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Abstract 
The purpose of this study was to determine if six weeks of folic 
acid supplementation would improve brachial artery endothelial-
dependent flow-mediated dilation in eumenorrheic female run-
ners with previously normal serum folate levels. This was a 
prospective, double-blinded, randomized pilot study with con-
venience sampling.  Sixteen eumenorrheic subjects who were 
not taking birth control pills and who ran at least 20 miles/week 
were randomly assigned to 10 mg/day of folic acid supplementa-
tion or placebo for at least 6 weeks.  Serum folate levels and 
brachial artery measurements were made during the early fol-
licular phase of the menstrual cycle, in a sedentary state, follow-
ing an 8 hour fast; a standard ultrasound technique was used. 
The brachial artery vasodilator response to reactive hyperemia 
was similar between the folic acid (6.6% ± 0.8%, mean ± SE) 
and placebo groups (6.5% ± 0.7%) at baseline. After six weeks, 
there was a significantly higher change in flow-mediated dila-
tion for the folic acid group (3.5% ± 0.6%) compared to the 
placebo group (0.1% ± 0.2%) (p = 0.01). Serum folate levels 
also increased significantly in the folic acid group following six 
weeks of folic acid supplementation. This study demonstrates 
that brachial artery flow-mediated dilation improves signifi-
cantly in eumenorrheic female runners with previously normal 
serum folate levels after 6 weeks of supplementation with folic 
acid. 
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function, folate, flow-mediated vasodilation. 

 
 
Introduction 
 
Cardiovascular disease is the number one cause of death 
in women, with risk of the disease increasing significantly 
after menopause when estrogen levels drop. Impaired 
endothelial function has gained acceptance as the sentinel 
atherogenic event (Celermajer, 1997; Ganz et al., 2003; 
Ross, 1999) in cardiovascular disease; it is seen as early 
as seven days after ovariectomy in premenopausal women 
(Ohmichi et al., 2003) and three months after menopause 
(Lieberman et al., 1994). Flow-mediated dilation (FMD) 
can be used as a tangible marker in order to quantify en-
dothelial cell function and thus assess cardiovascular risk. 
Researchers (Rickenlund et al., 2005a; Rickenlund et al., 
2005b) have recently demonstrated that young female 
runners with athletic-associated amenorrhea show re-
duced endothelial-dependent FMD of the brachial artery 
compared to eumenorrheic runners. The magnitude of 

endothelial dysfunction in these young women (age 21.9 
± 1.2 yrs, mean ± SE) was alarming: with an FMD of 
1.10% ± 0.96% which is similar to significantly older 
women (age 60.0 ± 2.0 yrs) with established cardiovascu-
lar disease (Celermajer et al., 1992). Additionally, re-
searchers discovered that the eumenorrheic and oli-
gomenorrheic runners in this study had endothelial func-
tion at the low end of normal despite no apparent risk 
factors for cardiovascular disease (Hoch et al., 2003). The 
clinical consequences of this observation in the eumenor-
rheic and oligomenorrheic groups are unclear.  However, 
it deserves further evaluation in regards to etiology, 
treatment, and future consequences since these findings 
suggest the potential for an increased cardiovascular risk.  
Previous studies have shown that estrogen will increase 
FMD.  However, in light of the recent findings from the 
Women’s Health Initiative (Rossouw et al., 2002) which  
revealed an added cardiovascular risk with estrogen 
treatment, alternative therapy must be considered.   

Folic acid has recently become popular because of 
its potential benefits with regards to cardiovascular pa-
rameters such as endothelial function, arterial stiffness, 
blood pressure and thrombotic activity (Chambers et al., 
2000; Deol et al., 2004; Mangoni et al., 2001; 2002; 2003; 
2005; Schutte et al., 2004; Undas et al., 1999; van Dijk et 
al., 2001). Several mechanisms exist to explain the effec-
tiveness of folate therapy. Folates are alleged to partici-
pate in the endogenous regeneration of tetrahydrobiop-
terin (Wever et al., 1997), an essential cofactor for endo-
thelial nitric oxide synthase (eNOS) production of nitric 
oxide; such a role may therefore result in increased NO 
production after supplementation. Additionally, the well-
known homocysteine-lowering effect of folic acid could 
contribute to improvements in endothelial function 
(Pancharuniti et al., 1994; van den et al., 1995); however, 
this hypothesis has recently been challenged as some 
studies have shown that folic acid improves endothelial 
function without producing significant changes in homo-
cysteine concentration (Mangoni et al., 2002; 2005; Ver-
haar et al., 1998). Finally, recent in vitro data suggest that 
folic acid may have a direct antioxidant effect in the vas-
culature, thus increasing NO bioavailability and improv-
ing FMD (Bonetti et al., 2003).   

Previous studies indicate that there is no signifi-
cant difference in endothelium-independent vasodilation 
between amenorrheic, oligomenorrheic and eumenorrheic 
women (Hoch et al., 2003); thus, we focused solely on the 
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differences in endothelial-dependent FMD. The purpose 
of this study was to determine if 6 weeks of high-dose 
folic acid supplementation (10 mg·day-1) would improve 
brachial artery FMD in eumenorrheic runners with normal 
serum folate levels and borderline endothelial function.   
 
Methods 
 
Subjects and experimental design 
Subjects were recruited from track and cross country 
teams at a local university. Inclusion criteria were as 
follows: eumenorrheic females between the ages of 18-30, 
healthy with no medical conditions, and running at least 
20 miles/week for the last 12 months. Eumenorrheic was 
defined as menstrual bleeding every 28 – 32 days for at 
least twelve months; ovulation during regular cycles was 
not determined. Subjects were excluded from the study if 
they were pregnant, hypertensive (systolic > 160 mmHg 
and diastolic > 90 mmHg), on birth control pills or hor-
mone replacement therapy, smokers, oligomenorrheic or 
amenorrheic. Subjects were also excluded if they had a 
known pituitary tumor, thyroid disorder, chromosomal 
abnormality, hypercoagulable state, or history of cardio-
vascular disease. Subjects were not excluded on the basis 
of race; however all were Caucasian ethnicity.   

Sixteen women gave written informed consent in 
accordance with our Institutional Review Board. Three 
subjects dropped out from the placebo group prior to 
initial testing due to time constraints. All subjects filled 
out questionnaires about their health and menstrual status 
and reported miles run per week. No subjects had a family 
history of cardiovascular disease or reported taking multi-
vitamins. Subjects were randomly assigned with a block-
ing technique to receive either 10 mg/day of folic acid (n 
= 8) or placebo (n = 5) in blinded fashion.  We used 10mg 
of folic acid because others have used this dosage and 
found it to be safe and improve flow-mediated dilation 
(Moens et al., 2007; Title et al., 2006; US Food and Drug 
Administration, 2008; Wilmink et al., 2000; Woo et al., 
1999). They were instructed to take the medication for at 
least six weeks. All subjects were studied in the morning 
after an overnight fast. They were also studied during the 
follicular phase of their menstrual cycle (days 4-8) since it 
is known that FMD varies during the menstrual cycle in 
relation to both estrogen and progesterone levels 
(Hashimoto et al., 1995; Mather et al., 2000; Williams et 
al., 2001). For standardization purposes, subjects were 
instructed to take their supplements in the morning with 
food.      

 
Serum folic acid levels  
Fasting whole serum folate levels were measured by the 
Bayer ADVIA Centaur before and after supplementation 
with folic acid or placebo. This assay is a competitive 
immunoassay using direct chemiluminescent technology. 
The inter-assay coefficient of variation was 5-7%, the 
intra-assay coefficient of variation was 4-8%, and the 
lower limit of sensitivity was 0.35 ng·mL-1. 
 
Endothelial function  
Thirteen  subjects  underwent  brachial  artery  endothelial  

function testing at baseline and after at least six weeks of 
treatment with 10 mg/day folic acid or placebo, using 
FMD as a quantifiable measure of endothelial-dependent 
vascular function. All subjects were tested in the morning 
after an eight hour fast, and during the early follicular 
phase of their menstrual cycle (days 4-8), since it is 
known that FMD varies during the menstrual cycle in 
relation to both estrogen and progesterone levels 
(Hashimoto et al., 1995; Mather et al., 2000; Williams et 
al., 2001). Brachial artery FMD was measured using the 
same ultrasound technique as previous studies in this lab 
and those done by Celermajer (Celermajer et al., 1992; 
Celermajer, 1997); this brachial artery technique was 
found to have a reproducibility coefficient of variation of 
1.4% and a repeatability coefficient of variation of 2.3%. 
Subjects were instrumented for continuous recording of 
ECG (lead II), heart rate, capillary oxygen saturation, and 
intermittent blood pressure using an automated cuff.  
FMD was measured as follows: in the supine position 
with the non-dominant arm in a comfortable position, a 
sphygmomanometric cuff was placed around the forearm 
distal to the antecubital fossa (Corretti et al., 2002; Doshi 
et al., 2001b). An ultrasound machine, using a 10 MHz 
linear array small footprint probe (intraoperative), was 
secured over the brachial artery. Images of the brachial 
artery were made along the longitudinal axis after identi-
fying a >5 cm segment where the near and far endothelial 
borders were clearly delineated. The ultrasound probe can 
be used to measure both vessel diameter and blood flow 
velocity using the pulsed Doppler mode. The ECG re-
corded simultaneously with the ultrasound image in order 
to gate events in the cardiac cycle. At least 15 seconds of 
stable diameter recordings were assessed at each point 
where data was acquired. All brachial artery images were 
recorded on a super VHS videotape for subsequent analy-
sis. Image analysis was performed on a dedicated Pentium 
III computer using a Matrox millennium card for A/D 
conversion of analog images at high resolution.  Diameter 
was measured from digitized images using an automated 
edge detection program (Brachial Analyzer and Brachial 
Imager) from Medical Imaging Systems (Iowa City, 
Iowa). Ten images were obtained each second for 10 
seconds and the average minimum diameter for each 
cardiac cycle was used for analysis. To minimize varia-
tion, one experienced operator performed all investiga-
tions (AS); the operator was also blinded to treatment vs. 
control (placebo) status. 

Endothelial-dependent FMD was quantified as the 
peak percent change in diameter of the brachial artery 
from resting baseline (at end-diastole) to reactive hy-
peremia, where measurements were made at 30 seconds, 
one minute, and two minutes after release of a 4.5 minute 
forearm occlusion (cuff inflation to 40 mmHg above 
systolic pressure). Brachial artery blood flow velocity was 
measured as the peak systolic velocity from the pulsed-
wave velocity signal, which was corrected for probe 
angulations with respect to the vessel. The hyperemic 
response was measured as the percent change from base-
line to the point of maximal reactive hyperemia following 
release of the forearm cuff occlusion. 

  
Statistical analysis 
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Descriptive statistics are presented as means and standard 
errors for each measure at baseline and at 6 weeks for this 
pilot study with convenience sampling.  Because of our 
concern that the data is not normally distributed, non-
parametric Wilcoxon tests were used to compare the folic 
acid and placebo groups at baseline, at 6 weeks and to 
compare the 6 week changes between the folic acid and 
placebo groups.  The primary outcome of interest for this 
pilot study was comparing the 6 week change in brachial 
artery vasodilator response to reactive hyperemia between 
the folic acid and placebo groups.  For this outcome, an 
analysis of covariance (ANCOVA) was also performed to 
adjust for significantly different baseline characteristics 
between the two groups.  An alpha level of 0.05 was used 
throughout to denote statistical significance.   
 
Table 1.  Subjects characteristics. Data are means (± SE). 

 
 

Folic Acid 
Group (n = 8) 

Placebo Group 
(n = 5) 

Age (yr) 25.0 (1.4) 22.4 (.9) 
Height (m) 1.70 (1.00) 1.70 (.09) 
Weight (kg) 58.1 (3.8) 67.6 (5.8) ** 
Body Mass Index (kg·m-2) 20.7 (.6) 24.4 (1.2) * 
Age of Menarche (yr) 13.9 (3.2) 13.0 (.8) 
Miles run·week-1 30.3 (3.2) 29.5 (4.1) 
* and ** denote p < 0.05 and 0.01 respectively  according to Exact 
Wilcoxon Rank-Sum Test   
 
Results 
 
Baseline characteristics of the folic acid and placebo 
groups are presented in Table 1. There were no significant 
differences between the groups in age, height, age of 
menarche, or miles run per week. It should be noted that 8 
subjects were initially enrolled for the placebo group; 
however, three subjects dropped out prior to initial test-
ing, leaving only five individuals available for analysis. 
The folic acid group had a lower weight (p < 0.01) and 
BMI (p = 0.02) at baseline.   
 
Table 2. Brachial artery studies before supplementation. 
Data are means (± SE). 

 
 

Folic Acid Group 
(n = 8) 

Placebo Group
(n = 5) 

Heart rate (min) 71 (5) 55 (3) * 
Mean arterial pressure   
      Systolic (mmHg) 105.3 (2.8) 106.4 (1.8) 
      Diastolic (mmHg)  64.9 (2.8) 60.8 (2.3) 
Temperature (°C) 22.8 (.3) 23.2 (.5) 
Humidity  33.8 (1.8) 42.0 (1.3) * 
Baseline brachial  
artery diameter (mm) 

3.1 (.1) 3.4 (.2) 

Peak brachial  
artery diameter (mm) 

3.3 (.1) 3.6 (.2) 

Flow-mediated dila-
tion (%) 

6.6 (.8 ) 6.5 (.7) 

Peak change in flow 
velocity (%) 

93.2 (9.4 ) 121.0 (5.5) 

  * denotes p < 0.05 according to Exact Wilcoxon Rank-Sum Test   
 

Baseline brachial artery diameters were similar be-
tween the folic acid and placebo groups (p = 0.44), while 
the peak change in blood flow velocity during reperfusion 
was slightly higher in the placebo group compared to the 
folic acid group, although the difference was not statisti-

cally significant (p = 0.12) (Table 2). The 6 week change 
in brachial artery vasodilator response to reactive hy-
peremia was significantly greater (p < 0.01) in eumenor-
rheic runners with folic acid supplementation (3.5% ± 
0.6%) compared to the placebo group (0.1% ± 0.2%) 
(Figure 1 and Table 3). This difference persisted even 
after adjusting for the effect on baseline BMI using AN-
COVA (p = 0.03).   
 

 

 
 

Figure 1. Six week change in brachial artery dilation after 
folic acid or placebo supplementation in eumenorrheic run-
ners.   
 

Additional post-supplementation values are listed 
in Table 4, while the changes from baseline in brachial 
artery parameters are described in Table 3. There was no 
difference in serum folate levels prior to supplementation 
between the two groups (p = 0.64); after supplementation, 
the folic acid group had significantly higher levels (p < 
0.01) (Table 5), with every member of the folic acid 
group having a serum folate level of >24 ng·mL-1. The 
folic acid group had at least a 28.1% increase in folic acid 
levels and the placebo group had a 0.6% increase ( = 
0.09).  Caution should be used when interpreting this as 
our lab reports a value of “>24” for all values greater than 
24 (i.e. 26, 28, 30, 100).  Therefore, the percent increase 
may actually be much higher.   
 
Table 3. Six week changes in brachial artery measures after 
supplementation. Data are means (± SE). 

 
 

Folic Acid Group 
(n = 8) 

Placebo Group
(n = 5) 

Heart rate (min) -9.9 (7.6) -.8 (1.2) 
Mean arterial pressure   
      Systolic (mmHg) -2.8 (3.5) -2.0 (2.5) 
      Diastolic (mmHg)  .4 (2.7) .2 (2.9) 
Temperature (°C) .3 (.8) 1.8 (.5) 
Humidity  8.4 (3.6) 4.4 ± 0.6 
Baseline brachial  
artery diameter (mm) 

.02 (.1) .2 (.2 ) 

Peak brachial  
artery diameter (mm) 

.1 (.1 ) .2 (.2) 

Flow-mediated dila-
tion (%) 

3.5 (.6) .11 (.2) ** 

Peak change in flow 
velocity (%) 

7.0 (8.0) -10.6 (12.2) 

  ** denotes p < 0.01 according to Exact Wilcoxon Rank-Sum Test   
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Table 4. Brachial artery studies after supplementation. Data 
are means (± SE). 

 
 

Folic Acid Group 
(n = 8) 

Placebo Group
(n = 5) 

Heart rate (min) 61 (6) 54 (4) 
Mean arterial pressure   
     Systolic (mmHg) 102.5 (1.1 ) 104.4 (3.0) 
     Diastolic (mmHg)  65.3 (1.6) 61.0 (4.0 ) 
Temperature (°C) 23.1 (.8) 25.0 (.0) * 
Humidity  42.2 (2.5) 46.4 (.9) 
Baseline brachial  
artery diameter (mm) 

3.1 (.1 ) 3.52 (.1) ** 

Peak brachial  
artery diameter (mm) 

3.4 (.1) 3.8 (.1) * 

Flow-mediated  
dilation (%) 

10.0 (.9) 6.65 (.7) * 

Peak change in flow 
velocity (%) 

100.2 (10.0 ) 110.4 (8.9) 

* and ** denote p < 0.05 and 0.01 respectively  according to Exact 
Wilcoxon Rank-Sum Test.   

 
Table 5. Folic acid levels. Data are means (± SE). 

 
 

Folic Acid 
Group (n = 8) 

Placebo Group 
(n = 5) 

Before Supplementation 19.9 (1.7) 18.4 (2.1) 
After Supplementation 24.0 (.0) 17.3 (.9) ** 
  ** denotes p < 0.01 according to Exact Wilcoxon Rank-Sum Test.   
 
Discussion 
 
In this randomized, double-blinded, placebo-controlled 
pilot study with convenience sampling, we found that six 
weeks of folic acid therapy improved brachial artery FMD 
in eumenorrheic female runners with previously normal 
serum folate levels and borderline FMD. Folic acid sup-
plementation has already been shown in several studies to 
improve endothelial function in various disease states, 
including hypercholesterolemia (Verhaar et al., 1998; 
1999), hypertension (van Dijk et al., 2001), diabetes (van 
Etten et al., 2002) and coronary artery disease (Doshi et 
al., 2001a; 2002). These data suggest that higher folic acid 
intake by specific populations may have vasculoprotective 
effects.  Before eumenorrheic female runners with border-
line FMD can be added to this group, a large cohort study 
needs to be performed.   

It is well known that hypoestrogenism has delete-
rious effects on endothelial function and cardiovascular 
health in postmenopausal women (Lieberman et al., 1994; 
Mijatovic et al., 1998; Moreau et al., 2003; Ridker et al., 
2000; Rosenson et al., 1998; Stevenson et al., 1993; Yen 
et al., 2001; Yildirir et al., 2002); it is also theorized to 
contribute at least partially to endothelial dysfunction in 
young amenorrheic runners (Hoch et al., 2003; Rick-
enlund et al., 2005b). Estrogen plays an important regula-
tory role in vascular function through its effects on vascu-
lar endothelial cells and smooth muscle cells, both of 
which express the two known estrogen receptors. Impor-
tantly, it has both fast vasodilatory effects and slower, 
longer-term actions which inhibit the response to vascular 
injury and thus help prevent atherosclerosis. Estrogen 
increases both production of endothelial-derived nitric 
oxide, leading to vasodilation (Cid et al., 2002; Mendel-
sohn, 2002; Schnaper et al., 2000), and stimulates longer-
term genomic effects, resulting in increased eNOS syn-

thesis and activity (Mendelsohn, 2002). Less is known 
about the role that progesterone plays in endothelial-
dependent vascular responses such as FMD, especially in 
premenopausal women. 

When comparing chronic estrogen suppression in 
amenorrheic athletes to the cyclical fluctuation of estro-
gen in eumenorrheic athletes, it is more accurate to assess 
estrogen status and ovulation with daily urinary analysis 
of estrogen metabolites throughout the menstrual cycle 
(O'Donnell et al., 2004). The runners in this study re-
ported in both an interview and questionnaire that they 
were having normal menstrual periods every 28-32 days; 
however, it was beyond the scope of this study to measure 
serum estrogen levels or daily urinary estrogen metabo-
lites. It is important to understand that menstrual dysfunc-
tion occurs along a continuum: women with anovulatory 
cycles may still have menstrual bleeding, and thus appear 
eumenorrheic, but their overall estrogen levels will be 
lower than women with true ovulatory eumenorrhea. This 
theory may begin to explain the borderline endothelial 
function seen in studies of oligomenorrheics and self-
reported eumenorrheic athletes (Hoch et al., 2003).  It is 
beyond the scope of this study to measure estrogen levels 
and determine ovulation.  This requires measuring daily 
urinary metabolites for 28 – 30 days.   

Consequently, there may exist a critical level of es-
trogen exposure which affects endothelial function inde-
pendent of the presence or absence of menstrual bleeding. 
In support of this, Rickenlund et al. (2005b) has recently 
shown that there was no difference in estrogen levels 
between amenorrheic (29 pg·mL-1) and eumenorrheic (30 
pg/mL) runners with similar training schedules. Control 
sedentary women, on the other hand, had significantly 
higher estrogen levels (38 pg·mL-1) than either of the 
runner groups. Further, it was shown that oral contracep-
tive administration (30 µg ethinyl estradiol and 150 µg 
levonorgestrel) significantly improved brachial artery 
FMD in young amenorrheic runners (Rickenlund et al., 
2005b);  other researchers have also demonstrated similar 
findings (Hoch et al., 2005). Therefore, from a clinical 
perspective, it would seem logical that if flow-mediated 
dilation was determined to be low clinicians could poten-
tially recommend folic acid on a daily basis.  However, 
the optimal dose is still to be determined. 

There have been no reported side effects of folic 
acid at 10 mg·day-1 (Moens et al., 2007; Title et al., 2006; 
US Food and Drug Administration, 2008; Wilmink et al., 
2000; Woo et al., 1999). Higher doses > 15 mg·day-1 can 
cause side effects such as upset stomach, sleep distur-
bances and skin problems.  The RDA for folate for 
women ages 19-50 is 400 µg·day-1 and the tolerable upper 
intake level (UL) is 1 g·day-1.  For women with risk fac-
tors for neural tube defects, 4 mg is recommended.  It is 
important to recognize that the upper intake level refers to 
the amount of synthetic folate (folic acid) being consumed 
per day from fortified foods and/or supplements.  There is 
no health risk and no UL for natural sources of folate 
found in food.  The risk of toxicity from folic acid intake 
from supplements and/or fortified foods is low (Hathcock, 
1997). It is a water soluble vitamin that is regularly elimi-
nated in the urine.  There is some evidence that high lev-
els of folic acid can provoke seizures in patients taking 
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anti-convulsant medications (Herbert, 1999).  None of our 
subjects had a known seizure disorder. 

 The National Institutes of Health (National Insti-
tutes of Health, 2008) also states, under supplementation 
with folic acid, caution should be used in patients with a 
vitamin B12 deficiency as this may hide the deficiency 
and silently exacerbate the condition.         

Finally, in the current study there was a difference 
in blood flow velocity change during reperfusion between 
the folic acid (93%) and placebo (121%) groups. This 
may be secondary to the higher temperature and relative 
humidity at time of follow-up testing in this group. How-
ever, this acts to amplify our findings since the folic acid 
group still had a significantly greater increase in FMD. 

Although these results are significant, we do con-
cede that there are several limitations in the current study. 
Both the folic acid and placebo groups were small and so 
these observations should be investigated in a larger co-
hort of individuals. Further, despite not obtaining exten-
sive dietary histories, the fact that serum folate levels 
were significantly higher in the folic acid group and un-
changed in the placebo group after 6 weeks likely con-
firms our assumption that the 10 mg·day-1 supplementa-
tion was the major factor influencing the amount of serum 
folate. Finally, weight and BMI were significantly lower 
in the folic acid group at the start of the study; it is un-
clear if this played a role in FMD when both groups were 
in the “normal” range for BMI (National Heart, 2007) as 
well as within 5 kg·m-2 of each other (Benjamin et al., 
2004). Although the observed effect on FMD still per-
sisted after adjusting for baseline BMI, this and similar 
covariate imbalance could still have the potential to con-
found our results.   
 
Conclusion 
 
Our data indicate that oral folic acid treatment may pro-
vide a safe and inexpensive tool to improve endothelial 
function in eumenorrheic female runners with borderline 
FMD and thus potentially reduce future cardiovascular 
risk. The present observation may have important clinical 
implications particularly for athletes opposed to estrogen 
supplementation. High-dose folic acid (10 mg/day) for at 
least six weeks improves brachial artery FMD in 
eumenorrheic runners with previously normal serum 
folate levels; further research is needed to clarify the 
exact mechanism by which this occurs. Additionally, 
future studies may help determine the precise level of 
folic acid supplementation which confers significant vas-
cular benefits.  
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Key points 
 
• Folic acid improves FMD in eumenorrheic runners. 
• Folic acid improves FMD in women runners. 
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