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Abstract
Little is known about transient effects of foods and nutrients on reactivity to mental stress. In a
randomized crossover study of healthy adults (n = 20), we measured heart rate variability
(respiratory sinus arrhythmia), blood pressure, and other hemodynamic variables after three test
meals varying in type and amount of fat. Measurements were collected at rest and during speech
and cold pressor tasks. There were significant post-meal changes in resting diastolic blood
pressure (−4%), cardiac output (+18%), total peripheral resistance (−17%), and interleukin-6
(−27%). Heart rate variability and hemodynamic reactivity to stress was not affected by meal
content. We recommend that future studies control for time since last meal and continue to
examine effects of meal content on heart rate variability.
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Globally, hypertension is the leading risk factor for mortality (World Health Organization,
2009), and in the United States, it affects approximately 1 in 3 adults (Roger et al., 2011).
The reactivity hypothesis posits that individuals who exhibit exaggerated reactivity to stress
are at greater risk of developing hypertension. A recent meta-analysis of 36 studies
concluded that greater stress reactivity consistently predicts higher blood pressure and
incident hypertension up to 36 years later, independent of traditional risk factors (Chida &
Steptoe, 2010). Sustained elevations in blood pressure are likely due to chronic elevation of
cardiac output and total peripheral resistance (Brownley, Hurwitz, & Schneiderman, 2000).
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Diet is also implicated in the development of hypertension. The well-known Dietary
Approaches to Stop Hypertension (DASH) diet studies have shown that a diet rich in fruits,
vegetables, and low-fat dairy and low in saturated fat can reduce blood pressure by 11.4/5.5
mmHg (systolic/diastolic) in as little as eight weeks (Appel et al., 1997). Consumption of
polyunsaturated fats, such as those found in nuts, seeds, and fish, is also associated with
lower blood pressure (Morris & Sacks, 1994; Puska et al., 1983). Polyunsaturated fats may
benefit cardiovascular health via decreases in peripheral vascular resistance and blood
pressure (West et al., 2010), antiarrhythmic effects (Albert et al., 2005; Burr et al., 1989;
GISSI-Prevenzione, 1999), enhanced heart rate variability and vagal tone (Mozaffarian et
al., 2005), or improved vascular function (Ros et al., 2004; West, et al., 2010). In contrast,
the atherosclerotic properties of saturated fat and cholesterol may elevate blood pressure by
decreasing vessel size and elasticity (Tortora & Grabowski, 2000). There is additional
evidence from animal studies that high saturated fat diets are associated with increases in
sympathetic nervous system activity (Kaufman, Peterson, & Smith, 1991; Prior et al., 2010;
Schwartz, Young, & Landsberg, 1983). For example, rats fed a high-fat diet for 12 weeks
had significantly greater renal sympathetic nerve activity compared to regular chow-fed rats
(Barnes et al., 2003).

Despite the independent associations of poor diet and exaggerated reactivity with
hypertension, the potential effect of recent meals or dietary patterns on reactivity has been
less well studied. Of the 36 studies analyzed by Chida & Steptoe (2010), only one
considered background diet in the analyses and only three imposed fasting periods prior to
testing to control for acute effects of eating. Dietary patterns over relatively short-term
periods have been associated with changes in reactivity. For example, blood pressure and
total peripheral resistance during stress were reduced after six weeks of a diet high in
polyunsaturated fat compared to a diet high in saturated fat (West, et al., 2010). Straznicky
and colleagues reported that stress reactivity was significantly lower after two weeks on a
low fat diet compared to a high saturated fat diet (Straznicky, Louis, McGrade, & Howes,
1993).

In addition to habitual diet, hemodynamics and reactivity can be affected by a single meal.
Studies have demonstrated postprandial increases in resting heart rate, cardiac output, and
stroke volume, and decreases in pre-ejection period, total peripheral resistance, and heart
rate variability (Chang, Ko, Lien, & Chou, 2010; Cozzolino et al., 2010; DeMey,
Hansenschmidt, Enterling, & Meineke, 1989; Host et al., 1996; Kearney, Cowley, Stubbs, &
Macdonald, 1996; Sidery, Cowley, & Macdonald, 1993; Sidery, Macdonald, Cowley, &
Fullwood, 1991; Tentolouris et al., 2003; Uijtdehaage, Shapiro, & Jaquet, 1994). These
postprandial shifts have minimal effect on the magnitude of stress responses when compared
to fasting conditions (Uijtdehaage, et al., 1994), but meal content (relative amounts of fat,
protein, and carbohydrates) may moderate postprandial stress reactivity. A high
carbohydrate meal was reported to augment reactivity compared to a high protein meal
(Uijtdehaage, et al., 1994), and greater reactivity was observed after a meal high in saturated
fat compared to a meal with minimal saturated fat (Faulk & Bartholomew, 2011; Jakulj et
al., 2007). However, no previous studies have compared the relative effect of a single meal
containing saturated vs unsaturated fat on postprandial stress reactivity.

The mechanisms responsible for postprandial differences in reactivity are not clear, but may
be attributed to the body’s response to glucose (found in carbohydrates) and saturated fat.
Carbohydrate consumption may influence hemodynamics through the action of insulin,
which is released in response to the glucose in carbohydrates. Insulin has vasodilatory
properties (Baron, 1994), and also appears to induce sympathetic nervous system activity.
Plasma norepinephrine and muscle sympathetic nerve activity reportedly increase following
meals high in carbohydrates compared to high fat or high protein meals (Baliga, Burden,
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Sidhu, Rampling, & Kooner, 1997; Berne, Fagius, Pollare, & Hjemdahl, 1992; Fagius &
Berne, 1994; Heseltine, Potter, Hartley, Macdonald, & James, 1990; Potter et al., 1989;
Sidery, et al., 1991).

Dietary fat may influence hemodynamics via changes in vascular structure and function.
Saturated fat and triglycerides substantially impair vascular endothelial function
(Giannattasio et al., 2005; Vogel, Corretti, & Plotnick, 1997; Williams et al., 1999), a
cardiovascular risk factor that may contribute to the development and progression of
hypertension (Beevers, Lip, & O’Brien, 2001; Celermajer, 1997). In contrast,
polyunsaturated fat appears to improve vascular endothelial function up to four hours after a
single meal (Cortes et al., 2006; Ros, et al., 2004; West et al., 2005). Polyunsaturated fats
may also reduce blood pressure by attenuating total peripheral resistance (West, et al.,
2010). No previous studies have examined whether the opposing effects of saturated and
polyunsaturated fat on vascular function translate into different hemodynamic responses to
stress following a single meal, and no studies have determined whether changes in insulin or
lipids mediate the acute effects of eating different meals onreactivity.

We designed a randomized crossover study to examine the acute effects of standardized
meals on cardiovascular reactivity. Resting hemodynamics, heart rate variability, and
metabolic parameters were assessed in the fasting state, two hours after consumption of test
meals, and during exposure to standard laboratory speech and cold pressor tasks. Similar to
our previous study, we compared a high saturated fat/low carbohydrate meal to a low
saturated fat/high carbohydrate meal (Jakulj, et al., 2007). We hypothesized that reactivity
would be greater after the saturated fat meal compared to the carbohydrate meal, and that
differences in insulin and lipids would mediate these effects. Due to the significant
improvements in vascular function observed after meals high in polyunsaturated fats
(Cortes, et al., 2006; Ros, et al., 2004; West, et al., 2010), we also included a high
polyunsaturated fat/low carbohydrate meal containing fatty acids from flax seed and flax oil.
We hypothesized that reactivity following the polyunsaturated fat meal would be attenuated
compared to the saturated fat meal due to vascular changes, and augmented compared to the
carbohydrate meal due to differences in insulin.

Methods
Participants

Twenty healthy young adults (7 females) ages 20–31 years with a body mass index (BMI;
kg/m2) between 19 and 29 participated in the study. Sixty percent were White, 30% Asian,
and 10% African-American. Prior to study enrollment, potential participants completed a
phone interview in which a research assistant explained the study and reviewed the
individual’s medical history. Individuals who self-reported having a history of hypertension,
cardiovascular disease, diabetes, sleep disorders, anxiety, depression, peripheral artery
disease, hemophilia, celiac disease, or allergies to food, latex, or adhesive tape were
excluded. Self-identified current smokers, pregnant women, or individuals unable to follow
study procedures were also excluded. Due to blood draw difficulties and technical problems,
blood-derived data were available from 19 participants and hemodynamic and heart rate
variability data were available from 18 participants. Written informed consent was obtained
from all participants, and approval for the study was granted by the Pennsylvania State
University Institutional Review Board.

Experimental Design
The study was a randomized, 3-period, crossover design. Participants were instructed to
maintain their normal diet in the week prior to each visit. Visits were scheduled for the
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afternoon and time of day was held constant for each participant. Instructions were given for
a low fat meal to be consumed 6 hours prior to the testing session and standardized
instructions were provided. Participants were asked to fast and abstain from alcohol and
caffeine for 6 hours prior to each visit. Cardiovascular parameters were measured during 20
min of rest, immediately followed by collection of a blood sample and consumption of one
of three test meals. Two hours later, an additional blood sample was collected and
cardiovascular parameters were measured during a 20 min rest period, two stress tasks
(described below), and two recovery periods. Identical procedures were followed on the
second and third testing days, which took place a minimum of 24 hours apart. The order of
meal presentation was randomized and counterbalanced. All women were tested during the
early follicular phase of their menstrual cycle via self-report.

Macronutrient Profiles of the Test Meals
Three standardized meals were prepared in a metabolic kitchen: 1) a high saturated fat meal
(SatFat), 2) a low fat meal (Control), and 3) a meal high in polyunsaturated fat from flax oil
and flax seed (Flax). The meals were equivalent with regard to total calories, protein,
cholesterol, and sodium (Table 1). The Control meal contained little fat, the Flax meal was
rich in mono-and polyunsaturated fat and contained relatively little saturated fat, and the
SatFat meal was rich in saturated fat and contained relatively little mono- and
polyunsaturated fat. The SatFat and Flax meals were relatively low in carbohydrates, and the
Control meal was rich in carbohydrates.

The SatFat meal was modeled on the fast food meal used in our previous study. It consisted
of two breakfast sandwiches (English muffin with egg and Canadian bacon or pork sausage),
liquid margarine, and hashed brown potatoes. The Control meal included frosted corn flakes,
bran buds, skim milk, light fat-free yogurt, bread, fat-free margarine spread, jelly, and an
orange drink. The Flax meal consisted of banana flax muffins (containing a total of 10.5g of
flaxseed and 32g of flax oil), one hard-boiled egg, fat-free margarine spread, scrambled egg
substitute, salt and pepper. Participants drank water or a decaffeinated beverage. Meals were
consumed within 20 min.

Physiological Measurements
Systolic and diastolic blood pressures were obtained at 1–4-min intervals (depending on
task) with an automatic oscillometric blood pressure monitor attached to the left arm
(Dinamap, Critikon Pro 100, GE Medical Systems). Impedance cardiography utilizing a
tetrapolar band configuration with spot electrocardiographic (ECG) electrodes was used to
estimate heart rate, stroke volume, and pre-ejection period (Hutcheson Impedance
Cardiograph and the Cardiac Output Program, Bio-Impedance Technology, Inc., Chapel
Hill, NC). Cardiac output and total peripheral resistance were calculated according to
standard formulae (Sherwood et al., 1990).

Heart rate variability is a noninvasive method used to index autonomic influence on cardiac
function by analyzing the beat-to-beat fluctuations in R-R interval (Task Force, 1996).
Spectral analysis of the interbeat fluctuations allows identification of frequency bands with
their own physiological determinants (Akselrod et al., 1981). Oscillations in the high
frequency (HF) band (0.15 Hz to 0.4 Hz) are believed to reflect vagal modulation of heart
rate. We assessed heart rate variability by sampling raw interbeat intervals (R-R) at 1,000
Hz from the ECG. The R-R interval sequences were visually inspected, and the data
considered artifactual were manually replaced by interpolated or extrapolated data. HF heart
rate variability was calculated with autoregressive spectra using commercial software
(Nevrokard, Medistar Inc.) and standard methods (Boardman, Schlindwein, Rocha, & Leite,
2002). Values were normalized for total power excluding very low frequency power (e.g.,
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HF/[total power very − low frequency]*100), and did not require further transformation for
statistical normality (skew = −0.115).

Venous blood samples were collected during each visit in the fasting state and two hours
following the test meals. Participants were given the option of intravenous catheterization or
separate venipunctures for the two blood draws; one participant chose catheterization and
this was held constant across visits. Blood was analyzed at a local clinical laboratory for
insulin, glucose, total cholesterol, high density lipoprotein (HDL) cholesterol, and
triglycerides. Low density lipoprotein (LDL) cholesterol was not examined because of the
substantial postmeal increases in triglycerides, which render equations for estimating LDL
cholesterol unreliable. Serum concentrations of the inflammatory cytokines interleukin-1β
(IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-α (TNFα) were measured via high
sensitivity enzyme-linked immunosorbent assays (ELISA) kits from R&D Systems
(Minneapolis, MN) in duplicate (assay CV < 11% for all). High sensitivity C-reactive
protein (CRP) was measured by latex-enhanced immunonephelometry (Quest Diagnostics,
Pittsburgh, PA; assay CV < 8%).

Stress Tasks
In keeping with several previous studies (West, et al., 2010; West, Likos-Krick, Brown, &
Mariotti, 2005), participants were given 2 min to prepare for a 3 min speech on one of three
hypothetical situations (being falsely accused of shoplifting, being prevented from boarding
a flight, and receiving a traffic ticket). Participants were told that the speech would be
videotaped and evaluated by the researchers for content and clarity. During the cold pressor
task, participants immersed one foot up to the ankle into 4°C water for 2.5 min. Each task
was followed by a 10 min recovery period. Means were calculated for each of the seven
conditions (fasting baseline, post-meal rest, speech prep, speech task, recovery 1, cold
pressor, recovery 2).

Statistical Analysis
The study was designed with 80% power and alpha set at 0.05 to detect significant between-
treatment differences in diastolic blood pressure of 4.5 mmHg and total peripheral resistance
of 47.8 dyne sec-cm5, based on our previous study (Jakulj, et al., 2007). Variables were
tested for normality; insulin, triglycerides, IL-1β, and CRP were log-transformed. The
mixed models procedure in SAS (v.9.2, Cary, NC) was used to test the effects of treatment,
condition, visit, and their interactions. Following the published guidelines for use of mixed
models in psychophysiological research (Bagiella, Sloan, & Heitjan, 2000), model fit was
evaluated using several covariance structures. Compound symmetry was selected for the
final model. The first set of analyses examined changes in resting values from pre-meal to
post-meal. Preliminary models included treatment, condition (fasting or post-meal), visit,
their interactions, age, sex, and BMI. The treatment x visit interaction, age, sex, and BMI
did not significantly change the results and were removed from the final model. Next, we
examined the effects of meal composition on heart rate variability and hemodynamic
reactivity to stress assessed two hours after the meals. Stress data were analyzed as reactivity
change scores (calculated as task level minus postmeal rest). Preliminary models included
treatment, condition (speech prep, speech task, recovery 1, cold pressor, and recovery 2),
visit, their interactions, age, sex, and BMI. Treatment x condition, treatment x visit, age, sex
and BMI did not significantly change the results and were removed from the final model.
Significant effects (p ≤ 0.05) were further examined with Tukey’s post-hoc test. Effect sizes
reflect Cohen’s d (Cohen, 1988). Tables and the figure depict unadjusted means ± SE. Effect
sizes were calculated using adjusted means from the mixed models procedure, which are
within-group means adjusted for random effects and unbalanced groups.
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Results
Effects of Eating on Resting Measures: Pre- to Post-meal Comparisons

Eating a meal, regardless of its macronutrient composition, was associated with significant
shifts in many of the hemodynamic and autonomic variables. As shown in Table 2, resting
diastolic blood pressure, F(1,84) = 14.17, p < .001, Cohen’s d = −0.51, pre-ejection period,
F(1,81) = 280.42, p < .001, Cohen’s d = −1.33, total peripheral resistance, F(1,83) = 148.13,
p < .001, Cohen’s d = −1.27, and HF heart rate variability, F(1,82) = 5.45, p < .05, Cohen’s
d = −0.28, were significantly lower two hours after the meals compared to the fasting state.
We observed significant post-meal increases in heart rate, F(1,84) = 22.11, p < .001,
Cohen’s d = 0.52, stroke volume, F(1,83) = 38.52, p < .001, Cohen’s d = 0.51, and cardiac
output, F(1,83) = 122.23, p < .001, Cohen’s d = 1.44. Meal content had no effect on
hemodynamic or heart rate variability measurements under resting conditions, Fs(2,81–84) =
0.16–1.54, ps > .10.

Fasting and postprandial means of metabolic variables are displayed in Table 3. Treatment x
condition interactions emerged for triglycerides, F(2,85) = 9.75, p < .001, and insulin,
F(2,87) = 13.41, p < .001. Postprandial triglycerides were significantly greater following the
Flax (M = 172.9, SE = 22.1, Tukey p < .001, Cohen’s d = 0.69) and SatFat meals (M =
176.4, SE = 31.1, Tukey p < .001, Cohen’s d = 0.77) than Control meal (M = 111.0, SE =
18.0). Conversely, postprandial insulin was significantly lower following the Flax (M =
37.3, SE = 8.0, Tukey p < .001, Cohen’s d = −0.88) and SatFat meals (M = 27.1, SE = 6.8,
Tukey p < .001, Cohen’s d = −1.17) than Control meal (M = 73.6, SE = 19.6). The Flax and
SatFat meals did not differ from each other with regard to postprandial triglycerides or
insulin. At two hours post-meal, glucose, F(1,87) = 9.85, p < .01, Cohen’s d = −0.73, HDL
cholesterol, F(1,85) = 9.21, p < .01, Cohen’s d = −0.21, and IL-6, F(1,85) = 26.27, p < .001,
Cohen’s d = −0.69, were significantly decreased relative to the fasting baseline. There were
no significant differences in fasting vs post-meal levels of total cholesterol, F(1,85) = 1.72, p
> .10, Cohen’s d = −0.06, CRP, F(1,71) = 0.48, p > .10, Cohen’s d = −0.06, TNFα, F(1,84)
= 3.16, p > .05, Cohen’s d = −0.25, and IL-1β, F(1,85) = 0.71, p > .10, Cohen’s d = −0.11.

Effects of Meal Composition on Cardiovascular and Autonomic Reactivity to Acute Stress
Contrary to our hypotheses, meal composition had no effect on hemodynamic or heart rate
variability reactivity, Fs(2,228–250) = 0.06−1.76, ps > .10. As expected, the stressors
produced significant changes in hemodynamics and heart rate variability (see Figure).
Relative to the post-meal baseline, the speech task increased systolic blood pressure, F(4,
236) = 68.50, Tukey p < .001, Cohen’s d = 2.94, diastolic blood pressure, F(4,238) = 91.13,
Tukey p < .001, Cohen’s d = 3.24, heart rate, F(4,233) = 34.46, Tukey p < .001, Cohen’s d =
2.11, total peripheral resistance, F(4,234) = 43.53, Tukey p < .001, Cohen’s d = 1.96, and
decreased stroke volume, F(4,237) = 10.80, Tukey p < .001, Cohen’s d = −2.15, pre-ejection
period, F(4,225) = 21.60, Tukey p < .001, Cohen’s d = −0.60, and HF heart rate variability,
F(4,212) = 14.17, Tukey p < .001, Cohen’s d = −2.23. The cold pressor increased systolic
blood pressure, F(4, 236) = 68.50, Tukey p < .001, Cohen’s d = 3.26, diastolic blood
pressure, F(4,238) = 91.13, Tukey p < .001, Cohen’s d = 4.32, heart rate, F(4,233) = 34.46,
Tukey p < .001, Cohen’s d = 1.27, total peripheral resistance, F(4,234) = 43.53, Tukey p < .
001, Cohen’s d = 3.44, pre-ejection period, F(4,225) = 21.60, Tukey p < .001, Cohen’s d =
0.52, and decreased stroke volume, F(4,237) = 10.80, Tukey p < .001, Cohen’s d = −2.14,
and HF heart rate variability, F(4,212) = 14.17, Tukey p < .001, Cohen’s d = −1.03.
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Discussion
This study examined the effect of consuming meals differing in macronutrient content on
heart rate variability and systemic hemodynamics at rest and during mental stress in healthy
young adults. Regardless of meal content, there were significant postprandial changes in
resting measures of hemodynamics and autonomic function. On average, resting diastolic
blood pressure decreased by 2.5 mmHg and cardiac output was reduced by 1.1 l/min two
hours postprandially. Similarly, HF heart rate variability decreased by 4.8 nu, indicating a
postprandial decrease in cardiac parasympathetic tone (Berntson et al., 1997; Task Force,
1996). While the observed changes may seem modest, even small differences in
hemodynamics have been associated with reductions in cardiovascular risk (Liao et al.,
1997; MacMahon et al., 1990).

As expected, significantly larger increases in triglycerides and smaller increases in insulin
were observed two hours after the SatFat and Flax meals compared to the Control meal.
Cholesterol and glucose were significantly lower two hours after the meals compared to
fasting values, which corresponds to the known time course of nutrient metabolism in non-
diabetic individuals (Ginsberg et al., 1994; Matsuda & DeFronzo, 1999). In contrast to
previous reports of more favorable inflammatory profiles following meals low in saturated
fat compared to meals high in saturated fat (Blum, Aviram, Ben-Amotz, & Levy, 2006;
Ceriello et al., 2005), we did not observe differential effects of meal content on postprandial
inflammation. Only IL-6 changed postprandially, and it decreased uniformly after all three
meals. It is possible that the low baseline levels of inflammation in these healthy participants
prevented detection of meal-induced differences in inflammation, or that our SatFat meal
was not optimally designed to induce inflammation. Given the recent interest in IL-6
reactivity to stress (Chida & Steptoe, 2010), it is critical that future studies account for the
postprandial decline in IL-6.

In our previous study, we demonstrated that commercially available breakfast foods high in
saturated fat (similar to the meal prepared for this study) significantly augmented blood
pressure and vascular resistance responses to mental stress presented two hours later (Jakulj,
et al., 2007). We failed to replicate that finding in the present study. Although our high
saturated fat meal was designed to be as similar as possible to the previously used fast food
breakfast, the food for the present study was freshly prepared in the research kitchen. It is
possible that differences in cooking methods or types of oil used may have affected our
results. Furthermore, we intentionally designed the meals to minimize differences in fiber,
sodium, and protein, and controlling these nutrients in the current study may have prevented
us from replicating our earlier results.

We did observe the expected differences in postprandial insulin and triglyceride responses to
the high saturated and polyunsaturated meals compared to the low fat (high carbohydrate)
Control meal. However, these varying metabolic responses did not appear to moderate stress
reactivity. As insulin is associated with both vasodilation (Baron, 1994) and enhanced
sympathetic activity (Baliga, et al., 1997; Berne, et al., 1992; Fagius & Berne, 1994;
Heseltine, et al., 1990; Potter, et al., 1989; Sidery, et al., 1991), it is possible that these
opposing properties combined to create a null effect of insulin on hemodynamics in the
present study. Elevated triglyceride levels have been inversely associated with impaired
vascular endothelial function in acute settings (Vogel, et al., 1997; West, Hecker, et al.,
2005); however, the triglyceride increase following the two high fat meals did not appear to
affect vascular reactivity assessed by total peripheral resistance. Our results provide
evidence that unique metabolic profiles induced by single meals differing in macronutrient
content have no acute effect on hemodynamic responses to stress.
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To our knowledge, this is the first study that has examined the effects of meal content on
autonomic reactivity to stress. Larger reductions in vagally-mediated heart rate variability
during acute stress have been prospectively associated with increases in diastolic blood
pressure three years later (Matthews, Salomon, Brady, & Allen, 2003; Steptoe & Marmot,
2005). In the present study, HF heart rate variability reactivity was not differentially affected
by meals eaten two hours prior to testing. However, resting HF heart rate variability was
significantly lower following the meal compared to fasting values. Future studies should
assess whether this postprandial shift in HF heart rate variability affects reactivity magnitude
compared to a fasting state.

Our study has several limitations. First, our sample consisted of healthy, young adults, and
therefore these results cannot be generalized to individuals with medical conditions affecting
metabolism. Diet-related therapies have a greater effect on blood pressure in hypertensives
than normotensives (Appel, et al., 1997), and it is possible that different results would have
been obtained if we had enrolled individuals with elevated blood pressure. We acknowledge
that the sample size is modest. However, our use of a repeated measures design increases
statistical power. It is important to note that our sample size is comparable to the work by
Uijtdehaage and colleagues (1994). Age may also be an important consideration because
symptomatic postprandial hypotension is known to be more prevalent in older adults, and
the underlying hemodynamic shifts may differ in important ways from those observed in
younger participants (Luciano, Brennan, & Rothberg, 2010).

A potential confound present in our study was that we did not measure respiration for use in
HF analysis. Heart rate variability is sensitive to changes in respiration, which may have
varied across the resting and stressor conditions and could have adversely affected the
results (Berntson, et al., 1997; Grossman & Taylor, 2007). This may be particularly
important when measuring HRV during stressors that affect respiration rate, such as the
speech task. However, as respiration is not expected to differ across multiple exposures to
the speech task within the same individual, we believe the crossover within-subjects design
of this study minimizes the potential confounding effect of respiration on our measure of HF
heart rate variability. Furthermore, the studies using HF heart rate variability to predict
future CV risk typically assess heart rate variability under ambulatory conditions and do not
record or adjust for respiration (Singh et al., 1998; Tsuji et al., 1996). As we are interested in
the significance of heart rate variability with regard to future risk, we attempted to assess
heart rate variability using similar methods to the prognostic studies. However, this should
be noted as a limitation of the present study.

We did not include a “no meal” condition, which prevented us from confirming earlier
findings that postprandial hemodynamic shifts generally do not affect reactivity
(Uijtdehaage, et al., 1994). We tested the acute effect of eating a single meal, thus we also
cannot draw conclusions about the effect of habitual diet on reactivity. Our postprandial
measurements began two hours after the meal in accord with previous studies (Jakulj, et al.,
2007; Uijtdehaage, et al., 1994). Changes in cardiovascular parameters typically peak
around 30 minutes after eating (DeMey, et al., 1989), and the vascular benefits of
polyunsaturated fats are typically observed 3–4 hours after eating coinciding with the peak
triglyceride concentration (West, Hecker, et al., 2005). Future studies should include a
longer monitoring period beginning closer to the end of the meal to determine the time
course of these responses.

Previous studies that found meal-related differences in stress reactivity did not collect blood
samples, and it is possible that existing treatment effects were masked by venipuncture-
induced changes in sympathetic outflow. Venipuncture is a known stressor that may cause
significant changes in neuroendocrine activity and cardiovascular parameters (Turner,
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Sherwood, & Light, 1992). Only one participant chose the option of intravenous
catheterization in place of two separate venipunctures, and the results did not substantively
change when this participant was removed from the analysis. We attempted to further
minimize this potential confound by keeping sampling method the same across visits and
discarding the cardiovascular data collected during the first 17 minutes of the post-meal
resting period to allow for normalization of cardiovascular parameters.

In conclusion, consuming a meal causes significant changes in resting heart rate variability,
systemic hemodynamics, and IL-6 concentrations. These findings highlight the need for
researchers to standardize meal consumption (or institute a longer fasting period) prior to
assessing autonomic function and systemic hemodynamics to minimize the confounding
effects of food.
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Figure.
Hemodynamic reactivity to acute stress as a function of meal type. Values are unadjusted
means ± SE for within-subjects comparisons, n=18. A) Systolic blood pressure. B) Diastolic
blood pressure. C) Total peripheral resistance. D) High frequency (HF) heart rate variability.
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Table 1

Nutrient composition of test meals

Nutrient Unsaturated Fat Flax Meal High Saturated Fat Meal Low Fat Control Meal

Calories (kcal) 855 826 840

Total fat (g) 45.3 45.4 3.4

 Saturated fat (g) 5.8 14.5 1.1

 MUFA (g) 10.2 16.2 0.8

 PUFA (g) 26.4 11.2 1.3

 Omega-3 (g) 20.3 1.0 0.1

 Omega-6 (g) 6.0 9.9 1.1

Carbohydrates (g) 79.0 71.6 183.1

Protein (g) 31.7 32.5 23.5

Cholesterol (mg) 269.9 271.2 8.3

Fiber (g) 8.4 5.9 6.1

Sodium (mg) 1541.0 1497.0 1504.0

Note. Values determined with Nutrition Data System for Research Software, 2006. MUFA = monounsaturated fatty acids; PUFA =
polyunsaturated fatty acids.
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Table 2

Effects of a meal on systemic hemodynamics and heart rate variability

Fasting Post-Meal Cohen’s d

Systolic Blood Pressure (mmHg) 108.5 ± 1.2 108.7 ± 1.2 0.02

Diastolic Blood Pressure (mmHg)*** 63.2 ± 0.8 60.7 ± 0.8 −0.51

Heart Rate (bpm)*** 62.7 ± 1.2 67.1 ± 1.3 0.52

Stroke Volume (ml/beat)*** 99.7 ± 2.8 109.7 ± 3.0 0.51

Cardiac Output (l/min)*** 6.1 ± 0.1 7.2 ± 0.1 1.44

Pre-Ejection Period (ms)*** 123.2 ± 1.4 110.5 ± 1.4 −1.33

Total Peripheral Resistance (dyne·sec-cm5)*** 1043.9 + 23.7 867.7 + 17.7 −1.27

HF Heart Rate Variability (nu)* 62.3 ± 2.6 57.5 ± 2.5 −0.28

Note. Data are unadjusted means ± SE of within-subject contrasts, n=18. Cohen’s d was calculated using adjusted means from the mixed models
procedure. HF = high frequency.

*
p < .05,

**
p < .01,

***
p < .001
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Table 3

Effects of a meal on metabolic and inflammatory parameters

Fasting Post-Meal Cohen’s d

Total Cholesterol (mg/dl) 166.7 ± 4.7 164.7 ± 4.4 −0.06

HDL Cholesterol (mg/dl)** 52.8 ± 1.8 50.1 ± 1.8 −0.21

Triglycerides (mg/dl)***§ 101.5 ± 8.3 152.7 ± 14.3 0.72

Glucose (mg/dl)** 87.3 ± 0.9 79.9 ± 2.5 −0.73

Insulin (μg/ml)***§ 9.3 ± 0.4 46.1 ± 7.9 2.46

IL-1β (pg/ml) 0.30 ± 0.1 0.25 + 0.1 −0.11

IL-6 (pg/ml)*** 0.82 ± 0.1 0.60 ± 0.0 −0.69

TNFα (pg/ml) 2.95 ± 0.1 2.75 ± 0.1 −0.25

CRP (mg/l) 1.06 ± 0.2 0.98 ± 0.2 −0.06

Note. Data are unadjusted means ± SE of within-subject contrasts, n = 19. Cohen’s d was calculated using adjusted means from the mixed models
procedure. HDL = high density lipoprotein; IL-1β = interleukin-1β IL-6 = interleukin-6; TNFα = tumor necrosis factor-α; CRP = C-reactive
protein.

*
p < .05,

**
p < .01,

***
p < .001

§
 Significant treatment x condition interaction; triglycerides and insulin following the Control meal significantly different from the Flax and SatFat

meals.
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