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Abstract
Purpose of Review Neuromodulation devices have become an attractive alternative to traditional pharmacotherapy for 
migraine, especially for patients intolerant to medication or who prefer non-pharmacological options. In the past decades, 
many studies demonstrated the efficacy of neuromodulation devices in patients with episodic migraine (EM). However, the 
benefit of these devices on chronic migraine (CM), which is typically more debilitating and refractory than EM, remains 
not well studied.
Recent Findings We reviewed the literature within the last five years on using FDA-cleared and investigational devices for 
CM. There were eight randomized controlled trials and 15 open-label observational studies on ten neuromodulation devices.
Summary Neuromodulation is promising for use in CM, although efficacy varies among devices or individuals. Noninvasive 
devices are usually considered safe with minimal adverse events. However, stimulation protocol and methodology differ 
between studies. More well-designed studies adhering to the guideline may facilitate FDA clearance and better insurance 
coverage.
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Introduction

Migraine affects more than 10% of the general popula-
tion and is one of the most prevalent medical conditions 
in the world [1]. Approximately 3% of people with epi-
sodic migraine (EM) transform to chronic migraine (CM), 
defined as 15 or more monthly headache days with eight 
or more being migrainous, leading to increased disability 
and reduced quality of life. In the last two decades, nonin-
vasive neuromodulation devices have become an effective 
alternative to pharmacological treatment for migraine due 
to a better mechanistic understanding of headache patho-
physiology and burgeoning technological advances. Due to 
its noninvasive nature, peripheral neuromodulation is gener-
ally regarded as a safe and convenient option. The United 

States Food and Drug Administration (FDA) has cleared 
five devices for headache treatment (Fig. 1) in the past 
ten years; only a few are indicated for CM. In this chapter, 
we review migraine trials explicitly designed for or included 
CM in the past five years on FDA-cleared and investigational 
devices (Table 1, Table 2).

FDA‑Cleared Devices

Vagus Nerve Stimulation

The gammaCore Sapphire™ is a handheld noninvasive vagus 
nerve stimulator (nVNS) developed by electroCore, Inc. 
(Basking Ridge, NJ). Patients apply the device to the vagus 
nerve transcutaneously on either side of the neck. The FDA 
cleared gammaCore Sapphire™ in April 2017 for the acute 
treatment of pain associated with episodic cluster headache 
in adults. Now, it is FDA-cleared for acute and preventative 
treatment of pain for migraine patients aged 12 years or older.

There are four major nVNS trials for migraine, two for 
EM, one specifically designed for CM, and another one that 
included CM. The first nVNS study for CM was a pilot fea-
sibility study (The EVENT study), with primary endpoints 
being safety/tolerability. This randomized double-blind 
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sham-controlled trial for CM prevention showed no statistical 
significance for efficacy endpoints (monthly headache days 
change after 2 months; −1.4 vs. −0.2, p = 0.59). However, 
results suggested that more extended use may be beneficial, 
as 15 completers had a mean change of −7.9 (95%CI −11.9 
to −3.8, p < 0.01) after 8 months of treatment [2]. The PRE-
MIUM II study was a randomized sham-controlled double-
blind trial that enrolled CM and EM patients (8–20 headache 
days per month) but was terminated early due to the COVID-
19 pandemic. It enrolled 300 subjects and studied a predeter-
mined modified intention-to-treat (mITT) group of 113 sub-
jects. Based on a recent press release, PREMIUM II found 
a non-significant decrease in monthly migraine days (verum 
vs. sham: −3.1 vs. −2.3 headache days, p = 0.233) in the 
mITT group [3]. Within the mITT group, 44.9% of verum-
treated subjects had at least a 50% decrease in the number 
of migraine days compared to 26.8% of sham (p = 0.048). 
The effect on CM, however, was not specifically described. 
The gammaCore Sapphire™ device is safe and well-tolerated 
without any significant treatment-related adverse effects. 
Facial pain, gastrointestinal symptoms, and upper respira-
tory tract infection are the most common adverse effects in 
the trials for CM. Overall, nVNS may be useful for CM, but 
more studies are needed.

Remote Electronic Neuromodulation

Nerivio® (Theranica Bio-Electronics Ltd., Montclair, NJ) is 
a remote electronic neuromodulation (REN) device cleared 
by the FDA for use in the acute treatment of migraine (EM 
and CM) patients 12 years and older. It consists of an arm-
band that emits electric stimuli controlled by a smartphone 
app. Patients are recommended to start within 60 min of 
migraine or aura onset. The stimulation lasts for 45 min at 

an intensity level that the individual user may change via the 
smartphone app, which also has a migraine diary that can 
log headaches and session usage.

After two randomized double-blind sham-controlled tri-
als that led to the initial FDA clearance of Nerivio for use 
in EM in 2019 [4, 5], two open-label observational studies 
(TCH-005, TCH-006) led to the FDA clearance for CM in 
2020. TCH-005 study enrolled 42 subjects, and a total of 210 
evaluable treatments were conducted from 38 participants 
[6]. Pain relief and pain freedom at 2 h in ≥ 50% of treated 
attacks were achieved by 73.7% (95%CI 60.0–87.4) and 
26.3% (95%CI 13.4–43.1) participants, respectively. Sus-
tained pain relief and pain freedom at 24 h in ≥ 50% of treated 
attacks were achieved by 84.4% (27/32; 95%CI 71.8–97.0) 
and 45.0% (9/20; 95%CI 23.2–66.8). In the TCH-006 study, 
a total of 493 evaluable treatments from 91 participants (126 
enrolled) were evaluated [7]. Pain relief and pain freedom at 
2 h were achieved by 59.3% (95CI% 48.5–69.5) and 20.9% 
(95%CI 13.0–30.6) of the participants, respectively. 57.1% 
(95%CI 46.3–67.4) of the participants experienced pain 
relief in ≥ 50% of treated attacks. Device-related adverse 
events were mostly related to topical peripheral sensations 
of warmth, itching, arm pain, redness, and numbness.

Electrical Trigeminal Nerve Stimulation

The electrical trigeminal nerve stimulation (eTNS) device 
developed by CEFALY-Technology (Seraing, Belgium)  
was cleared by the FDA  for acute and preventative 
treatment of migraine in adult patients. In late 2020, 
CEFALY® DUAL (the next-generation Cefaly device) 
received over-the-counter clearance from the FDA. The  
CEFALY DUAL is programmable for ACUTE or PREVEN-
TIVE settings. The ACUTE program is a 60-min session for 
acute relief at a high frequency (100 Hz). The PREVENT  
program is a 20-min daily program for headache prevention  
at a low frequency (60 Hz).

The CEFALY device demonstrated its efficacy in the 
acute and preventive treatment of migraine in two rand-
omized controlled trials [8, 9], but only one mentioned CM 
[8]. In the ACME study, which was a randomized double-
blind sham-controlled trial on patients with migraine (CM 
probably included but not specified), acute use of CEFALY 
at the onset of headache resulted in more pain reduction 
than did the sham group (−3.46 ± 2.32 vs. −1.78 ± 1.89; 
p < 0.001). The study population probably comprised mostly 
EM, as patients who had been on Botox in the past 4 months 
were excluded [8].

There are three open-label observation studies (two 
CEFALY, one supraorbital TENS) designed for CM. 
In a multicenter study enrolling 23 patients, 4 patients 
dropped out, with 3 being intolerant to the device from 
worsening headache or neck tension, and one due to 

Fig. 1  A gammaCore Sapphire™, B Nerivio®, C Cefaly®, D sTMS 
mini™, E Relivion®. Images were  adapted from the companies’ 
websites
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keratoconjunctivitis. For the remaining 19 patients, 34.8% 
of patients achieved both endpoints. Overall, there were 
31.0% decrease in monthly migraine days and 49.6% 
decrease in acute medication consumption after 4 months 
[10]. In a single-center study of 73 enrolled patients, 
58 entered the treatment phase. Monthly headache days 
decreased from 22.55 to 19.43 days (−16.21%, p < 0.001) 
in the total cohort. Mean monthly acute medication intake 
was significantly reduced from 26.33 to 18.22 (−30.81%, 
p < 0.001). By the end of the study, 44.12% of patients 
with non-continuous headache had reversed to an EM pat-
tern at the end of study (17.2 to 7.5 headache days) [11]. 
For supraorbital TENS, in a single-center study, 25 par-
ticipants were recruited with 3 dropouts due to perceived 
lack of effectiveness and one due to lack of reliability. They 
were monitored over 4 months with a 1-month baseline 
followed by 3 more monthly visits with active treatment. 
The per-protocol (PP) analysis included 21 subjects, while 
intention-to-treat (ITT) analysis included 24 patients with 
the exclusion of one patient. In the PP analysis, there was 
a mean reduction in headache days (−2.43 days, p = 0.05) 
and moderate to severe headache (−1.29 days, p = 0.06), 
while in ITT analysis, there was a non-significant mean 
reduction in headache days (−1.92 days, p = 0.08) and 
moderate to severe headache days (−1.20 days, p = 0.05) 
[12]. Among 2000 patients surveyed, there was less than 
5% reporting of adverse events, all minor and fully revers-
ible. The most common adverse events reported were  par-
esthesia (2.03%), arousal changes (most commonly fatigue, 
sometimes insomnia, 0.82%), headache (0.52%), and local 
skin allergy to the electrode (0.09%) [13]. The results from 
these open-label studies indicate that eTNS may be useful 
in CM.

Single‑Pulse Transcranial Magnetic Stimulation

The sTMS mini™, which is produced by eNeura Inc. (Balti-
more, MD), delivers a single-pulse (intensity 0.9 T, rise time 
180 μs) stimulation to the back of the head. It likely alters 
the cerebral cortex excitability by blocking cortical spreading 
depolarization waves and inhibiting thalamocortical signaling 
[14]. The device was initially designed to target patients with 
EM with aura. It is now FDA-cleared for acute and prophy-
lactic treatment of migraine in patients 12 years of age and 
older. There are preventive and acute treatment protocols. The 
preventive protocol entails twice-daily treatment with 4 pulses 
(2 consecutive pulses, wait 15 min, then repeat another 2 con-
secutive pulses). If needed for acute treatment, 3 sequential 
pulses can be given at the onset of the migraine attack, fol-
lowed by additional pulses at 15-min intervals if needed.

Its initial FDA clearance came after a randomized double-
blind sham-controlled study [15]. There was one open-label 
observational study that included CM in the past 5 years. 

The ESPOUSE study included 13 (10%) CM patients who 
applied daily preventive use (4 pulses twice daily) and acute 
use (3 pulses, may repeat every 15 min for 2 more sessions) 
[16]. The effect of daily sTMS use on CM was not specifi-
cally described. The study showed that sTMS appeared effi-
cacious in decreasing monthly headache days, acute medica-
tion use, and Headache Impact Test-6 (HIT-6) score. sTMS 
treatment is well tolerated, with the most reported adverse 
effects of lightheadedness (3.7%), tingling (3.2%), and tin-
nitus (3.2%) [16].

Combined Occipital and Trigeminal Nerve 
Stimulation

Relivion® is a self-administered stimulation device that 
delivers electrical pulses to six branches of both the occipi-
tal and trigeminal nerves. It is pre-loaded to deliver 6 cycles 
of treatment (unlimited stimulation for 48 h) as needed. The 
FDA in early 2021 cleared its use for acute treatment of 
migraine upon a multi-center study (RIME study) of 131 
EM patients applying 1 h of stimulation acutely [17]. In an 
earlier randomized double-blind sham-controlled study of 55 
migraine subjects (CM unspecified), pain intensity (meas-
ured by visual analog scale) decreased more in the treat-
ment group at all time points (group difference at 1 h 41%, 
p = 0.0002; 2 h 33%, p = 0.03; 24 h 36%, p = 0.02). ≥ 50% 
responder rates were also higher in the treatment than in the 
sham group at 1 h (67% ver. 20%, p = 0.001), 2 h (67% ver. 
32%, p = 0.02), and 24 h (78% ver. 48%, p = 0.04) [18]. No 
serious adverse event was noted. It is worth noting that in a 
retrospective study using combined occipital and trigeminal 
stimulation via an implanted device for refractory CM, 75% 
(4/16) and 50% (8/16) demonstrated short-term and long-
term benefits respectively [19]. Relivion may thus work for 
CM, but the data remains very limited.

Investigational Devices

Transcranial Direct Current Stimulation

Transcranial direct current stimulation (tDCS), which is 
a device utilizing a weak current (1–2 mA) delivered via 
sponge electrodes of various montages (anode and cath-
ode positions), has been studied for headache disorders. 
Although the exact mechanism is unclear, it may affect 
network-level neural information coding with no direct 
impact on neural spiking or membrane potential [20, 21]. It 
may modulate brain connectivity, thereby boosting placebo 
and blunting nocebo effects [22]. It is worth noting that the 
majority of the tDCS migraine trials were pilot studies of 
low to moderate quality [23]. Significant variations exist in 
stimulation duration, current ampere, polarity, montage, and 
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the number of sessions; there remains no optimized stimula-
tion protocol.

In the past 5 years, there were four CM-focused tDCS 
randomized sham-controlled trials (two probably single-
blind) and two open-label studies but of significantly dis-
similar study design [24–29]. Andrade et al. showed anodal 
but not sham stimulation of left primary motor (M1) or dor-
solateral prefrontal cortex (DLPFC) reduced HIT-6 score 
and pain intensity [25]. Dalla Volta et al. reported cathodal 
stimulation of the coolest point in the forehead resulted in 
greater reduction than sham stimulation in monthly head-
ache days, attack frequency, and attack duration [26]. Two 
open-label small studies also reported reductions in head-
ache frequency 30 days after anodal stimulation [26, 28]. 
However, Cerrahoglu Sirin et al. found no difference in 
monthly headache days 1 month after anodal or sham stimu-
lation [29]. A larger study by Grazzi et al. also reported no 
difference among anodal tDCS, cathodal tDCS, and sham at 
6 and 12 months on CM patients getting acute withdrawal 
treatment from medication overuse [27]. In short, it remains 
uncertain whether tDCS is a useful preventive for CM, espe-
cially months after the stimulation. A standardized protocol 
(e.g., polarity, montage, session number, and repeat interval) 
and endpoints should be implemented for future tDCS trials.

Repetitive Transcranial Magnetic Stimulation

Repetitive transcranial magnetic stimulation (rTMS) devices 
deliver multiple brief pulses to produce a small focal corti-
cal electrical current at the desired cortical region, such as 
M1 and DLPFC, affecting motor-thalamus-brainstem and 
prefrontal-thalamic-cingulate signaling pathways, respec-
tively. Typically, high-frequency (> 5–20 Hz) stimulations 
likely enhance cortical excitability, influence various neu-
rotransmitter/opioidergic networks, and modulate neuronal 
plasticity [30–32]. The FDA has cleared it for use in major 
depression and obsessive–compulsive disorders. Although 
demonstrating a good safety profile, rTMS remains inves-
tigational for pain disorder, post-traumatic headache, and 
primary headache disorders. Based on two recent system-
atic reviews, high-frequency rTMS over the motor cortex 
demonstrated efficacy as a migraine treatment, but further 
high-quality RCTs with a standardized protocol are required 
to validate a treatment effect [23, 33].

In the past 5 years, there were 2 open-label trials and 
3 randomized-controlled trials  studying rTMS for use in 
CM [34–38]. Three open-label studies included CM but 
reported no efficacy data on CM [39–41] thus not discussed 
here. In an open-label study, Rapinesi et al. reported deep 
TMS (H1 coil to left DLPFC, ten 10 Hz trains per session, 
3 weekly sessions in alternating days for 4 weeks) add-on 
to standard treatment and found a significant reduction in 
migraine frequency, rescue medication use, pain intensity, 

and depression rating score after 4 and 6 weeks [34]. When 
compared to onabotulinumtoxin A, Shehata et al. showed 
that rTMS (20 trains of 100 10 Hz stimuli over left M1 
3 days/week for 1 month) is of comparable efficacy to ona-
tobulinumtoxin-A injection in CM therapy, but with less 
sustained effect after 8 weeks [36]. Kalita et al. compared 
left M1 rTMS (3 true sessions vs. 1 true session and 2 sham 
sessions; single-blind) for 3 months on patients with CM and 
chronic tension-type headache (all patients were advised to 
stop preventive medications 15 days prior to the randomiza-
tion). There were within-group but no between-group differ-
ence on headache frequency after rTMS in 3 months. In a 
subgroup analysis of 82 CM patients, there was a significant 
between-group difference on migraine frequency. The ≥ 50% 
reduction in monthly headache frequency at 2 months was 
significantly on intention-to-treat analysis (62.5 vs. 35.3%; 
P = 0.01); data from other time points were not reported 
[35]. In a study of rTMS for CM with medication overuse 
headache (MOH), Granato et al. found no benefit of rTMS 
(10 trains of 40 20 Hz stimuli over left DLPFC, 5-day ses-
sions/week for 2 weeks) over sham stimulation. There was 
no difference in the number of monthly headache days, 
symptomatic drug, and MIDAS after 120 days; the author 
stated rTMS has a high potential for inducing a placebo 
effect [37]. It is worth noting that this study utilized a sham 
stimulator able to induce the same skin vibratory sensation; 
whether such vibratory stimulation produces an active effect 
is unknown. In another study, Kumar et al. utilized fMRI-
guided neuro-navigation for accurate localization of the M1 
and maintained the location accuracy in multiple sessions. 
They showed that in CM patients, 10 sessions of rTMS (600 
pulses in 10 trains at 10 Hz over left M1) reduced head-
ache intensity, frequency, and MIDAS after treatment and 
at 3-month follow-up, while a sham stimulation (coil placed 
perpendicular to skull) did not [38]. No between-group anal-
ysis was done. Overall, there were more positive results from 
stimulating rTMS on M1 than DLPFC [32]. rTMS of M1 
may be a potential preventive strategy for CM. However, 
their study designs varied significantly. A standardized pro-
tocol (e.g., stimulation site/frequency and number of pulses/
sessions) and endpoints should be implemented for future 
tDCS trials.

Occipital Nerve Stimulation

Occipital nerve stimulation (ONS) devices, with implantable 
electrodes fixated near the occipital nerves and a pulse gen-
erator in the chest, have been studied for occipital neuralgia 
and refractory CM for many years. ONS may normalize the 
loss of condition pain modulation or directly counteract the 
trigeminally mediated central sensitization in these patients 
[42, 43]. Several multi-center randomized sham-controlled 
trials demonstrated improvement in headache frequency, 
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intensity, or disability [44–47]; all were published more 
than 5 years ago.

In the past 5 years, there were 4 open-label studies on 
CM published [48–51]. Most studies reported continuous 
ONS except one utilized burst ONS [50], which elicited sub-
threshold sensory perception and still seemed to reduce pain 
intensity and headache days. The stimulation parameters and 
study endpoints, however, varied considerably between stud-
ies. Miller et al. analyzed a cohort of 53 intractable CM 
patients (media follow-up 42 months after bilateral ONS 
electrodes implantation) and found an 8.51-day reduction 
(p < 0.001) in monthly moderate-to-severe headache days 
[48]. Similarly, Rodrigo et al. studied 37 refractory CM 
patients (average follow-up 9.4 ± 6.1 years) and showed sub-
stantial pain reduction (VAS decreased by 4.9 ± 2.0 points). 
Five were pain-free at their last visit. Seven required explan-
tation, with 2 due to lack of efficacy and 5 due to complete 
pain resolution [49]. Using burst ONS, Garcia-Ortega et al. 
also showed a significant reduction of 10.2 monthly head-
ache days (p = 0.002, one-tailed) in 12 CM patients [50]. 
The recent multi-center, international open-label RELIEF 
study recruited 132 intractable CM patients (45 completed 
24-month visit) implanted with Abbott ONS and demon-
strated headache pain relief, decrease in headache days, and 
headache disability [51]. The spatial sensory field and qual-
ity of the ONS seemed correlated with the clinical effec-
tiveness reported by the patient [52]. However, there were 
adverse events of infection, lead migration, and stimulation-
related symptoms in up to 20% of patients after 1 year [51]. 
Due to these technical issues, new leads with anchors are 
being developed and will hopefully circumvent the adverse 
event profile of currently available systems. ONS seems a 
promising device for CM. Unfortunately, no ONS device has 
yet received FDA clearance for use in migraine.

Spinal Cord Stimulation

Spinal cord stimulation (SCS), which has been used over the 
past three decades for chronic pain of neuropathic origin, 
has been applied to patients with intractable headache in 
several small case series. The SCS electrodes are threaded 
into high-cervical epidural space (C2/3) with a pulse genera-
tor implanted subcutaneously in the paraumbilical or gluteal 
position. High-cervical SCS for intractable CM was first 
reported by De Agostino et al. in a small case series. After a 
median of 15 months (range 2–48) since implantation, mean 
pain intensity was significantly reduced by 60% (p < 0.0001), 
with 71% of the patients experiencing a decrease of 50% or 
more. A reduction in the median number of migraine days 
and medication use along with improved quality of life was 
also observed. However, 3 had infections and 3 had lead dis-
locations [53]. In a prospective open-label study using high-
frequency 10 kHz cervical SCS on CM patients refractory 

to onabotulinumtoxin-A, 17 underwent SCS trial, and 14 
received SCS implantation. After 6 months, seven of the 14 
subjects had a > 30% reduction in headache days. However, 3 
subjects reported tenderness over pulse generator/connection 
site, and one had lead migration requiring surgical revision 
[54]. The efficacy of SCS on CM remains uncertain.

Green Light

Exposure to green light may modulate nociception and 
anxiety. Non-green light stimuli exacerbated pain intensity 
during the migraine attack but not in healthy control [55]. 
In contrast, exposure to green light reduced pain intensity 
in ~ 20% of the patients (18/69 CM) [56]. In a small crosso-
ver study (4-week washout), comparing 1–2 h of daily white 
light and green light for ten weeks in 29 migraine subjects 
(22 CM), Martin et al. found that green light but not white 
light exposure resulted in a significant reduction in the 
number of headache in CM patients (22.3 ± 1.2 to 9.4 ± 1.6, 
p < 0.001). Green light exposure also reduced headache 
impact (HIT-6) and improved quality of life (EQ-5D-5L). 
There were no adverse effects reported. Despite having a 
small case number in this study, the superior efficacy and 
safety profile may warrant further investigation [57].

Clinical Perspective

There are now nearly half a dozen FDA-cleared devices 
for migraine, and several prior clearances have now been 
expanded to include adolescent patients aged 12 or older. 
It is important to know that not all FDA-cleared devices 
were properly studied for CM. The only randomized sham-
controlled trial for CM was by Silberstein et al. using gam-
maCore device. Unfortunately, the study did not meet its 
efficacy endpoint. Several open-label observational studies 
utilized CEFALY or Nerivio to evaluate pain reduction in 
patients with CM. These studies are not blinded and suffer 
from selection and reporting biases. Some studies included 
both EM and CM patients but reported no description of the 
case number of CM nor response relevant to CM. In addi-
tion, due to the lack of trial guidelines that recognized the 
unique approach and challenge of a neuromodulation device 
trial for migraine, there exists a wide variation in endpoints, 
types of control, and study population for analysis (intention-
to-treat vs. per-protocol), making study comparison difficult. 
The International Headache Society has therefore published 
recommendations for assessing neuromodulation devices in 
the acute and preventive treatmentof migraine [58••]. As 
the use of these devices becomes widespread, we antici-
pate more well-powered and high-quality studies adhering 
to clinical trial guidelines to fully determine the benefit of 
these devices in CM. More high-quality trials hopefully will 

71   Page 8 of 11 Current Pain and Headache Reports (2021) 25: 71



1 3

also facilitate the insurance companies to expand the cover-
age to more neuromodulation devices.

Conclusion

Neuromodulation devices are emerging therapy comple-
menting the traditional pharmacotherapies for migraine. 
Noninvasive neuromodulation is generally considered safe 
with minimal adverse events, but certain safety precautions 
should still be noted. To date, there are ongoing investi-
gations into the utility of FDA-cleared or investigational 
devices for CM patients. With increasing ease of use and 
the ability to customize stimulation strength, these devices 
encapsulate the personalization of medicine. Improving the 
quality of such trials will enhance these devices’ clinical 
recognition and hopefully expand future insurance cover-
age. The guideline from the International Headache Society 
for migraine clinical trials with neuromodulation devices 
will aid significantly in this effort. The development of safe 
and effective treatments for CM is essential for providing 
patients with the most optimized care.
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