabetes, but does
not lower resting blood pressure or diastolic ambulatory blood
pressure relative to a low-fat control diet. Our goal was to
demonstrate that diet can improve some cardiovascular risk
factors, even in adults early in disease progression with well-
controlled type 2 diabetes. This is also the primary limitation of
this study: we acknowledge that our results may not be relevant
to individuals with more advanced disease. However, we offer
evidence of an effective, preventative, low-risk strategy in a
group that remains at risk of vascular events in spite of their
glycemic control.

Previous studies of nuts and blood pressure have relied on
the traditional clinic method of measuring blood pressure under
resting conditions. However, blood pressure during acute
mental stress is an independent predictor of cardiovascular
risk,26 and the shifts we observed in underlying hemodynamics
(reduced total peripheral resistance and increased cardiac
output) could have important clinical implications even in the
absence of blood pressure reductions. In the majority of
patients with essential hypertension, total peripheral resistance
is elevated while cardiac output is normal.27 Peripheral
resistance is an important contributor to left ventricular
hypertrophy, which is an independent predictor of cardiovas-
cular outcomes. Furthermore, a reduction in left ventricular
hypertrophy lowers cardiovascular risk independent of changes

DOI: 10.1161/JAHA.114.000873 Journal of the American Heart Association 5

Pistachios Modify Hemodynamics and Blood Pressure Sauder et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



in blood pressure.28 Based on ameta-analysis of 50 studies, the
medications that most effectively reverse left ventricular
hypertrophy are those that reduce peripheral resistance

(angiotension-converting enzyme inhibitors and calcium chan-
nel blockers).29 Thus, it is plausible that the reduction in total
peripheral resistance that we observed following pistachio

Table 3. Systemic Hemodynamics at Rest and During Acute Mental Stress

Variable Condition Baseline Control Pistachio

Mean Difference
Pistachio—
Control

Condition
P Value*

Treatment
P Value*

Systolic BP,
mm Hg

Rest 116.2�2.5 112.1�2.2 112.3�1.9 0.3�2.0

Math 135.0�4.1 127.8�3.9 128.0�3.4 0.2�3.6

Recovery 118.5�2.6 114.6�2.4 114.7�2.3 0.0�2.4

Cold 146.7�4.2 139.6�4.1 139.9�4.1 0.3�4.1

Recovery 119.8�2.8 117.6�2.5 115.7�2.4 �1.9�2.5

Average 127.0�1.8 122.1�1.6 121.9�1.5 �0.2�1.6 0.0001 0.76

Diastolic BP,
mm Hg

Rest 71.0�0.9 69.2�0.9 69.2�1.1 0.0�1.0

Math 78.9�1.5 76.2�1.4 75.9�1.2 �0.4�1.3

Recovery 70.3�1.0 70.1�0.9 69.2�0.9 �1.0�0.9

Cold 83.6�1.6 82.0�1.5 81.4�1.4 �0.7�1.5

Recovery 71.7�1.3 70.0�1.0 69.8�0.9 �0.2�1.0

Average 75.0�0.7 73.4�0.7 73.0�0.6 �0.4�0.6 0.0001 0.28

Heart rate,
bpm

Rest 63.8�1.1 64.7�1.4 64.9�1.4 0.1�1.4

Math 72.0�1.4 71.9�1.5 71.5�1.4 �0.4�1.4

Recovery 64.4�1.2 65.5�1.4 65.7�1.5 0.1�1.4

Cold 71.1�1.3 70.1�1.6 71.0�1.6 0.9�1.6

Recovery 64.7�1.2 64.3�1.3 64.9�1.4 0.5�1.4

Average 67.2�0.6 67.3�0.7 67.6�0.7 0.2�0.7 0.0001 0.43

Stroke volume,
mL/beat

Rest 68.3�3.1 66.1�3.5 67.9�3.3 1.7�3.4

Math 69.3�3.9 65.5�4.3 68.5�4.0 3.0�4.1

Recovery 67.3�3.1 67.4�3.8 68.4�3.4 1.0�3.6

Cold 68.0�3.8 64.6�3.6 67.9�3.7 3.3�3.7

Recovery 66.2�3.6 68.2�3.8 69.4�3.5 1.2�3.6

Average 67.8�1.6 66.4�1.7 68.4�1.6 2.1�1.6 0.17 0.011

Cardiac
output,
L/min

Rest 4.36�0.20 4.26�0.21 4.36�0.20 0.10�0.21

Math 5.01�0.30 4.73�0.29 4.84�0.27 0.11�0.28

Recovery 4.32�0.20 4.36�0.21 4.45�0.20 0.09�0.21

Cold 4.82�0.27 4.48�0.23 4.77�0.25 0.29�0.24

Recovery 4.28�0.23 4.34�0.21 4.46�0.20 0.12�0.20

Average 4.55�0.11 4.43�0.10 4.57�0.10 0.14�0.10 0.0001 0.002

Total
peripheral
resistance,
dyne-s/cm5

Rest 1694.7�105.1 1695.4�107.4 1641.1�97.2 �54.3�102.3

Math 1693.5�113.2 1737.8�124.9 1691.1�110.9 �46.6�117.9

Recovery 1702.5�101.6 1664.8�97.5 1618.0�94.0 �46.8�95.8

Cold 1918.5�156.8 1964.5�148.2 1852.8�158.3 �111.7�153.3

Recovery 1789.1�127.1 1680.5�91.5 1622.3�91.4 �58.2�91.4

Average 1757.6�54.0 1746.1�51.4 1681.8�49.6 �64.3�50.5 0.0001 0.004

Data are mean�standard error, n=30. BMI indicates body mass index; BP, blood pressure.
*Statistical significance assessed by PROC MIXED in SAS, after adjustment for age, sex, BMI, and baseline (run-in) values. The condition effect tested differences in hemodynamics
between resting and stress conditions. The treatment effect tested differences in hemodynamics between the Control and Pistachio diets.
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consumption could contribute to a reversal of left ventricular
hypertrophy. Unfortunately, we did not measure left ventricular
mass in the present study, and it is unlikely that a clinically
significant change in left ventricular mass could occur during a
4-week dietary intervention. Future research about the mech-
anisms underlying the hemodynamic shifts that we observed
should include longer diet periods and assessment of left
ventricular mass and remodeling.

To our knowledge, this is the first study on nuts to include
ambulatory blood pressure monitoring, which is a better
predictor of target organ damage than traditional clinic blood
pressure measurements.30 We observed reductions of both
24-hour and sleep systolic blood pressure following the
pistachio diet. Blood pressure normally decreases (or “dips”)
during sleep, and individuals who do not display this
physiological change can be 66% more likely to experience
a cardiovascular event.31 Therefore, a significant reduction in
24-hour blood pressure that is due primarily to a reduction in
sleep blood pressure could be particularly beneficial to
cardiovascular health. Unfortunately, ambulatory assessment
of cardiac output and peripheral resistance is difficult to
perform, so it is unknown how the underlying hemodynamics
shifted during the ambulatory monitoring to reduce blood

pressure. The observed reduction in ambulatory systolic blood
pressure was small, but such a change on a population level is
estimated to reduce coronary heart disease and stroke
mortality by 5% to 8%.32 Importantly, this finding indicates
that among adults with type 2 diabetes and normal blood
pressure at baseline (Table 1), pistachio consumption can
further reduce blood pressure and potentially lower residual
vascular risk. These findings must be replicated in a larger
sample, including individuals with more advanced diabetes.

Heart rate variability is also a recognized cardiovascular
risk factor,33–35 and we observed improvements in 3 indices
of heart rate variability following pistachio consumption:
RMSSD, high frequency, and low frequency. Both RMSSD and
high frequency reflect vagal tone, and low frequency is
believed to reflect both sympathetic and parasympathetic
function. In the Atherosclerosis Risk In Communities studies,
individuals with type 2 diabetes who were in the lowest
quartile of either high or low frequency heart rate variability
were 50% to 80% more likely to develop coronary heart
disease during an 8-year follow-up.36 The effect of pistachios
on heart rate variability that we observed in the present study
may be a yet unexplored mechanism through which nuts
benefit cardiovascular health.

Table 4. Heart Rate Variability

Variable Baseline Control Pistachio
Mean Difference
Pistachio—Control P Value*

RMSSD, mm 24.9�1.1 23.9�1.1 27.2�1.3 3.3�1.2 0.028

High frequency, ms2 273.5�24.4 253.3�25.1 315.1�28.8 61.8�27.0 0.007

Low frequency, ms2 494.9�43.1 480.0�43.8 575.0�58.4 95.0�51.1 0.041

Low:high frequency, ms2 2.7�0.2 2.9�0.2 2.5�0.2 �0.4�0.2 0.59

Total power, ms2 1256.0�87.3 1236.3�116.8 1401.0�115.4 164.7�116.1 0.10

Data are mean�standard error from the rest, stress tasks, and recovery periods, n=30. BMI indicates body mass index; RMSSD, square root of the mean squared differences of successive
R-R intervals.
*Statistical significance for comparison between Control and Pistachio diets by PROC MIXED in SAS, after adjustment for age, sex, BMI, and baseline (run-in) values.

Table 5. Ambulatory Blood Pressure

Variable Period* Baseline Control Pistachio
Mean Difference
Pistachio—Control P Value†

Systolic BP, mm Hg 24-hour 115.8�2.0 117.3�2.3 113.8�2.0 �3.5�2.1 0.046

Wake 119.1�2.3 122.4�2.8 119.4�2.3 �3.0�2.6 0.23

Sleep 107.0�2.8 106.7�2.9 101.1�2.4 �5.7�2.6 0.052

Diastolic BP, mm Hg 24-hour 70.0�1.2 71.2�1.2 69.2�1.2 �2.0�1.2 0.11

Wake 73.0�1.5 74.4�1.9 73.5�1.7 �0.9�1.8 0.66

Sleep 62.3�1.7 63.0�1.6 58.8�1.5 �4.1�1.5 0.12

Data are mean�standard error, n=21. BMI indicates body mass index; BP, blood pressure.
*24-hour includes all readings; wake includes readings from 10 AM to 9 PM; sleep includes readings from 1 AM to 5:30 AM.
†Statistical significance for comparison between Control and Pistachio diets by PROC MIXED in SAS, after adjustment for age, sex, BMI, and baseline (run-in) values.
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Given that this study utilized a controlled-feeding protocol
with pistachios, we can only speculate which component(s) of
pistachios may be responsible for the observed changes. Like
all nuts, pistachios have a heart-healthy fatty acid profile (low
in saturated fat, high in unsaturated fat) and are rich in plant
protein, fiber, vitamins, and minerals. Pistachios are a source
of potassium, magnesium, and phytosterols. Notably, in the
present study the ratio of sodium to potassium was substan-
tially lower for the pistachio diet (0.63) than for the control
diet (0.81). This difference was due to the high potassium
content of pistachios (�600 mg for 69 g/day for the 2100
calorie level) and the sodium content of the control diet
snacks (ie, pretzels, string cheese, etc.) that were replaced by
the pistachios (�500 mg per day for the 2100 calorie diet). It
is possible that a single bioactive component of pistachios is
responsible for the observed changes in cardiovascular risk
factors, but it is more likely that the macro- and micronutrient
profiles combined contribute to their health benefits.

As is common in clinical nutrition trials, this study
examined the effect of a dietary intervention on multiple
cardiovascular risk factors, which increase the risk of Type I
error. The a priori primary outcome of the study was
cardiovascular responses to stress, which included the blood
pressure, systemic hemodynamics, and heart rate variability
data. We reported unadjusted P values for these statistical
tests, but we did explore the effect of multiple comparisons
(n=17 dependent variables) on our results using the Benja-
mini-Hochberg False Discovery Rate method.37 With this
approach, statistical significance for the difference between
the pistachio and control diets was maintained for stroke
volume (P=0.046), cardiac output (P=0.034), total peripheral
resistance (P=0.037), and high-frequency heart rate variability
(P=0.041), but not RMSSD (P=0.09), low-frequency heart rate
variability (P=0.11), or ambulatory systolic blood pressure (24-
hour and sleep, P=0.11 for both). Therefore, our findings for
heart rate variability and, particularly, ambulatory blood
pressure (given that it included only a sub-sample of the
participants) should be interpreted with caution and must be
replicated in future studies.

The present study has a few limitations. First, the sample
included only adults with well-controlled (average HbA1c
<6.5% at baseline) and relatively “early” diabetes (17% taking
no diabetes medication, 66% on a single diabetes medication,
and no insulin users). We relied on self-reported and staff-
monitored compliance to the study diets and procedures and
did not assess adherence with biological measures. We are
unable to draw conclusions about pistachio consumption in
amounts other than the 20% of energy daily that was
evaluated here. We compared the pistachio diet to a low-fat
control diet that was designed in accordance with current
recommendations for type 2 diabetes,8 but did not test it
against other dietary patterns such as the Mediterranean diet.

Potassium and sodium levels of the control and pistachio
diets differed, which may have influenced the observed results
on hemodynamics. We did not measure urinary potassium and
sodium, and therefore cannot comment on how these levels
may have been affected by the treatment periods. Future
studies should match sodium and potassium levels between
test diets and include measurement of urinary excretions. The
controlled-feeding protocol enabled us to assess the efficacy
of pistachio consumption in 4 weeks, but does not provide
information on the effectiveness of a pistachio intervention
over a longer period of time. Finally, the total sample was
relatively small, and only a portion of the subjects completed
the ambulatory blood pressure monitoring. Future studies
should enroll larger samples, include ambulatory blood
pressure as a primary outcome, and test the effectiveness
of pistachio consumption on cardiovascular risk factors in a
free-living setting.

In conclusion, this carefully controlled randomized clinical
trial indicates that replacing low-fat snacks with pistachios
equal to 20% of energy daily modifies systemic hemodynam-
ics, increases heart rate variability, and reduces ambulatory
blood pressure in adults with well-controlled type 2 diabetes.
This study provides further evidence that daily nut consump-
tion benefits multiple cardiovascular risk factors and may be
an effective strategy for reducing residual vascular risk.
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