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Effect of CGRP inhibitors on 
interictal cerebral hemodynamics 
in individuals with migraine
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Introduction: Calcitonin gene-related peptide (CGRP) plays an important 
role in cerebral vasodilation, so here we aim to quantify the impact of CGRP 
monoclonal antibody (mAb) therapy on cerebral hemodynamics.

Methods: In 23 patients with chronic and episodic migraine, cerebral 
hemodynamic monitoring was performed (1) prior to and (2) 3-months into 
CGRP-mAb therapy. Transcranial Doppler monitored cerebral blood flow 
velocity (CBFv) in the middle cerebral artery (MCA) and posterior cerebral artery 
(PCA), from which cerebrovascular reactivity (CVR) and cerebral autoregulation 
(CA; Mx-index) were calculated.

Results: CA was similar off and on treatment, in the MCA (p  =  0.42) and PCA 
(p  =  0.72). CVR was also unaffected by treatment, in the MCA (p  =  0.38) and 
PCA (p  =  0.92). CBFv and blood pressure were also unaffected. The subgroup 
of clinical responders (>50% reduction in migraine frequency) exhibited a small 
reduction in MCA-CBFv (6.0  cm/s; IQR: 1.1–12.4; p  =  0.007) and PCA-CBFv 
(8.9  cm/s; IQR: 6.9–10.3; p  =  0.04).

Discussion: Dynamic measures of cerebrovascular physiology were preserved 
after 3  months of CGRP-mAb therapy, but a small reduction in CBFv was 
observed in patients who responded to treatment. Subgroup findings should 
be  interpreted cautiously, but further investigation may clarify if CBFv is 
dependent on the degree of CGRP inhibition or may serve as a biomarker of 
drug sensitivity.
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1 Introduction

Migraine is one of the most common causes of disability, affecting more than a billion 
people globally (1). Calcitonin gene-related peptide (CGRP) is an important therapeutic target 
in migraine, because of its role in modulating peripheral and central projections of the 
trigeminovascular system, which facilitates nociception and neurogenic inflammation (2). 
Inhibition of this pathway, either of CGRP or its receptor, is effective both for migraine 
prevention and as abortive treatment for migraine attacks. Neurons projecting to the cerebral 
and peripheral vasculature also secrete CGRP, where it has a potent vasodilatory effect (3, 4).

In healthy brain, CGRP plays a role in cerebral autoregulation (5), with intravenous 
administration of CGRP resulting in cerebral vasodilation (6, 7) and CGRP antagonism 
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blunting autoregulatory function (8). In the context of cerebral 
ischemia, CGRP may counteract low perfusion pressure and high 
vascular tone (9), while CGRP antagonism inhibits collateral flow 
involved in ischemic injury defense (9). Based on particle size, it has 
been suggested that anti-CGRP antibodies would not be expected to 
cross the blood–brain barrier (10, 11), and thus direct CNS or 
cerebrovascular consequences would be  unlikely. However, anti-
CGRP antibodies have been shown to inhibit cerebrovascular dilation, 
raising the possibility of either an indirect effect or action within the 
vessel wall (12).

In the peripheral vasculature, CGRP also plays an important role 
in maintaining systemic vascular tone (13). It is implicated in the 
prevention of onset of hypertension through compensatory 
vasodilation of small arteries, which modulates peripheral vascular 
resistance (PVR) (14). Additionally, dose-dependent increases in 
circulating CGRP levels were observed during infusion of the 
vasopressor angiotensin II (15), indicating CGRP is released 
systemically in response to acutely increasing blood pressure, further 
suggesting an important compensatory role.

Clinical trials of CGRP inhibitors in migraine have generally 
demonstrated a favorable safety profile to date, with no reported 
neurovascular complications (16–19). However, patients with 
cardiovascular or cerebrovascular disease were largely excluded from 
these trials. Further, trial follow-up was designed to quantify migraine 
outcomes and thus relatively short-term; this may not be sufficient to 
exclude longer-term or infrequent vascular adverse events. Given the 
potential impact of CGRP inhibitors on cerebral hemodynamics, and 
the implications this might have on vascular risk, we  aimed to 
investigate cerebral hemodynamics before and during CGRP 
monoclonal antibody treatment.

2 Materials and methods

2.1 Participants

Patients were recruited from the outpatient Neurosciences Center 
at the Hospital of the University of Pennsylvania. Eligible participants 
were at least 18 years or older, diagnosed with migraine with or 
without aura, and were newly prescribed long-acting CGRP 
monoclonal antibody (mAb) therapy for migraine prevention. During 
the course of the study, this included galcanezumab, fremanezumab, 
and erenumab. Patients were excluded if they had previously used any 
CGRP-targeting medication. Additional exclusion criteria included a 
history of stroke, cerebral vascular abnormality, cerebral mass lesion, 
and skull defect or prior surgery which could interfere with 
transcranial Doppler (TCD) monitoring over the temporal region. At 
the time of enrollment, a case report form captured participant 
demographics, medical history, migraine frequency, and concurrent 
medication use. Biological sex is reported in participant demographics 
as it is recorded within the electronic medical record. In this cohort, 
biological sex and gender identity were aligned in all subjects. 
Migraine frequency and concurrent medications were again assessed 
during the follow-up evaluation, and patients were categorized as 
responders if migraine frequency was reduced >50%. Structural 
neuroimaging was not performed within the context of this study, but 
previously obtained magnetic resonance imaging results were 

abstracted from the health record if available. Pathologic findings were 
reported, but a limited number of white matter hyperintensities were 
considered non-pathologic if the treating neurologist considered them 
as such.

All study procedures were approved by the University of 
Pennsylvania Institutional Review Board (IRB #848535), conformed 
to the principles outlined by the Declaration of Helsinki and STROBE 
guidelines for observational research. All patients provided written 
informed consent prior to initiation of study procedures. The data that 
support the findings of this study will be  made available by the 
corresponding author upon reasonable request.

2.2 Hemodynamic monitoring

Monitoring sessions were conducted in the outpatient 
Neurosciences Center at the Hospital of the University of 
Pennsylvania. The hemodynamic monitoring protocol, as described 
below, was performed twice. The first session was performed at the 
time of study enrollment and prior to the first administration of CGRP 
monoclonal antibody therapy. The second session was performed after 
3–4 months of dosing the CGRP inhibitor as indicated. All participants 
were studied in the supine position with the head-of-bed elevated to 
45°. Clinic rooms were quiet and temperature controlled (23°C). 
Cerebral blood flow velocity (CBFv) was measured using a Multigon 
Industries® (Elmsford, NY) Robotic TCD. A 2 MHz probe was secured 
over the left temporal window to insonate the middle cerebral artery 
(MCA) and posterior cerebral artery (PCA). Each vessel was 
confirmed by their characteristic depth ranges, Doppler signal, 
direction, and velocities. The CBFv waveform from each vessel was 
recorded for 5 min. The mean flow velocity and pulsatility index (PI) 
were recorded continuously for each vessel.

A finger plethysmograph system (Finapres® NOVA, Finapres 
Medical Systems) was secured to the wrist and third digit to provide 
a continuous non-invasive measurement of the arterial blood pressure 
(ABP). An inflatable brachial cuff was placed on the same arm to 
calibrate the Finapres® NOVA prior to data collection. Re-calibration 
was performed before TCD data collection for each cerebral vessel. 
Peripheral vascular resistance (PVR), as calculated by the Finapres® 
NOVA, was also recorded throughout the monitoring session. 
Finapres and TCD data (waveform and beat-to-beat mean values) 
were synchronized and recorded at 125 Hz.

2.3 Cerebral autoregulation

Cerebral autoregulation (CA) was quantified by the mean velocity 
index (Mx index), which represents the correlation of CBFv and ABP 
(20, 21). CBFv and ABP are averaged over non-overlapping 3-s blocks, 
and a correlation coefficient is calculated for each minute (i.e., each 
1 min epoch contains 20-blocks). Mx index is defined as the average 
of the correlation coefficients during the monitoring period. Prior to 
performing this calculation, raw waveform data were visually 
inspected for artifacts, which were manually removed if present. 
Three-second blocks were omitted if >50% of a block was missing due 
to artifact. One-minute epochs were omitted if >50% of blocks within 
a given epoch were missing due to artifact.
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2.4 Cerebrovascular reactivity

Cerebrovascular reactivity (CVR) was quantified by comparing 
CBFv before and after a hypercapnic stimulus. With the TCD in place, 
an anesthesia facemask (ClearLite, Intersurgical Inc., East Syracuse, 
NY) was placed over the participant’s nose and mouth. The facemask 
was connected to a breathing circuit (Teleflex®, Wayne, PA) which was 
capable of delivering either room air or 5% CO2 (21% O2, Balance N2; 
Airgas®, Radnor, PA). A Philips Lo Flow sidestream capnometer 
(Philips Medical Systems, Andover, MA) was integrated in the 
respiratory circuit to monitor end-tidal CO2, which was synchronized 
with the CBFv and ABP data. One minute of baseline data was 
collected while the patient was breathing room air, after which 5% 
CO2 was administered for 2 min, at 8–10 liters per minute. Then, CO2 
was stopped and the patient reverted to breathing room air. CBFv, 
ABP, and end-tidal CO2 were continuously collected throughout the 
duration of the challenge. CVR was calculated as:

 2

100final initial

initial

CBFv CBFv
CVR x

CBFv CO
−

=
∆

CBFv initial was the average of the 1-min baseline period and 
CBFv final was the average of a 10-s epoch that represented the 
participant’s maximum CBFv during hypercapnia.

2.5 Statistics

Primary outcomes included both change in CA (Mx index) and 
change in CVR between baseline and follow up. Summary statistics 
were presented as proportions for categorical variables, means 
(standard deviation) for normally distributed continuous variables, or 
medians (interquartile range) for non-normally distributed 
continuous variables. Baseline and follow-up hemodynamic 
parameters were compared using paired t-tests or Wilcoxon signed 
rank sum tests, as appropriate. Univariate models evaluated the 
relationship between the co-primary outcomes and demographics, 
medical comorbidities, and blood pressure, after which any significant 
variables were included in a multivariate model along with age and 
sex. The change in hemodynamic parameters was compared between 
responders (>50% reduction in migraine frequency) and 
non-responders by Wilcoxon-Mann–Whitney tests. Baseline 
characteristics were also compared between responders and 
non-responders by Wilcoxon-Mann–Whitney test or Fisher’s exact 
test for continuous and categorical variables, respectively. A 20-patient 
cohort provides 80% power (setting alpha to 0.05) to detect a change 
in CVR of 0.5, assuming a baseline CVR of 4 (and standard deviation 
of 1). This sample size also provides 80% power to detect a change in 
Mx index of 0.05, assuming a baseline Mx index of 0.30 (and a 
standard deviation of 0.10). All statistical analyses were performed in 
STATA/SE version 15.1 (StataCorp LLC, College Station, TX).

3 Results

We enrolled and completed the baseline evaluation in 23 patients. 
Subsequently, 2 patients did not start CGRP monoclonal antibody 
therapy, 1 discontinued therapy after a single dose due to side-effects, 

and 1 was lost to follow-up. Nineteen patients completed the follow 
up evaluation. One patient was excluded from analysis due to 
inadequate TCD insonation. Thus, 18 patients were included in the 
analysis. All continued to receive monthly monoclonal antibody 
therapy at the time of final study visit: 11 taking fremanezumab, 7 
galcanezumab, and 1 erenumab. The follow-up monitoring session 
was conducted after a median of 3 (IQR: 3–4) monthly doses and was 
a median of 9 days (IQR: 5–21) following the most recent dose. Patient 
demographics and baseline characteristics are summarized in Table 1. 
The majority of participants carried a diagnosis of chronic migraine, 
though the median number of reported headache days in the month 
prior to enrollment was 15 (IQR: 10–30). This improved to 11 (IQR: 
6–15) at the time of the 90-day evaluation (p = 0.003). With respect to 
prior neurologic history, 3 patients had a history of mild traumatic 
brain injury (TBI) or concussion, one had a history of remote severe 
TBI, and one had a history of idiopathic intracranial hypertension 

TABLE 1 Demographics and baseline medical history.

Cohort n  =  18

Age, years 42.3 (14.7)

Sex, % female 72%

Race, %

White 83%

Black or African American 11%

Asian 6%

Migraine characteristics

Baseline migraine frequency, n/month 15 (10–30)

Diagnostic classification, % with chronic 

migraine

94%

Migaine with aura 33%

Lifetime burden, years 15 (9)

Medical history

Hypertension 11%

Type-2 diabetes 6%

Hyperlipidemia 17%

Coronary artery disease 0%

Heart failure 0%

Cigarette smoking, current 6%

Mild TBI or concussion 17%

Severe TBI 6%

Idiopathic intracranial hypertension, 

resolved

6%

Neuroimaging findings

No pathologic findings 85%

Pineal cyst 8%

Diffuse white matter hyperintensities of 

unclear etiology

8%

Normally distributed continuous variables are reported as mean (standard deviation). Non-
normal or ordinal variables are reported as median (interquartile range). Categorical 
variables are reported as proportions. TBI indicated traumatic brain injury. Neuroimaging 
data were available for 13 of 18 patients, so proportions were reported relative to the 13 for 
whom data were available.
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which resolved several years prior to enrollment. Clinical 
neuroimaging data were available for 13 of 18 patients, the majority of 
which were unremarkable (Table 1). Concomitant medication use was 
summarized in Supplementary Table S1. Overall, there was a paucity 
of potentially vasoactive medications within the cohort. Importantly, 
the daily medications listed in Supplementary Table S1 were 
unchanged between the two study visits. The only noted medication 
difference (other than the CGRP monoclonal antibody) was that 2 
patients used a triptan during the 48 h preceding the first study visit, 
only one of whom also used a triptan preceding the second study visit.

With respect to primary outcome measures, on-treatment follow 
up evaluation showed no significant change in CA (Figure 1A) or 
CVR (Figure 1B), as compared to baseline. Overall, no significant 
changes in systemic or cerebral hemodynamics were observed with 
CGRP inhibitor therapy (Table 2), with the exception of the PCA PI, 
which was higher during the follow-up visit (0.93 vs. 1.00, p = 0.003) 
and may reflect an increase in distal vascular resistance. A univariate 
regression analysis identified no association between the co-primary 
outcome measures and demographics, medical comorbidities, or 
blood pressure (Supplementary Table S2). The stability of CA and 
CVR persisted after adjusting for age and sex in the pre-specified 
multivariate model.

Patients (n = 6) who experienced >50% reduction in migraine 
frequency (i.e., clinical responders) were more likely to experience a 
reduction in MCA and PCA velocity and an increase in PCA PI with 
CGRP antagonism (Table 3). Responders and non-responders had a 
similar change in CA and CVR, and no differences were noted in 
demographics or baseline characteristics (Supplementary Table S3).

4 Discussion

Our study found no major effect of 3–4 months of CGRP inhibitor 
therapy on interictal cerebral hemodynamics in individuals with 
migraine. In particular, dynamic measures of cerebrovascular 
function, CA and CVR, were unchanged after starting CGRP inhibitor 

therapy compared to baseline. The observed increase in posterior 
circulation PI may point to changes in downstream vascular tone, but 
this did not impede vascular responsiveness. Systemic hemodynamics 
were also unaffected, as quantified by blood pressure and peripheral 
vascular resistance. These findings provide some reassurance 
regarding the cerebrovascular safety of CGRP inhibitors, but it is 
important to recognize that the small sample size limited power to 
detect small but potentially clinically meaningful differences. Larger 
longitudinal studies with radiographic and clinically relevant 
endpoints would provide further certainty.

The relationship between CGRP and cerebral hemodynamics has 
been the focus of prior preclinical and clinical studies. Under normal 
physiologic conditions, CGRP influences cerebral autoregulation in 
the rodent brain (5), and intravenously administered CGRP induces 
an increase in CBFv in healthy individuals (6) and in individuals with 
migraine (7). Studies investigating CGRP antagonism provide further 
evidence of such a relationship. Preclinical models demonstrated that 
suffusion of murine cerebral surface with CGRP antibody serum 
severely blunted CA (8), while CGRP receptor desensitization results 
in attenuated compensatory vasodilation (5). However, the 
relationship between CGRP antagonism and cerebral hemodynamics 
remains controversial. Cerebral arteries are far more sensitive than 
systemic arteries to CGRP (22), but CGRP receptors may be largely 
limited to the abluminal side of the vessel (3, 23). Thus, CGRP 
targeting therapies may need to cross the blood brain barrier (BBB) to 
have a cerebrovascular effect (24), but the molecular size of 
monoclonal antibodies implies a limited ability to do so (10). On the 
other hand, mRNA for CGRP receptors has been identified within the 
endothelium of large cerebral vessels and the distal microvasculature 
(22), which raises the possibility that if this line of treatment has any 
cerebrovascular effect it may be via receptors on the luminal side or 
perhaps more indirectly. Though gepants are smaller than monoclonal 
antibodies, there is likely very little BBB penetration (25), but a 
preclinical study revealed that gepants affect the hemodynamics in the 
rodent brain (5). This may suggest more BBB penetration than initially 
anticipated, or perhaps again supports the notion that access to the 

FIGURE 1

Autoregulation and cerebrovascular reactivity before and after CGRP targeted therapy. (A) Mx index is not significantly different pre-treatment and on 
treatment, in both the middle cerebral artery and posterior cerebral artery. (B) Cerebrovascular reactivity is not significantly different pre-treatment and 
on treatment, in both the middle cerebral artery and posterior cerebral artery. p-values were calculate by Wilcoxon signed rank sum tests. CVR 
indicates cerebrovascular reactivity.
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abluminal side of the vessel is not essential. Another rodent model 
demonstrated that CGRP antagonists, including CGRP antibodies, 
opposed CGRP-induced dilatation after luminal administration, 
without the ability to cross the endothelium (12). This study also 
reported that another CGRP receptor antagonist studied (a large, 
hydrophilic peptide) inhibited abluminal CGRP even when perfused 
luminally (12). Taken together, these data raise the possibility that 
despite limited BBB penetration, anti-CGRP antibodies may directly 
or indirectly influence cerebral hemodynamics.

At the on-treatment follow-up visit, we  did not observe an 
impact on cerebral hemodynamics in terms of CA, CVR, or CBFv 
across the entire cohort. However, patients who reported a > 50% 
decreases in headache frequency on-treatment, i.e., clinical 
responders, demonstrated a significant decrease in CBFv in both 
the MCA and the PCA. Given the small sample size, subgroups 
should be interpreted with caution, but this raises the possibility 
that some cerebral hemodynamic metrics may provide a 
physiologic biomarker of one’s clinical response to CGRP inhibitor 
therapy. This concept is similarly reflected in a recent TCD-based 
study which observed a significant change in CBFv in patients who 
experienced a good clinical response to CGRP antibody therapy 
(26). Not only was there a significant change after treatment, but 
those who responded well to the treatment had significantly lower 
baseline CBFv as compared to non-responders, further 
emphasizing the possibility that TCD may play a role in patient 
selection or monitoring drug effect (26). The lack of a control 
group (i.e., migraine patients not prescribed anti-CGRP therapies) 
in the current study presents a limitation, but baseline TCD 
characteristics in the current study, including flow velocity and PI, 
were comparable to previously reported TCD parameters in 

individuals with migraine (26). Importantly, the reported analysis 
did not rely on a control group because the treatment effect was 
quantified by a paired analysis (i.e., each patient’s baseline and 
follow-up data were compared to one another). This approach 
provided greater power and mitigated potential inter-subject 
variability. Still, inclusion of a control group would have facilitated 
more thorough cohort characterization.

While overall hemodynamics were preserved, we did observe an 
increase in posterior circulation PI. PI is a marker of downstream 
vascular resistance, which may be a result of an increase in vascular 
tone or a decrease in vessel diameter. CGRP is a potent vasodilator, so 
inhibition may impact measures of microvascular tone. The posterior 
circulation-specific finding with respect to PI is notable, as the 
posterior circulation is specifically involved in migraine 
pathophysiology. Posterior circulation CBF is increased in patients 
with migraine during the interictal period (27), and individuals who 
experience migraines have occipital hyperemia in response to visual 
stimuli (28). In migraine patients, posterior circulation blood flow is 
more sensitive to CGRP, and individuals who experience a headache 
after an intravenous infusion of CGRP have a particularly sensitive 
hemodynamic response (29). The changes in posterior circulation PI 
or CBFv may indicate potential biomarkers for clinical response, or 
they may play a more direct role in migraine prevention. These 
findings require validation in a larger cohort and further investigation 
to clarify the nature of the relationship between hemodynamics and 
clinical response.

Because CGRP is implicated in compensatory vasodilation, CVR, 
which quantifies the capacity of vasodilation (i.e., vascular reserve), is 
of particular interest. Reassuringly, CVR, as assessed by CO2 
inhalation, was unaffected after the first few months of CGRP 
inhibition. This finding is in agreement with a recent study that 
observed no change in hypercapnia-induced vasodilation after 
starting erenumab (30). However, here we used inhaled 5% CO2 to 
quantify CVR, whereas the prior study relied on breath holding to 
induce hypercapnia, which is simple and effective but unfortunately 
achieves a highly variable degree of hypercapnia and may reduce 
PaO2 in a way that inadvertent effects the cerebral vasculature (31, 
32). Despite these methodologic differences, these two cohorts 
support the idea that anti-CGRP antibodies do not negatively impact 
CO2-induced cerebral vasodilation.

Finally, CGRP may also impact systemic hemodynamics. CGRP 
has previously been shown to play a role in modulation of PVR and 
maintenance of basal arterial pressure (14, 33). In a cohort of patients 
with migraine, CGRP monoclonal antibody therapy resulted in a 
sustained increase in blood pressure, to the point where some required 
initiation of antihypertensive medications (34). Based on 
postmarketing data, there has been greater concern for elevated blood 
pressure in patients treated with erenumab specifically, which binds 
to the CGRP receptor, as opposed to the CGRP ligand (35). In fact, the 
FDA has amended the Warnings and Precautions section of the 
prescribing information for erenumab to include hypertension (36). 
In the current study, we did not observe a change in blood pressure, 
and no patients were started on antihypertensive medications during 
the course of follow-up, but these findings may be limited by the small 
sample size and limited duration of follow-up. Notably, our cohort did 
not include any patients in the final analysis who were treated with 
erenumab due to provider or insurance preference.

TABLE 2 Hemodynamics before and after CGRP mAb.

Baseline 
n  =  18

Follow-up 
n  =  18

p-value

Mean arterial 

blood pressure, 

mmHg

97.8 (14.0) 98.6 (13.2) 0.84

Peripheral 

vascular 

resistance, 

mmHg/L/min

0.65 (0.46–0.91) 0.61 (0.46–0.80) 0.64

CBFv, cm/s

Middle cerebral 

artery

51.6 (44.2–55.6) 57.2 (46.8–67.8) 0.27

Posterior cerebral 

artery

27.5 (23.8–37.6) 29.0 (23.9–32.5) 0.78

Pulsatility index

Middle cerebral 

artery

0.85 (0.73–0.92) 0.85 (0.79–0.93) 0.93

Posterior cerebral 

artery

0.86 (0.72–0.99) 1.00 (0.93–1.15) 0.003

Mean arterial pressure is normally distributed so is reported as mean (standard deviation). 
All other variables are non-normal so are reported as median (interquartile range). p-values 
were calculated by paired t-test or Wilcoxon signed rank sum test for normally and non-
normally distributed variables, respectively. CBFv indicates cerebral blood flow velocity.
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There are several limitations of this study. The small sample size 
limits power to detect small changes. This is particularly relevant 
seeing as no significant difference was noted in the primary analysis. 
A large cohort may be necessary to detect small but clinically relevant 
differences in the hemodynamic endpoints reported here. The small 
sample size also significantly limits generalizability given the relative 
diverse nature of individuals with migraine that could not 
be  adequately reflected in this cohort. Subgroup analyses are 
particularly limited by the small sample size, and results should 
be interpreted cautiously. Rather, the subgroup observations reported 
here might justify future work that specifically explores the 
relationship between TCD metrics and treatment response in a 
prespecified fashion. Interpretation of this study is limited by the lack 
of a control group as previously noted. However, previous studies have 
reported stability of cerebral hemodynamics, including CA and CVR, 
over time in healthy individuals (37, 38), so a paired analysis, as was 
performed here, retains value without reliance on a control group. The 
cohort largely lacked vascular risk factors which further limits 
generalizability. CBFv was used as a surrogate for CBF, so changes 
should be interpreted cautiously when considering a therapy that may 
alter vascular diameter. However, CA and CVR are less hindered by 

this limitation, as they represent relative measures. Monitoring 
sessions were limited to resting state, so we  cannot address the 
possibility of changes in cortical activation or response to metabolic 
demand, particularly in the posterior circulation. Lastly, while CA and 
CVR stability provides some reassurance, we  cannot draw any 
conclusions regarding individual tolerance for ischemia and capacity 
for compensatory vasodilation in the context of CGRP 
inhibitor therapy.

In conclusion, CGRP inhibition for migraine prevention appears 
to have had little effect on cerebral hemodynamics. In particular, 
dynamic metrics of cerebrovascular health, CA and CVR, are preserved 
after 3 months of CGRP inhibitor treatment. However, the small 
sample provides limited power to recognize small but potentially 
meaningful differences which could be explored in a larger cohort. 
Those who have a favorable clinical response of CGRP inhibitor 
therapy (i.e., >50% reduction in migraine frequency) may have a more 
pronounced hemodynamic response, characterized as a small 
reduction in CBFv and an increase in PCA PI. These subgroup findings 
should be interpreted cautiously, but further investigation is warranted 
to confirm these observations in a larger cohort and clarify if cerebral 
hemodynamic changes are directly related to the therapeutic drug 
effect or if TCD metrics may serve as biomarkers of drug sensitivity.
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p-value
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Autoregulation

Change in 

MCA Mx 

index
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PCA Mx 

index
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Change in 

MCA CVR
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Change in 

PCA CVR
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categorized as responders. All reported variables are continuous but not normally 
distributed, so medians and interquartile ranges were reported. The change in each 
parameter was calculated by subtracting the final value from the baseline value. p-values 
were calculated by Wilcoxon-Mann–Whitney test. MCA indicates middle cerebral artery. 
PCA indicates posterior cerebral artery. PI indicates pulsatility index. CVR indicates 
cerebrovascular reactivity.

https://doi.org/10.3389/fneur.2024.1399792
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Carter et al. 10.3389/fneur.2024.1399792

Frontiers in Neurology 07 frontiersin.org

this project was provided by National Institutes of Health (K23-
NS110993) to CF.

Acknowledgments

The authors are grateful to Rachel Seligman, CRNP for her 
assistance in identifying eligible patients.

Conflict of interest

EK received royalties from patents in association with Alder 
Biopharmaceuticals related to anti-CGRP monoclonal antibodies for 
the treatment of migraine and photophobia and received investigator-
driven grant funding from Amgen, which manufactures an anti-
CGRP monoclonal antibody for the treatment of migraine and not 
used for this study.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fneur.2024.1399792/
full#supplementary-material

References
 1. Collaborators GBDH. Global, regional, and national burden of migraine and 

tension-type headache, 1990-2016: a systematic analysis for the global burden of disease 
study 2016. Lancet Neurol. (2018) 17:954–76. doi: 10.1016/S1474-4422(18)30322-3

 2. Iyengar S, Johnson KW, Ossipov MH, Aurora SK. CGRP and the trigeminal system 
in migraine. Headache. (2019) 59:659–81. doi: 10.1111/head.13529

 3. Russell FA, King R, Smillie SJ, Kodji X, Brain SD. Calcitonin gene-related peptide: 
physiology and pathophysiology. Physiol Rev. (2014) 94:1099–142. doi: 10.1152/
physrev.00034.2013

 4. Iyengar S, Ossipov MH, Johnson KW. The role of calcitonin gene-related peptide 
in peripheral and central pain mechanisms including migraine. Pain. (2017) 158:543–59. 
doi: 10.1097/j.pain.0000000000000831

 5. Shin HK, Hong KW. Importance of calcitonin gene-related peptide, adenosine and 
reactive oxygen species in cerebral autoregulation under normal and diseased 
conditions. Clin Exp Pharmacol Physiol. (2004) 31:1–7. doi: 
10.1111/j.1440-1681.2004.03943.x

 6. Visocnik D, Zvan B, Zaletel M, Zupan M. αCGRP-induced changes in cerebral and 
systemic circulation; a TCD study. Front Neurol. (2020) 11:578103. doi: 10.3389/
fneur.2020.578103

 7. Lassen LH, Jacobsen VB, Haderslev PA, Sperling B, Iversen HK, Olesen J, et al. 
Involvement of calcitonin gene-related peptide in migraine: regional cerebral blood flow 
and blood flow velocity in migraine patients. J Headache Pain. (2008) 9:151–7. doi: 
10.1007/s10194-008-0036-8

 8. Hong KW, Pyo KM, Lee WS, Yu SS, Rhim BY. Pharmacological evidence that 
calcitonin gene-related peptide is implicated in cerebral autoregulation. Am J Phys. 
(1994) 266:H11–6. doi: 10.1152/ajpheart.1994.266.1.H11

 9. Mulder IA, Li M, de Vries T, Qin T, Yanagisawa T, Sugimoto K, et al. Anti-migraine 
calcitonin gene-related peptide receptor antagonists worsen cerebral ischemic outcome 
in mice. Ann Neurol. (2020) 88:771–84. doi: 10.1002/ana.25831

 10. Noseda R, Schain AJ, Melo-Carrillo A, Tien J, Stratton J, Mai F, et al. Fluorescently-
labeled fremanezumab is distributed to sensory and autonomic ganglia and the dura but 
not to the brain of rats with uncompromised blood brain barrier. Cephalalgia. (2020) 
40:229–40. doi: 10.1177/0333102419896760

 11. Edvinsson L, Warfvinge K. Recognizing the role of CGRP and CGRP receptors in 
migraine and its treatment. Cephalalgia. (2019) 39:366–73. doi: 
10.1177/0333102417736900

 12. Edvinsson L, Nilsson E, Jansen-Olesen I. Inhibitory effect of BIBN4096BS, 
CGRP(8-37), a CGRP antibody and an RNA-Spiegelmer on CGRP induced 
vasodilatation in the perfused and non-perfused rat middle cerebral artery. Br J 
Pharmacol. (2007) 150:633–40. doi: 10.1038/sj.bjp.0707134

 13. Kee Z, Kodji X, Brain SD. The role of calcitonin gene related peptide (CGRP) in 
neurogenic vasodilation and its Cardioprotective effects. Front Physiol. (2018) 9:1249. 
doi: 10.3389/fphys.2018.01249

 14. Smillie SJ, Brain SD. Calcitonin gene-related peptide (CGRP) and its role in 
hypertension. Neuropeptides. (2011) 45:93–104. doi: 10.1016/j.npep.2010.12.002

 15. Portaluppi F, Vergnani L, Margutti A, Ambrosio MR, Bondanelli M, Trasforini G, 
et al. Modulatory effect of the renin-angiotensin system on the plasma levels of 

calcitonin gene-related peptide in normal man. J Clin Endocrinol Metab. (1993) 
77:816–20.

 16. Dodick DW, Ashina M, Brandes JL, Kudrow D, Lanteri-Minet M, Osipova V, et al. 
ARISE: a phase 3 randomized trial of erenumab for episodic migraine. Cephalalgia. 
(2018) 38:1026–37. doi: 10.1177/0333102418759786

 17. Dodick DW, Silberstein SD, Bigal ME, Yeung PP, Goadsby PJ, Blankenbiller T, et al. 
Effect of Fremanezumab compared with placebo for prevention of episodic migraine: a 
randomized clinical trial. JAMA. (2018) 319:1999–2008. doi: 10.1001/jama.2018.4853

 18. Skljarevski V, Matharu M, Millen BA, Ossipov MH, Kim BK, Yang JY. Efficacy and 
safety of galcanezumab for the prevention of episodic migraine: results of the EVOLVE-2 
phase 3 randomized controlled clinical trial. Cephalalgia. (2018) 38:1442–54. doi: 
10.1177/0333102418779543

 19. Kudrow D, Pascual J, Winner PK, Dodick DW, Tepper SJ, Reuter U, et al. Vascular 
safety of erenumab for migraine prevention. Neurology. (2020) 94:e497–510. doi: 
10.1212/WNL.0000000000008743

 20. Olsen MH, Riberholt CG, Mehlsen J, Berg RM, Moller K. Reliability and validity 
of the mean flow index (mx) for assessing cerebral autoregulation in humans: a 
systematic review of the methodology. J Cereb Blood Flow Metab. (2022) 42:27–38. doi: 
10.1177/0271678X211052588

 21. Olsen MH, Riberholt CG, Plovsing RR, Moller K, Berg RMG. Reliability of the 
mean flow index (mx) for assessing cerebral autoregulation in healthy volunteers. Physiol 
Rep. (2021) 9:e14923. doi: 10.14814/phy2.14923

 22. Jansen-Olesen I, Jorgensen L, Engel U, Edvinsson L. In-depth characterization of 
CGRP receptors in human intracranial arteries. Eur J Pharmacol. (2003) 481:207–16. 
doi: 10.1016/j.ejphar.2003.09.021

 23. Oliver KR, Wainwright A, Edvinsson L, Pickard JD, Hill RG. Immunohistochemical 
localization of calcitonin receptor-like receptor and receptor activity-modifying proteins 
in the human cerebral vasculature. J Cereb Blood Flow Metab. (2002) 22:620–9. doi: 
10.1097/00004647-200205000-00014

 24. Sohn I, Sheykhzade M, Edvinsson L, Sams A. The effects of CGRP in vascular 
tissue - classical vasodilation, shadowed effects and systemic dilemmas. Eur J Pharmacol. 
(2020) 881:173205. doi: 10.1016/j.ejphar.2020.173205

 25. Hostetler ED, Joshi AD, Sanabria-Bohorquez S, Fan H, Zeng Z, Purcell M, et al. In 
vivo quantification of calcitonin gene-related peptide receptor occupancy by telcagepant 
in rhesus monkey and human brain using the positron emission tomography tracer 
[11C]MK-4232. J Pharmacol Exp Ther. (2013) 347:478–86. doi: 10.1124/jpet.113.206458

 26. Nowaczewska M, Straburzynski M, Waliszewska-Prosol M, Meder G, Janiak-
Kiszka J, Kazmierczak W. Cerebral blood flow and other predictors of responsiveness to 
Erenumab and Fremanezumab in migraine-a real-life study. Front Neurol. (2022) 
13:895476. doi: 10.3389/fneur.2022.895476

 27. Loehrer E, Vernooij MW, van der Lugt A, Hofman A, Ikram MA. Migraine and 
cerebral blood flow in the general population. Cephalalgia. (2015) 35:190–8. doi: 
10.1177/0333102414552531

 28. Datta R, Aguirre GK, Hu S, Detre JA, Cucchiara B. Interictal cortical 
hyperresponsiveness in migraine is directly related to the presence of aura. Cephalalgia. 
(2013) 33:365–74. doi: 10.1177/0333102412474503

https://doi.org/10.3389/fneur.2024.1399792
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2024.1399792/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2024.1399792/full#supplementary-material
https://doi.org/10.1016/S1474-4422(18)30322-3
https://doi.org/10.1111/head.13529
https://doi.org/10.1152/physrev.00034.2013
https://doi.org/10.1152/physrev.00034.2013
https://doi.org/10.1097/j.pain.0000000000000831
https://doi.org/10.1111/j.1440-1681.2004.03943.x
https://doi.org/10.3389/fneur.2020.578103
https://doi.org/10.3389/fneur.2020.578103
https://doi.org/10.1007/s10194-008-0036-8
https://doi.org/10.1152/ajpheart.1994.266.1.H11
https://doi.org/10.1002/ana.25831
https://doi.org/10.1177/0333102419896760
https://doi.org/10.1177/0333102417736900
https://doi.org/10.1038/sj.bjp.0707134
https://doi.org/10.3389/fphys.2018.01249
https://doi.org/10.1016/j.npep.2010.12.002
https://doi.org/10.1177/0333102418759786
https://doi.org/10.1001/jama.2018.4853
https://doi.org/10.1177/0333102418779543
https://doi.org/10.1212/WNL.0000000000008743
https://doi.org/10.1177/0271678X211052588
https://doi.org/10.14814/phy2.14923
https://doi.org/10.1016/j.ejphar.2003.09.021
https://doi.org/10.1097/00004647-200205000-00014
https://doi.org/10.1016/j.ejphar.2020.173205
https://doi.org/10.1124/jpet.113.206458
https://doi.org/10.3389/fneur.2022.895476
https://doi.org/10.1177/0333102414552531
https://doi.org/10.1177/0333102412474503


Carter et al. 10.3389/fneur.2024.1399792

Frontiers in Neurology 08 frontiersin.org

 29. Visocnik D, Zaletel M, Zupan M, Zvan B. The responses to CGRP in the territory 
of the posterior cerebral artery in migraine. Biomed Res Int. (2022) 2022:1–6. doi: 
10.1155/2022/2686689

 30. Altamura C, Viticchi G, Fallacara A, Costa CM, Brunelli N, Fiori C, et al. 
Erenumab does not alter cerebral hemodynamics and endothelial function 
in  migraine without aura. Cephalalgia. (2021) 41:90–8. doi: 10.1177/ 
0333102420956692

 31. Totaro R, Marini C, Baldassarre M, Carolei A. Cerebrovascular reactivity evaluated 
by transcranial Doppler: reproducibility of different methods. Cerebrovasc Dis. (1999) 
9:142–5. doi: 10.1159/000015943

 32. Sasse SA, Berry RB, Nguyen TK, Light RW, Mahutte CK. Arterial blood gas 
changes during breath-holding from functional residual capacity. Chest. (1996) 
110:958–64. doi: 10.1378/chest.110.4.958

 33. Close LN, Eftekhari S, Wang M, Charles AC, Russo AF. Cortical spreading 
depression as a site of origin for migraine: role of CGRP. Cephalalgia. (2019) 39:428–34. 
doi: 10.1177/0333102418774299

 34. de Vries LS, van der Arend BWH, Maassen VanDenBrink A, Terwindt GM. Blood 
pressure in patients with migraine treated with monoclonal anti-CGRP (receptor) 
antibodies: a prospective follow-up study. Neurology. (2022) 99:e1897–904. doi: 10.1212/
WNL.0000000000201008

 35. Dodick DW, Tepper SJ, Ailani J, Pannacciulli N, Navetta MS, Loop B, et al. Risk of 
hypertension in erenumab-treated patients with migraine: analyses of clinical trial and 
postmarketing data. Headache. (2021) 61:1411–20. doi: 10.1111/head.14208

 36. Saely S, Croteau D, Jawidzik L, Brinker A, Kortepeter C. Hypertension: a new safety 
risk for patients treated with erenumab. Headache. (2021) 61:202–8. doi: 10.1111/head.14051

 37. Riberholt CG, Olsen MH, Skovgaard LT, Berg RMG, Moller K, Mehlsen J. 
Reliability of the transcranial Doppler ultrasound-derived mean flow index for assessing 
dynamic cerebral autoregulation in healthy volunteers. Med Eng Phys. (2021) 89:1–6. 
doi: 10.1016/j.medengphy.2021.01.003

 38. Schwertfeger N, Neu P, Schlattmann P, Lemke H, Heuser I, Bajbouj M. 
Cerebrovascular reactivity over time course in healthy subjects. J Neurol Sci. (2006) 
249:135–9. doi: 10.1016/j.jns.2006.06.009

https://doi.org/10.3389/fneur.2024.1399792
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1155/2022/2686689
https://doi.org/10.1177/0333102420956692
https://doi.org/10.1177/0333102420956692
https://doi.org/10.1159/000015943
https://doi.org/10.1378/chest.110.4.958
https://doi.org/10.1177/0333102418774299
https://doi.org/10.1212/WNL.0000000000201008
https://doi.org/10.1212/WNL.0000000000201008
https://doi.org/10.1111/head.14208
https://doi.org/10.1111/head.14051
https://doi.org/10.1016/j.medengphy.2021.01.003
https://doi.org/10.1016/j.jns.2006.06.009

	Effect of CGRP inhibitors on interictal cerebral hemodynamics in individuals with migraine
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Hemodynamic monitoring
	2.3 Cerebral autoregulation
	2.4 Cerebrovascular reactivity
	2.5 Statistics

	3 Results
	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

