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Abstract

Consumption of a representative fast-food meal (FFMeal) acutely impairs

peripheral conduit artery vascular function; however, the effect on cerebral

vascular function remains unknown. This study tested the hypothesis that a

FFMeal would impair cerebral vascular function as indexed by an attenuated

increase in cerebral vascular conductance (CVCI) in the middle cerebral artery

(MCA) during a hypercapnic challenge. Ten healthy men (age: 24 � 3 years,

BMI: 24.3 � 3.8 kg/m2) were studied under two conditions; a standardized

FFMeal (990 kcals, 50% fat, 36% carbohydrate, 14% protein, and 2120 mg

sodium) and a fasting control condition. Basal hemodynamics, cerebral vaso-

motor reactivity (CVMR), and brachial artery flow-mediated dilation (BA

FMD) were completed after an overnight fast (Pre) and again 2 h and 4 h

later both days. To assess CVMR, subjects rebreathed from a 5-L bag while

MCA velocity (MCAVmean) was measured using transcranial Doppler (TCD)

ultrasound and converted into CVCI (MCAVmean/mean arterial pressure).

Peripheral artery endothelial function was assessed via BA FMD following a

standard 5-min occlusion protocol. As expected, BA FMD was reduced at 2 h

(Pre: 6.6 � 1.7% vs. 5.2 � 1.8%, P = 0.01). However, despite significant

impairment in BA FMD, neither peak CVCI%baseline nor CVMR was affected

by the FFMeal (Control–Pre: 1.9 � 1.1, 2 h: 2.1 � 1.1, 4 h: 1.7 � 1.1

ΔCVCI%�ΔPETCO2
�1 vs. FFMeal–Pre: 2.1 � 1.1, 2 h: 2.2 � 0.7, 4 h:

1.9 � 0.9 ΔCVCI%�ΔPETCO2
�1, time 9 condition P = 0.88). These results

suggest that cerebral vascular reactivity to hypercapnia in healthy young men

is not altered by an acute FFMeal.

Introduction

The nutritional profile of a typical fast-food meal

(FFMeal) is conducive to endothelial dysfunction and, as

such, consumption of a FFMeal has repeatedly been

shown to acutely impair conduit artery vasodilatory func-

tion assessed by brachial artery flow-mediated dilation

(BA FMD) (Plotnick et al. 1997; Vogel et al. 1997; Bae

et al. 2001; Tsai et al. 2004; Padilla et al. 2006; Tucker

et al. 2018). This reduction in endothelial function is

attributed to increased production of reactive oxygen

species (ROS) due to mitochondrial oxidation of free

fatty acids (Wallace et al. 2010) that, in turn, scavenge

nitric oxide (NO) and impair endothelium-mediated dila-

tion (Plotnick et al. 1997; Bae et al. 2001; Tsai et al.

2004). NO, in addition to its profound role in vasodila-

tion, is also antiatherogenic with antithrombotic and

anti-inflammatory effects (Landmesser et al. 2004). Thus,

the finding that a single FFMeal impairs NO bioavailabil-

ity suggests that chronic consumption of similar foods

may contribute to the development of atherosclerosis and

other cardiovascular disease via decreased NO
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bioavailability and its aforementioned beneficial proper-

ties. Indeed, regular consumption of fast food is associ-

ated with an increased risk of developing obesity, type 2

diabetes, cardiovascular disease, and stroke (Pereira et al.

2005; Morgenstern et al. 2009; Odegaard et al. 2012).

Whether a FFMeal has similar deleterious effects on

cerebral vascular function is still unclear. The cerebral

vasculature is highly sensitive to changes in arterial car-

bon dioxide concentration (PaCO2). Under normal con-

ditions, hypercapnia induces vasodilation and thus

increases cerebral blood flow (CBF), whereas hypocapnia

causes vasoconstriction thereby reducing CBF (Mark-

walder et al. 1984; Ide et al. 2003). Interestingly, the

cerebral vasodilator response to hypercapnia is blunted

following inhibition of nitric oxide synthase (NOS) and

is restored following supplementation of L-arginine, a

substrate for NOS (Schmetterer et al. 1997). As such,

the relationship between changes in CBF and/or cerebral

vascular conductance (CVCI) and PaCO2 is often uti-

lized as an index of cerebral vascular health much the

way BA FMD is utilized to assess the peripheral circula-

tion (Claassen et al. 2009; Hurr et al. 2015). In this

regard, cerebral vascular responsiveness to changes in

PaCO2, or cerebral vasomotor reactivity (CVMR), is

attenuated in populations with known impairments in

endothelial function including individuals with carotid

artery disease (Gur et al. 1996; Markus and Cullinane

2001), diabetes (Kadoi et al. 2003), sickle cell disease

(Nur et al. 2009), and hypertension (Lavi et al. 2006)

and is a strong predictor of future cerebrovascular

events (Gur et al. 1996; Markus and Cullinane 2001).

To our knowledge, the acute effects of a FFMeal on

indices of cerebral vascular function in humans remain

largely unknown. It has been recently reported that post-

prandial hyperlipidemia had no impact on cerebral vascu-

lar function in a relatively young population (i.e.,

~26 years) (Marley et al. 2017). However, in this study

measures were only assessed at 4 h postconsumption and

there was also no index of peripheral vascular function

provided to verify a vascular effect of the meal (Marley

et al. 2017).

While multiple mechanisms mediate hypercapnia-

induced cerebral vasodilation, including a role of prosta-

glandins and ATP-sensitive K+ channels (Faraci et al.

1994; Nakahata et al. 2003; Barnes et al. 2012), the par-

tial-dependence on NO for this response (Iadecola and

Xu 1994; Schmetterer et al. 1997; Lavi et al. 2006)

makes it susceptible to impairment via NO scavenging

by ROS, similar to BA FMD. Accordingly, this study

aimed to test the hypothesis that the maximal increase

in CVCI and the CVCI/PaCO2 relationship is blunted

following a FFMeal compared to a fasting control condi-

tion. To confirm that the FFMeal elicits peripheral

vascular dysfunction, we also assessed BA FMD and pos-

tocclusion reactive hyperemia, with the hypothesis that

acute consumption of the meal would result in attenu-

ated responses. We further hypothesized that all changes

in cerebral and peripheral vascular function would be

inversely related to augmented serum [TG] following the

FFMeal.

Methods

Subjects

Ten healthy recreationally active college-aged men volun-

teered for participation in the study. Subject characteristics

and baseline hemodynamic values are listed in Table 1. All

subjects were nonobese according to BMI and waist cir-

cumference. All participants were nonsmokers, free of overt

cardiovascular, metabolic, and neurological disease, and

were not taking any prescription medications or supple-

ments with known antioxidant properties. Participants

abstained from caffeine, alcohol, and exercise for a mini-

mum of 24 h prior to each laboratory visit. Furthermore,

participants were instructed to consume the same meal for

dinner the night prior to each study visit to minimize the

impact of a prior meal on basal physiological measures.

Women were excluded from the study based upon reports

indicating that their vasculature is protected from the insult

of an acute FFMeal (Harris et al. 2012). The Institutional

Review Board at the University of Texas at Arlington

approved all study procedures including the consent pro-

cess in accordance with the Declaration of Helsinki. All vol-

unteers were given a verbal description of the study

procedures and were notified of the potential risks involved

prior to providing their informed written consent.

Protocol

Participants visited the laboratory on two separate occa-

sions separated by at least 3 days. Each visit was randomly

Table 1. Subject characteristics.

N 10

Age (y) 24 � 3

Height (cm) 176.2 � 7.6

Weight (kg) 79.1 � 17.8

BMI (kg�m�2) 24.3 � 3.8

Waist (cm) 82.9 � 8.5

SBP (mmHg) 116 � 8

DBP (mmHg) 66 � 6

All data displayed as Mean � SD. SBP, Systolic blood pressure;

DBP, diastolic blood pressure.

2018 | Vol. 6 | Iss. 18 | e13867
Page 2

ª 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

Cerebral Vascular Function After a Fast-Food Meal J. C. Patik et al.



assigned to either a FFMeal + water condition or a water-

only fasting condition that served as a time control (con-

trol). Studies were conducted at 7:00 AM after an overnight

fast (>10 h). Upon arrival to the laboratory, participants

assumed a supine position on the patient bed for 30 min to

allow for equilibration. All data collection was performed

in a temperature-controlled laboratory (~23°C and 40%

relative humidity). Baseline (Pre) measurements of basal

hemodynamic as well as peripheral and cerebral vascular

function were conducted. A blood sample was then col-

lected via venipuncture from an antecubital vein for analy-

sis of serum glucose and lipids. Upon completion of Pre

measurements, subjects were given the FFMeal + water or

water only. All measurements were repeated at 2 and 4 h

following consumption of the FFMeal + water or the water

only. The 2- and 4-h data collection time points were each

preceded by the same 30 min supine equilibration period.

A 4-h venous blood draw was not repeated to avoid unnec-

essary subject discomfort. Serum TGs, following a single

meal, are known to peak at 2–4 h and stay elevated for up

to 6 h (Schneeman et al. 1993).

For each FFMeal trial, the food was purchased from

the same fast-food restaurant and consisted of an Egg

McMuffin�, a Sausage McMuffin�, and two hash browns

(McDonald’s Corporation, Oak Brook, IL). This meal has

been previously reported to elevate serum triglyceride

(TG) and blunt brachial artery BA FMD (Plotnick et al.

1997; Vogel et al. 1997; Tsai et al. 2004; Padilla et al.

2006; Johnson et al. 2011). The 990-kcal meal contained

55 g of total fat (50% of total energy and 19 g of satu-

rated fat), 89 g carbohydrate (36%), 35 g protein (14%),

and 2120 mg of sodium. Participants consumed the meal

and a 591-mL bottle of water within 15 min. During the

fasting control condition, participants consumed just the

bottled water within the same amount of time. The order

of the trials was randomized for each participant. Four

subjects completed the FFmeal condition first, whereas six

subjects completed the control condition first.

Cerebral vascular function measurement

Cerebral vascular function was determined by transcra-

nial Doppler (TCD) measurement of middle cerebral

artery mean velocity (MCAVmean) during rebreathing-

induced hypercapnia (Claassen et al. 2007; Hurr et al.

2015). A 2-MHz TCD probe (Neurovision TOC, Multi-

gon Industries Inc., Yonkers, NY) was placed on the

left temple between the eye and ear, superior to the

zygomatic arch, and attached via a headband. The TCD

signal was optimized by adjusting the probe angle and

insonation depth settings. Probe location and settings

were noted and used for all subsequent trials. Subjects

were then fitted with a tight-fitting facemask (V2, Hans

Rudolph, Shawnee, KS) that was attached to a 5-L rub-

ber bag for rebreathing. A three-way stopcock (Hans

Rudolph, Shawnee, KS) between the mask and the valve

allowed for an instantaneous switch from room air to

rebreathing from the bag that had been prefilled with

the participant’s expired air. End-tidal CO2 tension

(PETCO2), a proxy for PaCO2, was measured continu-

ously via a sample line connecting the mouthpiece to a

capnograph (Capnocheck Plus, Smiths Medical, Dublin,

OH). Arterial oxygen saturation (SpO2) was monitored

throughout the protocol with a digital pulse oximeter

(Capnocheck Plus, Smiths Medical, Dublin, OH). Heart

rate (HR) and cardiac rhythm were continually assessed

via a standard three-lead ECG (Cardio Card, Nasiff

Associates, Central Square, NY). Finger photoplethys-

mography (Finometer Pro, Finapres Medical Systems,

Enschede, NL) was used to assess beat-to-beat mean

arterial pressure (MAP) after being calibrated to bra-

chial blood pressure measured with an automatic elec-

trosphygnomanometer (Tango M2, Suntech Medical

Inc, Morrisville, NC). Stroke volume was derived from

the finger photoplethysmograph using the Modelflow

method (Wesseling et al. 1993) and used to estimate

changes in cardiac output ( _Q) and total vascular con-

ductance (TVC = _Q/MAP). Respiratory excursions were

monitored with a respiratory belt (Model 1132 Pnue-

motrace II, UFI, Morro Bay, CA) placed around the

abdomen.

Following instrumentation, participants breathed room

air for 6 min of baseline data collection, while MCAVmean,

MAP, HR, and PETCO2 were continuously monitored.

After this baseline period the participants then performed

the rebreathing protocol as previously described (Hurr

et al. 2015). Briefly, the Y-valve of the three-way stopcock

was switched so they then expired into and inspired from

the 5-l bag. Upon ~2 min of rebreathing, the valve was once

again switched allowing the participants to breathe room

air for a recovery period. Medical grade oxygen was bled

into the bag in order to maintain constant arterial nor-

moxia (SpO2 = ~97%) during the rebreathing period

(Claassen et al. 2007; Brothers 2014; Hurr et al. 2015).

All MAP, HR, MCAVmean, and PETCO2 data were col-

lected at 400 Hz using a data acquisition system (Power-

lab, ADInstruments, Colorado Springs, CO) and stored

on a personal computer for offline analysis (Labchart,

ADInstruments, Colorado Springs, CO). Average values

for PETCO2, MCAVmean, MAP, HR, and CVCI were

determined over the 6 min of baseline and then on a

breath-by-breath basis during rebreathing. The percent

change in CVCI from baseline was determined and the

absolute change in PETCO2 over the entire rebreathing

protocol was assessed. Peak CVCI achieved during

rebreathing, CVCI at predetermined stages (i.e., DPETCO2
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of 5, 10, and 15 mmHg), and the linear slope of the

increase in CVCI per mmHg DPETCO2 were analyzed for

assessment of CVMR.

Peripheral vascular function measurement

To verify that the FFMeal impairs endothelial function in

our participants, BA FMD was assessed at Pre, 2 h, and 4

h just prior to the cerebral vascular test and following

published guidelines (Harris et al. 2010; Thijssen et al.

2011). A Doppler ultrasound (Logiq P5, GE Healthcare,

Chicago, IL) with an adjustable frequency (7–12 MHz)

linear array transducer was used to image the brachial

artery 5–10 cm proximal to the antecubital crease. The

probe was held in place via a custom stereotactic clamp

and machine settings were adjusted to optimize the B-

mode ultrasound image so that a clear delineation could

be made between the lumen and arterial wall. Blood

velocity was determined via pulsed wave Doppler set at

5 MHz and duplex video was recorded on a separate

computer for later analysis. The angle of insonation was

maintained at 60°. Edge detection software (CardioSuite,

Quipu, Pisa, IT) was used to continuously measure bra-

chial artery diameter and blood velocity. Diameter mea-

surements were taken across a region of interest with

clearly defined upper and lower arterial walls. Second-by-

second mean blood velocity was calculated as the area of

the Doppler spectra and subsequently used for calculation

of blood flow (Flow = pr2*Vmean*60) and arterial shear

rate (sec�1 = 4*Vmean/D).

A 10 cm pneumatic cuff (Rapid Cuff Inflation System,

D.E. Hokanson Inc, Bellvue, WA) was placed just distal

to the medial epicondyle. After 2 min of baseline data

collection, the cuff was inflated to 220 mmHg for 5 min.

An additional 3 min of video was recorded upon cuff

release for analysis of reactive hyperemia and subsequent

vasodilation. BA FMD % was defined as the postocclusion

maximal change in artery diameter divided by baseline

diameter and multiplied by 100. Shear rate area under the

curve (AUC) was assessed from cuff release to the point

of maximal dilation.

Blood glucose and lipid assessment

Blood was drawn via venipuncture into serum separator

tubes at the Pre and 2-h time points. After centrifugation,

serum was analyzed for glucose and lipids within 24 h at

a local laboratory (Laboratory Corporation of America,

Burlington, NC).

Statistical analysis

Based upon previously published findings of impairment

in BA FMD following the same FFMeal (Vogel et al.

1997; Padilla et al. 2006; Johnson et al. 2011; Harris et al.

2012), we established that 10 participants would ade-

quately power us to detect differences in BA FMD

between conditions. Baseline hemodynamics, blood meta-

bolic parameters, and cerebral vascular reactivity were

analyzed using two-way repeated measures analysis of

variance (ANOVA) with the factors condition x time as

repeated measures. To assess BA FMD while controlling

for the total shear stimulus induced by the reactive hyper-

emia, analysis of covariance (ANCOVA) was used with

shear rate AUC to peak dilation used as a covariate.

Where indicated, Tukey’s post hoc tests were performed.

All statistics were calculated using commercially available

software (SPSS Version 22.0, IBM Corp, Armonk, NY;

Prism 7, GraphPad Software Inc, La Jolla, CA). Alpha was

set at P = 0.05.

Results

Blood metabolic parameters

As displayed in Table 2, there were no differences

between conditions at baseline for blood serum parame-

ters. As expected, serum triglyceride concentration was

significantly increased 2 h postprandial. HDL and LDL

were each decreased 2 h following the meal while VLDL

was increased by the meal. Total cholesterol was

unchanged across time or condition. There was not a sig-

nificant time 9 condition interaction for serum glucose

concentration; however, there was a time-dependent

reduction in glucose.

Basal peripheral hemodynamics

The FFMeal resulted in a significant reduction in dias-

tolic BP and MAP 2 h postprandial that was accompa-

nied by an augmented resting HR (Table 3). Total

vascular conductance (TVC) was similarly reduced at 2

h in the FFMeal condition but not during the fasting

control. Also presented in Table 3, brachial artery diam-

eter was maintained after the meal while brachial artery

blood velocity and thus blood flow were reduced in

both conditions after Pre measurements (main effect of

time P = 0.003 and P = 0.01, respectively), with no dif-

ference between conditions (time 9 condition P = 0.22

and P = 0.30, respectively).

Basal cerebral hemodynamics

The FFMeal resulted in an increase in basal PETCO2 at 2

h (vs. Pre: P = 0.01, vs. control 2 h, P = 0.01, Table 3).

Resting MCAVmean was not affected by the meal

(time 9 condition P = 0.34, Table 3). Basal CVCI was

not different across time or condition (Table 3). Taken
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together, these data suggest that cerebral perfusion is

maintained after a FFMeal despite an attenuated MAP.

Cerebral vascular function

Peak MCAV was not different across time or condition

(interaction: P = 0.91, Table 3). Likewise, there was no

effect of FFMeal on peak cerebral conductance

(time 9 condition P = 0.33, Table 3 and Fig. 1A). As

shown in Figure 1B, peak CVCI%baseline occurred at the

same DPETCO2 (P = 0.10), however, this PETCO2 was

achieved at a higher absolute level (Table 3, FFMeal 2

h versus FFMeal Pre: P = 0.02, FFMeal 2 h vs. Control

2 h: P < 0.001) at 2 h due to the elevated postprandial

baseline PETCO2. There was no significant effect of the

meal across time when data were analyzed at DPETCO2

of 5, 10, and 15 mmHg (not shown, time 9 condition

P = 0.37, P = 0.91, and 0.51, respectively). The slope of

the increase in CVCI%baseline for a given change in

PETCO2 was not different across time or condition

(Fig. 1C, FFMeal: Baseline – 2.1 � 1.1, 2 h –
2.2 � 0.7, 4 h – 1.9 � 0.9 DCVCI%baseline�D PETCO2

�1;

Control: Baseline – 2.0 � 1.1, 2 h – 2.1 � 1.1, 4 h –
1.7 � 1.1 DCVCI%baseline�D PETCO2

�1, time 9 condition

P = 0.88). Furthermore, there was no significant rela-

tionship with the change in serum [TG] and peak

CVCI%baseline or slope of CVCI relative to DPETCO2 at

2 h or 4 h (not shown, all P > 0.47).

Peripheral vascular function

BA FMD responses were analyzed with Shear AUC as a

covariate to account for the shear stimulus to the point

of peak dilation. Intra- and interday reliability coeffi-

cients of variance were 11.8% and 12.7%, respectively.

Figure 2A illustrates the change in BA FMD %, from

Pre, at 2-h and 4-h time points for both conditions. Δ
BA FMD % was reduced at 2 h following FFMeal com-

pared to both 2 h and 4 h in control condition and 4

h following FFMeal. Figure 2B illustrates that the

change in BA FMD at 2 h was inversely correlated with

the change in [TG] at 2 h (r = 0.60, P = 0.01). The

effect of the FFMeal on peripheral microvascular func-

tion was assessed by the hyperemic responses following

cuff release. There was no effect of the FFMeal on peak

blood velocity (Fig. 3A), hyperemic blood flow AUC in

excess of baseline for 120 sec following cuff release

(Fig. 3B), or peak blood flow (time 9 condition

P = 0.75, not shown).

Discussion

The primary finding of this study is that, contrary to

our hypothesis, a FFMeal did not acutely reduce basal

CVCI or impair cerebral vascular function during a

hypercapnic rebreathing challenge. In agreement with

previous literature (Plotnick et al. 1997; Vogel et al.

1997), we observed a transient reduction in brachial

artery BA FMD that was related to an increase in

serum TG. Therefore, this study indicates that a single

FFMeal results in a transient impairment in peripheral

conduit artery endothelial function; however, it appears

that CVMR to hypercapnia in the cerebral circulation

of healthy young men is not acutely impaired by a

FFMeal.

Table 2. Blood serum parameters.

Condition

Time ANOVA

Pre 2 h Time Condition Interaction

Triglycerides (mg�dL�1) Control 112 � 62 101 � 54 0.001 0.002 <0.001

FFMeal 110 � 62 180 � 75a,b,c

HDL (mg�dL�1) Control 47 � 10 48 � 11a 0.14 0.01 0.02

FFMeal 44 � 8 42 � 9b,c

LDL (mg�dL�1) Control 98 � 25 102 � 23 0.12 0.32 0.003

FFMeal 99 � 22 90 � 26a,b,c

VLDL (mg�dL�1) Control 22 � 13 20 � 11 0.001 0.002 <0.001

FFMeal 22 � 13 36 � 15a,b,c

TC (mg�dL�1) Control 167 � 28 170 � 27 0.08 0.78 0.78

FFMeal 166 � 26 168 � 25

Glucose (mg�dL�1) Control 90 � 7 87 � 5 0.003 0.03 0.17

FFMeal 89 � 6 80 � 9

All data displayed as Mean � SD. TC, total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; VLDL, very low-density

lipoprotein. aSignificantly different than Pre FFMeal (P < 0.05); bSignificantly different than Pre control (P < 0.05); cSignificantly different than

same time across condition (P < 0.05).
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Postprandial cerebral vascular reactivity

Marley and colleagues recently reported that postprandial

hyperlipidemia results in blunted cerebral vascular reac-

tivity to hypercapnia in older men (>60 year) while it has

no deleterious effects in young men (<35 year) (Marley

et al. 2017). A time control experiment and confirmation

that their meal condition did, in fact, impair peripheral

vascular function was not provided in that study (Marley

et al. 2017). This study addressed these issues via our

crossover design and use of BA FMD to assess peripheral

conduit artery vasodilation. While the meal used in this

study had a slightly different nutrient profile, we similarly

observed maintained cerebral vascular reactivity to hyper-

capnia in young men despite clear evidence of attenuated

BA FMD consistent with previous literature (Plotnick

et al. 1997; Vogel et al. 1997; Tsai et al. 2004; Padilla

et al. 2006).

Table 3. Hemodynamics.

Condition

Time ANOVA

Pre 2-h 4-h Time Condition Interaction

Basal peripheral variables

SBP (mmHg) Control 116 � 5 121 � 6 121 � 7 0.01 0.53 0.75

FFMeal 116 � 8 118 � 5 120 � 7

DBP (mmHg) Control 66 � 7 68 � 6 70 � 6 0.01 0.02 0.007

FFMeal 66 � 6 59 � 7a,b,c 67 � 8

MAP (mmHg) Control 83 � 5 85 � 5 84 � 4 0.44 0.05 0.01

FFMeal 82 � 5 79 � 5c,e 83 � 7

HR (b�min�1) Control 56 � 6 56 � 7 56 � 6 0.07 0.15 0.004

FFMeal 55 � 6 61 � 7a,b,c,e 58 � 9
_Q (l�min�1) Control 6.1 � 1 6.0 � 1 6.2 � 1 0.74 0.54 0.14

FFMeal 6.1 � 1 6.6 � 1 6.1 � 1

TVC (l�min�1�mmHg�1) Control 0.075 � 0.016 0.070 � 0.015 0.074 � 0.009 0.31 0.23 0.03

FFMeal 0.075 � 0.014 0.084 � 0.015c 0.075 � 0.014

BA diameter rest (mm) Control 4.0 � 0.5 4.0 � 0.6 3.9 � 0.5 0.27 0.90 0.68

FFMeal 4.0 � 0.6 3.9 � 0.6 3.9 � 0.6

BA velocity rest (cm�sec�1) Control 25.2 � 7.9 15.4 � 6.3 14.6 � 4.9 0.003 0.91 0.22

FFMeal 21.8 � 11.8 15.2 � 6.2 17.6 � 5.9

BA flow rest (mL�min�1) Control 191 � 92 118 � 58 110 � 57 0.007 0.88 0.30

FFMeal 165 � 111 111 � 55 133 � 80

Cerebral vascular variables

MCAVmean rest (cm�sec�1) Control 66.3 � 8.9 64.7 � 7.9 63.7 � 10.3 0.94 0.80 0.34

FFMeal 62.9 � 7.9 65.2 � 12 65.2 � 10.4

CVCI rest (cm�sec�1�mmHg�1) Control 0.80 � 0.11 0.76 � 0.10 0.76 � 0.16 0.62 0.38 0.05

FFMeal 0.77 � 0.12 0.83 � 0.17 0.79 � 0.15

PETCO2 rest (mmHg) Control 41.1 � 1.1 40.2 � 2.0 40.0 � 2.4 0.25 0.08 0.003

FFMeal 40.4 � 1.3 42.6 � 1.6a,c,e 41.6 � 1.8

SpO2 rest (%) Control 96.3 � 2.0 97.2 � 1.0 97.5 � 0.3 0.07 0.29 0.86

FFMeal 96.1 � 1.3 96.9 � 1.6 96.8 � 1.8

MCAVmean peak (cm�sec�1) Control 96 � 16.5 93 � 13.2 91.5 � 14 0.29 0.87 0.91

FFMeal 95.2 � 13.9 94 � 19.5 92.2 � 18.7

CVCI peak (%Baseline) Control 136 � 14 136 � 14 134 � 15 0.41 0.24 0.33

Peak 137 � 15 130 � 10 129 � 6

PETCO2 peak (mmHg) Control 58.5 � 1.7 58.3 � 1.9 58.3 � 1.6 0.08 0.07 0.02

FFMeal 59 � 1.6 60.4 � 1.4a,b,c,d,e 59 � 2.1

SpO2 peak (%) Control 95.9 � 2.8 97.6 � 0.8 97.7 � 1.2 0.01 0.28 0.34

FFMeal 96.2 � 2.0 96.9 � 1.4 97.1 � 0.9

All data displayed as Mean � SD. SBP: Systolic Blood Pressure, DBP: Diastolic Blood Pressure, MAP: Mean Arterial Pressure, HR: Heart Rate, _Q:

Cardiac Output, TVC: Total Vascular Conductance, MCAVmean; Mean Middle Cerebral Artery Velocity, CVCI; Cerebral Vascular Conductance

Index, PETCO2: End-Tidal Carbon Dioxide Pressure, SPO2: Peripheral Oxygen Saturation, BA; Brachial Artery. aSignificantly different than Pre

FFMeal (P < 0.05); bSignificantly different than Pre control (P < 0.05); cSignificantly different than same time across condition (P < 0.05); dSig-

nificantly different than 4 h within condition (P < 0.05); eSignificantly different than control 4 h (P < 0.05).
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The reduction in BA FMD observed previously is attrib-

uted to a TG-induced increase in systemic ROS, which then

scavenges NO (Plotnick et al. 1997; Bae et al. 2001; Tsai

et al. 2004). Although our meal elicited attenuations in

NO-mediated peripheral artery vasodilation at 2 h, we did

not observe a reduction in CVMR at 2 or 4 h postprandial

in this study. While this observation opposed our hypothe-

sis, a further examination of the role of NO in CVMR may

provide insight to this finding. Rodent studies have

established that cerebral vascular CO2 reactivity is highly

NO dependent. For instance, Iadecola demonstrated that

cerebral blood flow responses to hypercapnia abolished

after NOS inhibition and restored when L-Arginine was

infused concurrently (Iadecola 1992). In primates, how-

ever, NOS inhibition blunts global cerebral blood flow at

rest, but only attenuated hypercapnic dilation by ~30% in

the cortex, with no reductions in blood flow to other

regions (McPherson et al. 1995). Data in humans on the

role of NO in cerebral vascular CO2 reactivity are mixed.

Schmetterer and colleagues demonstrated that intravenous

NG-monmethyle-L-arginine (L-NMMA) blunted basal cere-

bral blood flow and CO2 reactivity in the MCA by greater

than 40% (Schmetterer et al. 1997). Joshi et al. (2000) con-

firmed the reductions in basal flow angiographically with

intracarotid infusions of the same NOS inhibitor, however,

they did not test CO2 reactivity. Exogenous NO, in the

form of sodium nitroprusside, normalizes reduced CVMR

in hypertensives, suggesting that this group with known

endothelial dysfunction has impaired cerebral vascular pro-

duction and/or release of NO during hypercapnia (Lavi

et al. 2006). However, another study showed no effect of
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Figure 1. (A) Peak CVCI (% Baseline) at Pre, 2 h, and 4 h in

control (open bars) and FFMeal (solid bars) conditions. No

significant differences were detected across time or condition

(interaction: P = 0.33). (B) ΔPETCO2 from resting levels at peak

CVCI indicating that peak CVCI occurs at a consistent ΔPETCO2

(time x condition: P = 0.10). (C) There was no difference in

reactivity (ΔCVCI�ΔPETCO2
�1) across time or condition (P = 0.88).

All data are expressed as Mean � SD.
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are expressed as Mean � SD. (B) The relationship between the

change in serum [TG] and BA FMD from Pre to 2 h indicating a

reduction in BA FMD with an increase in serum [TG].
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increasing doses of L-NMMA on hypercapnic hyperemia

when assessed by carotid artery ultrasound flow and TCD-

derived blood velocity (White et al. 1998).

Other than NO, prostaglandins (PG) and endothelium-

derived hyperpolarizing factors (EDHF) may be responsi-

ble for cerebral vasodilation during hypercapnia. KATP

channel opening contributes to hypercapnic cerebral arte-

riolar dilation in rabbits (Faraci et al. 1994); however,

when tested in humans, KATP channel inhibitor gliben-

clamide did not attenuate CVMR (Bayerle-Eder et al.

2000). The modest CO2 stimulus and concurrent insulin

infusion used in the study by Bayerle-Eder et al. (2000)

may explain the apparent species differences (Bayerle-Eder

et al. 2000). CVMR in young adults is blunted by 42%

after treatment with indomethacin indicating a substantial

role for PG in hypercapnia-induced cerebral vasodilation

(Barnes et al. 2012). We speculate that in healthy individ-

uals, other vasodilatory mechanisms can compensate for

any reduction in NO bioavailability induced by postpran-

dial hypertriglyceridemia. Consistent with this hypothesis,

Marley et al. (2017) observed no reduction in CVMR in

young men despite a clear increase in ROS and reduction

in a marker of NO bioavailability. In contrast, older men

presented with increased oxidative stress at baseline that

was unaffected by postprandial hyperlipidemia, yet NO

bioavailability and CVMR were clearly reduced following

the meal (Marley et al. 2017). This finding may indicate

an increased reliance on NO for hypercapnic cerebral

vasodilation in aging, thus resulting in an impaired ability

of the cerebral vasculature to compensate during a dietary

insult via non-NO pathways. However, more mechanistic

studies are needed to better understand these observa-

tions.

An alternative interpretation of our findings is that

FFMeal did, in fact, attenuate NO bioavailability and our

results are due to impaired dilation of the MCA. If dila-

tion of the MCA to hypercapnia (Coverdale et al. 2014;

Verbree et al. 2014) was blunted in the meal condition, a

reduction in volumetric flow during hypercapnia could be

masked by similar changes in MCAVmean. To this point,

NOS inhibition during normocapnia attenuates ICA volu-

metric flow without a change in MCAVmean, indicating

constriction of the MCA (White et al. 1998). As TCD

only allows for the measurement of velocity and not volu-

metric flow, this possibility cannot be ruled out without

angiographic or magnetic resonance measurements of

MCA diameter.

Peripheral vascular function

In this study, BA FMD was solely tested to confirm

that the FFMeal acutely impaired peripheral endothelial

function. The effects of a FFMeal on brachial artery

endothelial function have been well described with the

majority of studies observing acute reductions in post-

prandial BA FMD (Plotnick et al. 1997; Vogel et al.

1997; Bae et al. 2001; Padilla et al. 2006; Johnson et al.

2011; Tucker et al. 2018). In this study, BAFMD was

significantly decreased 2 h following consumption of

the FFMeal, but was restored by 4 h postmeal consis-

tent with the recent study by Tucker and colleagues

(2018). These findings confirm that the FFmeal utilized

in this study was sufficient to replicate the previous

findings of impaired peripheral vascular function,

assessed as BA FMD (Plotnick et al. 1997; Vogel et al.

1997; Bae et al. 2001; Padilla et al. 2006; Johnson et al.

2011; Tucker et al. 2018).

The peripheral microvasculature, as assessed by the

postocclusion reactive hyperemia was unaffected across

time and condition. As reactive hyperemia is mediated by

EDHF and largely independent of NO (Crecelius et al.

2013), it is likely less susceptible to ROS relative to con-

duit artery dilation. In terms of basal blood flow, we

observed a main effect of time that indicated attenuations

in basal brachial artery blood velocity and flow
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Figure 3. (A) Peak reactive hyperemia blood velocity in the brachial

artery following 5 min of occlusion in control (open bars) and

FFmeal (solid bars). (B) Reactive hyperemia AUC (i.e., total blood

flow) during the first 120 sec post cuff release. All data are

expressed as Mean � SD. Neither time nor condition significantly

affected either index of peripheral microvascular function.
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independent of condition. The reasons for this disparity

remain unclear.

General hemodynamic effects of a fast-food
meal

In this study, we observed a marked decrease in diastolic

BP and MAP at 2 h in the FFMeal condition. We specu-

late that this observation is a product of the significant

postprandial attenuation in TPR and the lack of a signifi-

cant concurrent augmentation in cardiac output

(Table 3). The reduced TPR is likely due to splanchnic

dilation during digestion (Matheson et al. 2000). While

consumption of a mixed meal can induce insulin- and/or

TG-mediated peripheral vasodilation (Gokce et al. 2001;

Fugmann et al. 2003), the lack of an increase in BA blood

flow (Table 3) can be taken as evidence that this was not

occurring. Blood flow was not measured in the lower

extremities, and thus meal-related dilation of the leg vas-

culature cannot be ruled out.

Limitations

The experimental design of this study has several limita-

tions. This study compared the effects of a FFMeal with a

fasting condition rather than an isocaloric control meal.

Admittedly, this limits our ability to ascribe the vascular

effects of the meal to a specific macro- or micronutrient

component within the meal. Previous studies have

focused on fat content of this meal (Plotnick et al. 1997;

Vogel et al. 1997; Tsai et al. 2004; Padilla et al. 2006),

however, there is substantial evidence that acute sodium

intake (Dickinson et al. 2011) and postprandial hyper-

glycemia (Akbari et al. 1998) each independently result in

blunted endothelium-dependent vasodilation. Therefore,

it is logical to expect greater differences between FFMeal

and fasting control compared to a FFMeal and an isocalo-

ric control condition. Likewise, measurements of ROS

were not made in this study. However, others have shown

that the current test meal (Tsai et al. 2004) and similar

meals (Bae et al. 2001; Marley et al. 2017) result in acute

increases in systemic ROS, whereas antioxidant supple-

mentation abolishes the meal-related reductions in FMD

(Plotnick et al. 1997).

This study may also be limited by several technical

considerations. First, as mentioned previously, TCD only

measures blood velocity. It has recently been shown that

the MCA dilates during hypercapnia (Coverdale et al.

2014, 2015; Verbree et al. 2014) and therefore we are

unable to be certain that MCA diameter and cerebral

blood flow responses were unaffected by the high-fat

meal. The use of cerebral MRI or ultrasonic measurement

of blood flow in the internal carotid artery could help to

solidify these findings. Additionally, we did not induce

hypocapnia via hyperventilation, therefore we were only

able to assess the vasodilatory range and were unable to

model the CVMR response using a four-parameter logis-

tic equation (Claassen et al. 2007).

Conclusions

In conclusion, this study observed that basal cerebral vas-

cular reactivity to hypercapnia was not affected by a sin-

gle fast-food meal despite an acute attenuation of brachial

artery endothelial function. In healthy young men, cere-

bral vascular responses to hypercapnia likely occur due to

a variety of mechanisms in addition to NO and, as such,

are protected from the TG-induced ROS that impair

endothelial function in peripheral arteries. Future research

is needed to confirm these findings in other populations

that have impaired cerebral vascular function.
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