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Introduction: Patients with myalgic encephalomyelitis/chronic fatigue syndrome
(ME/CFS) present with a range of symptoms including post-exertional malaise (PEM),
orthostatic intolerance, and autonomic dysfunction. Dysfunction of the blood vessel
endothelium could be an underlying biological mechanism, resulting in inability to
fine-tune regulation of blood flow according to the metabolic demands of tissues. The
objectives of the present study were to investigate endothelial function in ME/CFS
patients compared to healthy individuals, and assess possible changes in endothelial
function after intervention with IV cyclophosphamide.

Methods: This substudy to the open-label phase Il trial “Cyclophosphamide in
ME/CFS” included 40 patients with mild-moderate to severe ME/CFS according to
Canadian consensus criteria, aged 18-65 years. Endothelial function was measured by
Flow-mediated dilation (FMD) and Post-occlusive reactive hyperemia (PORH) at baseline
and repeated after 12 months. Endothelial function at baseline was compared with two
cohorts of healthy controls (N = 66 and N = 30) from previous studies. Changes in
endothelial function after 12 months were assessed and correlated with clinical response
to cyclophosphamide. Biological markers for endothelial function were measured in
serum at baseline and compared with healthy controls (N = 30).

Results: Baseline FMD was significantly reduced in patients (median FMD 5.9%,
range 0.5-13.1, n = 35) compared to healthy individuals (median FMD 7.7%, range
0.7-21, n = 66) (p = 0.005), as was PORH with patient score median 1,331 p.u.
(range 343-4,334) vs. healthy individuals 1,886 p.u. (range 808-8,158) (p = 0.003).
No significant associations were found between clinical response to cyclophosphamide
intervention (reported in 55% of patients) and changes in FMD/PORH from baseline to
12 months. Serum levels of metabolites associated with endothelial dysfunction showed
no significant differences between ME/CFS patients and healthy controls.
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Conclusions: Patients with ME/CFS had reduced endothelial function affecting both
large and small vessels compared to healthy controls. Changes in endothelial function
did not follow clinical responses during follow-up after cyclophosphamide IV intervention.

Keywords: myalgic encephalomyelitis, chronic fatigue syndrome, ME/CFS, endothelial function, flow-mediated
dilation, post-occlusive reactive hyperemia, cyclophosphamide

INTRODUCTION

Myalgic  Encephalomyelitis/Chronic ~ Fatigue = Syndrome
(ME/CES) is a disease that affects both children and adults
and is associated with very low health-related quality of life (1, 2).
Patients present with hallmark symptoms such as post-exertional
malaise (PEM), fatigue and lack of adequate restitution from rest
or sleep, accompanied by pain, cognitive symptoms and sensory
hypersensitivity (3, 4). Prevalence of ME/CFS as diagnosed
by the Canadian consensus criteria (4) is estimated in the
United Kingdom in primary health care at 0.1 to 0.2 per cent of
the population (5). A report commissioned by the US Institute of
Medicine concluded that ME/CFS is a serious, systemic disease
with no known cause or cure, and that there is a great need for
research to further understanding of the disease (6). There is a
scarcity of research evidence and the disease mechanisms are
poorly understood (7).

Symptoms frequently present following an event such as
infection, physical trauma or exposure to environmental factors
(4), and there is evidence of a genetic predisposition (8, 9).
Research suggests the involvement of the immune system (10,
11), an impaired energy metabolism (12-14) and alterations in
the gut microbiome (15). Orthostatic intolerance and autonomic
dysfunction are also frequently reported, and can present
with symptoms such as light-headedness, nausea, concentration
difficulties, sweating, palpitations, dyspnea, and chest pain after
prolonged sitting or standing (6).

It has been suggested that a dysfunction of the blood
vessel endothelium could be a contributing mechanism, possibly
associated with inadequate fine-tuned regulation of blood flow
according to the metabolic demands of tissues (16, 17). One
possible explanation for such endothelial dysfunction could
be a reduced bioavailability of nitric oxide (NO) derived
from endothelial cells. NO is a messenger molecule and
neurotransmitter with important effects on vasodilation, thus
contributing to the regulation of blood flow to tissues. NO
is involved in many biologic processes, including effects on
cognitive function, smooth muscle tone in the gastrointestinal
and urogenital tracts, cardiac contractility, skeletal muscle and
mitochondrial function (18, 19). Non-invasive measures for
endothelial function include flow-mediated dilation (FMD) of
the large arteries, which is believed to reflect the release
of NO from endothelial cells caused by shear stress in
vessel walls (20-22). As part of an FMD investigation, it
is recommended to also measure endothelium-independent
vasodilation, reflecting smooth muscle function, through the
administration of sublingual nitroglycerin (20, 21). In the
microcirculation, the measure post-occlusive reactive hyperemia
(PORH) is understood to represent a more complex response

involving nervous and myogenic responses as well as several
vasodilators including NO (23).

There is growing evidence for endothelial dysfunction in
autoimmune diseases (20, 24, 25) and fibromyalgia (26).
However, research into blood vessel function in ME/CFS is
limited so far. A study by Newton and colleagues (16) showed
reduced FMD and PORH in a group of ME/CFS patients
compared to healthy controls. This finding was confirmed
by Scherbakov et al. who reported peripheral endothelial
dysfunction in 18 of 35 (51%) ME/CFS patients compared to
4 of 20 (20%) healthy controls. This study also indicated a
correlation between endothelial dysfunction and disease severity
(17). In contrast, another study of 24 ME/CFS patients and 24
sedentary controls, using a different assessment method, found
no significant difference in peripheral endothelial function at rest
or after exercise (27).

In 2014, we performed a small pilot study at Haukeland
University Hospital and found very low values of FMD in
ME/CES patients (unpublished). Following the pilot experience,
studies of endothelial function were performed as substudies
to two intervention drug trials for patients with ME/CES at
Haukeland University Hospital: a phase III trial of rituximab vs.
placebo (28) and a phase II trial of cyclophosphamide (29). This
article reports the results from the endothelial function substudy
of the cyclophosphamide trial.

The purpose of this study was to explore: (1) endothelial
function, measured by flow-mediated dilation (FMD) and post-
occlusive reactive hyperemia (PORH), in a Norwegian cohort of
ME/CES patients compared with healthy individuals, (2) changes
in FMD and PORH from baseline to 12 months, and possible
associations between clinical response to cyclophosphamide and
changes in FMD/PORH over time.

METHODS

Design

This study was performed as a substudy to the open-label phase II
trial “Cyclophosphamide in myalgic encephalomyelitis/chronic
fatigue syndrome” (29). The study has a cross-sectional design,
comparing endothelial function in patients at baseline with
healthy individuals. In addition, the study has a longitudinal
element, which explores associations between clinical response
after cyclophosphamide intervention and changes in endothelial
function for the patient group over time.

Setting

Patients were recruited from March to December 2015 at
Haukeland University Hospital in Bergen, Norway. Baseline
measurements were performed successively after inclusion in
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the clinical trial (March 2015-January 2016), followed by
intervention with six infusions of cyclophosphamide IV 4 weeks
apart. Measurements were repeated 12 months after inclusion in
the trial (March 2016-January 2017).

Patient Inclusion

Patient Group

The 40 patients included in this study were all enrolled
in the open-label phase II clinical trial Cyclophosphamide in
ME/CFS. Inclusion criteria were age 18 to 65, a confirmed
ME/CFS diagnosis according to Canadian consensus criteria
(4), disease duration of minimum 2 years, disease severity
from mild-moderate to severe (excluding mild and very
severe ME/CFS) and signed informed consent. Following the
publication of previous intervention trials (30, 31), we received
referrals from general practitioners and applications directly
from patients, requesting evaluation for any future clinical trials.
After a preliminary assessment of eligibility based on records
of medical history and current disease severity, we performed
a random selection among candidates who met the inclusion
criteria. Candidates were invited to receive further information
on the trial and this substudy, and subject to informed consent,
they were screened according to protocol (29). Fifteen patients
were recruited among previous rituximab trial participants (non-
responders or responders with full or partial relapse) (30, 31).

Healthy Individuals

Reference baseline values for FMD and PORH for healthy
individuals were obtained from two other studies performed
by the authors and using the same protocols for measurement
of endothelial function as those employed in this study. The
reference group for FMD consisted of 66 healthy controls
participating in a study of endothelial function in women with
pre-eclampsia performed by MKS (32), and the reference group
for PORH consisted of 30 healthy volunteers examined by KS
for an endothelial function substudy to the multi-center RCT
RituxME (28). The FMD reference group was all-female, while
the gender distribution of the PORH reference group was similar
to that of the patient group. There were no significant differences
between the patient and reference groups with regards to age,
BM]I, resting blood pressure or heart rate.

Intervention

Patients were scheduled to receive medical intervention with six
intravenous infusions of cyclophosphamide (initial dosage of 600
mg/m?, increased to 700 mg/m? for the following five infusions
conditional on acceptable hematological toxicity). Nine patients
deviated from the treatment protocol and received from 3 to 5
infusions. During the trial, 22 of 40 patients met the criteria for
clinical response, defined as Fatigue Score >4.5 for a minimum
of 6 consecutive weeks. SF-36 Physical Function scores among
the 22 responders increased from mean 35.0 to 69.5 points (scale
0-100). The median response duration in 18 months follow-up
was 44 weeks, and among responders the majority had prolonged
remission for years. See Rekeland et al. (29) for details on the trial
schedule and results.

Outcomes

Main outcomes were measures of endothelial function—flow-
mediated dilation and post-occlusive reactive hyperemia—at
baseline and at 12 months after inclusion in the trial. Variables
included in the statistical analyses included clinical response
status, disease severity and other clinical variables, as well as
biological markers of endothelial function.

Measurement of FMD and PORH

Measurements were performed and reported according
to a standardized protocol following guidelines from the
International Brachial Artery Reactivity Task Force (21). Subject
preparations and measurement procedures are described in detail
in the study protocol (Supplementary Material). Flow-mediated
dilation (FMD) of the brachial artery was measured using a GE
Vingmed Vivid E9 ultrasound system (GE Vingmed Ultrasound,
Horten, Norway) with a multifrequency linear probe, 6-13
mHz (M12L). Participants were instructed to fast with regards
to food, fluids (except water), tobacco and medicines for 8h
before assessment. The assessments took place in a quiet, dark,
and temperature-controlled room, where participants relaxed
on the examination table for at least 10 min pre-assessment.
The brachial artery was imaged in the longitudinal plane above
the antecubital fossa and a baseline rest image was acquired. A
blood pressure cuff, positioned on the forearm, was inflated to
200 mmHg or at least 50 mmHg above above systolic pressure,
for 5 min. Following deflation of the cuff, images were recorded
continuously from the same area of the artery during the next
5min. All measurements were performed during end diastole.
FMD is expressed as diameter increase in per cent from baseline
to time of maximum dilation. After rest, a dose of nitroglycerine
spray (0.4 mg) was administered sublingually, and images were
recorded continuously for another 5 min. The maximal diameter
was measured to express endothelium independent vasodilation.

During the same procedure, measurements of microvascular
function (post-occlusive reactive hyperemia, PORH) were
performed using a Periflux 5000 laser Doppler unit (Perimed,
Stockholm, Sweden). A temperature-controlled probe was placed
on clean, intact forearm skin and microvascular perfusion was
recorded before and after occlusion. PORH is expressed in
perfusion units (PUs) as the difference (area under the curve)
between circulation in the skin during 2 min at baseline and the
first 2 min after cuff deflation.

FMD and PORH measurements were performed by KS.
All ultrasound images were analyzed by KS. In addition,
M.S. analyzed a randomly selected 10 % of the ultrasound
measurements for FMD (n = 10), one of which had questionable
image quality and was excluded from analyses. Inter-observer
variability for the remaining measurements was computed using
a two-way mixed effects, absolute agreement, single measures
model (33, 34). The intraclass correlation coeflicient was excellent
for baseline measurements of artery diameter (ICC = 0.99) and
good for FMD (ICC = 0.77).

Clinical Response

Every 2 weeks during 18 months follow-up, patients were
requested to complete a self-report form to capture the relative
change in symptoms from baseline to the time of recording.
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The scale for symptom change was adapted from the Clinical
Global Impression Scale which had previously been used in
studies of ME/CEFS (35), and has been employed in the follow-up
of patients in previous clinical trials (28, 30, 31, 36). The
scale for each symptom was 0 to 6, where 0 denoted major
worsening, and 6 major improvement of the symptom compared
to baseline. The variable Fatigue Score was calculated as the mean
change score for four fatigue-related items: “Fatigue,” “Post-
exertional malaise; “Need for rest” and “Daily functioning.”
Clinical response was defined as Fatigue Score >4.5 for at least
6 consecutive weeks (29).

Clinical and Sociodemographic Variables

Before inclusion in the cyclophosphamide trial, participants were
subject to a clinical examination/interview. Clinical variables
reported are age, sex, disease severity and duration, BMI,
resting blood pressure, and heart rate. Disease severity was
categorized into six categories: mild, mild-moderate, moderate,
moderate-severe, severe and very severe, based on the including
physician’s evaluation and patients’ self-reported function level
from 0 to 100% on a standardized form with scoring examples.
Patients with mild or very severe ME/CFS were excluded
from participation. Physical function was measured by the
Short Form-36 Physical Function subscale (37, 38), and mean
steps per 24h were measured using a SenseWear® armband
(BodyMedia Inc., Pittsburgh, PA, USA) in a home setting for 5-7
consecutive days (39). Demographic data (family, educational
and employment status) were collected from a modified DePaul
questionnaire (40) completed at baseline.

Biological Markers of Endothelial Dysfunction

From baseline serum samples we measured serum concentrations
of amino acids and derivatives which are associated with
endothelial function (41-43). These analyses were performed
as part of a comprehensive metabolic profiling of participants
in three ME/CFS trials (12). Potential risk markers for
endothelial dysfunction and cardiovascular disease include
low levels of arginine (Arg) and homoarginine (hArg) (43),
and elevated levels of asymmetric dimethylarginine (ADMA)
(41), symmetric dimethylarginine (SDMA) and high-sensitivity
C-reactive protein (hs-CRP) (42). Arg, hArg, ADMA, and
SDMA were analyzed by liquid chromatography-tandem mass
spectrometry with within and between day CVs of 3-12%
(44), and hs-CRP was measured by immunoMALDI mass
spectrometry (45) (Bevital, Bergen, Norway).

Statistical Analyses

Continuous variables were described with median and range,
categorical with counts and percentages. Due to a limited
sample size and skewed distribution, statistical comparisons
were performed using non-parametric methods. Comparisons
between groups (patient and reference groups) regarding baseline
FMD and PORH were made using a Mann-Whitney test for
independent samples. Possible associations between FMD and
PORH and ME/CEFS illness duration and severity and steps per
24 h were assessed with Kruskal-Wallis test. When analyzing the
patients only, paired Wilcoxon signed ranks tests were used to

compare FMD and PORH results at baseline and at 12 months.
The difference between groups (responders and non-responders)
in change of FMD/PORH values from baseline to 12 months
was analyzed using a General Linear Model (GLM) of repeated
measures with clinical response as a between-subjects factor.
The correlation between FMD and PORH values at baseline
was computed using Spearman non-parametric correlation. The
result is expressed as the correlation coefficient rho. P < 0.05 were
considered statistically significant and all tests were two-sided.
We consider our study exploratory and no correction for multiple
testing was performed. All analyses were done using SPSS
Statistics ver. 25 (IBM Corp., Armonk, NY) and Graphpad Prism
ver. 8 (Graphpad Software, La Jolla, CA).

Ethics

The study “Cyclophosphamide in ME/CFS” including this
substudy was approved by the Regional Committee for Medical
and Health Research Ethics (2014/1672) in Norway. Candidates
received information about the study in writing, in individual
consultations with investigators (OF, OM, IR), and in follow-up
telephone consultations with the study nurse (KS). Participation
was subject to signed informed consent. Ultrasound images were
stored on CDs in a locked cabinet, and data registered in a secure
electronic case report system (Viedoc, PCG Clinical Services,
Uppsala, Sweden). All data were de-identified and the scrambling
key stored in a dedicated area of the hospital’s research server.

RESULTS

Participant Characteristics

Fifty individuals were invited to receive information about the
clinical trial. Three did not wish to participate and seven did not
meet the inclusion criteria. All 40 trial participants consented to
participation in the endothelial function substudy. A majority
(78%) was female and young to middle aged, with a median
age at baseline of 42.4 (range 21.5-61.1). All participants had
an established ME/CFS diagnosis according to the Canadian
diagnostic criteria. ME/CEFS severity based on clinical assessment
ranged from mild-moderate to severe, and self-reported physical
function ranged from 5 to 40%, with a median value of 16%
(range 0-100%). Half the participants reported a disease duration
of more than 10 years. The median score for Short Form-36
Physical Function was 35 (raw score, range 0-100). Two patients
had a medical history of cardiovascular disease (one case of
myocardial infarction, one of hypertension), and 16 out of 40
reported allergies to food or other allergens. Further details
concerning the demographics and clinical characteristics of the
included participants are listed in Table 1.

Endothelial Function Measurements

The entire cohort of 40 trial participants attended endothelial
function tests at baseline, but not all measurements were available
for all participants. Individuals with missing data at one or
both time points (n = 6 for PORH, n = 13 for FMD), due
to withdrawals, failure to comply with test preparations or
inadequate image quality, were not included in the analyses
for change from baseline to 12 months. Participants with
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TABLE 1 | Demographics and baseline clinical characteristics of study
participants.

TABLE 2 | Measurements of endothelial function at baseline.

FMD baseline median Healthy controls, ME/CFS, P-value
N =40 N % (range) n =66 n=235
Female sex 31 78 FMD, per cent 7 (0.7-21.0) 5.9 (0.5-13.1) 0.005
Marital status/family Arterial diameter at rest, mm ~ 3.01 (1.61-3.80) 3.0 (2.29-4.61) 0.34
Single, widow/er, divorced 15 37.5 Absolute increase in mm 0.23 (0.02-0.53)  0.20 (0.02-0.33) 0.01
Married, registered partner, co-habiting 25 62.5 Arterial diameter after 3.65 (2.03-4.82)  3.75 (2.90-5.80) 0.06
Have children 24 60 nitroglycerin®, mm
Highest level of completed education Increase in diameter after 21.2(8.4-40.1)  25.3(11.2-42.4) 0.02
; b
Primary or secondary education 17 42.5 nitroglycerin®, per cent
. . B
University, college, or higher university degree 23 57.5 FMDynitro ratio 0.37(0.04-1.03)  0.23(0.02-051)  <0.001
Employment status PORH baseline median Healthy controls, ME/CFS, P-value
Work part time, homemaker 7 17.5 (range) n=30 n=39
Work assessment allowance, disability 33 82.5
ME/CFS severity PORH, perfusion units 1,886 (808-8,158) 1,331 (343-4,334)  0.003
Mild-moderate 14 35 ME/CFS group vs. healthy control group. Mann-Whitney U-test for independent samples.
Moderate 13 32.5 aMaximum dilation after sublingual administration of nitroglycerin, absolute value.
Moderate-severe 7 175 bMaximum dilation after sublingual administration of nitroglycerin, increase in percent
S compared to baseline. ¢Ratio of FMD (in percent) by maximum dilation after nitroglycerin
evere 6 15 (in per cent). Missing data: One patient failed to complete measurements at baseline. For
ME/CFS duration FMD, a further 4 cases were excluded from analyses due to inadequate image quality.
2-5yrs 7 17.5 ME/CFS, Myalgic Encephalomyelitis/Chronic Fatigue Syndrome; FMD, Flow-mediated
5-10yrs 13 305 dilation; PORH, Post-occlusive reactive hyperemia. ltalics denote statistically significant
values.
10-15 yrs 9 22.5
15 yrs 11 27.5
~ y. - TABLE 3 | Measurements of endothelial function, ME/CFS group at baseline vs.
Comorbidity at 12 months.
Known history of cardiovascular disease 2 5
Fibromyalgia 3 75 FMD baselln? vs. 12 ME/C_FS ME/CFS 12 P-value
o months median (range). baseline, months,
Hypothyroidism 4 10 n=27 n=27
Allergy 16 40
History of depression 4 10 FMD, per cent 7 (0.5-13.1) 3(0.2-15.4) 0.9
Arterial diameter at rest, mm  2.98 (2.29-4.47) 3.14 (2.38-4.61) 0.02
Median Range Absolute increase in mm 0.19(0.02-0.33)  0.18 (0.01-0.48) 0.85
Arterial diameter after 3.70 (2.90-5.30) 3.77 (2.91-5.38) 0.07
Age, years 42.4 21.5-61.1 nitroglycerin?, mm
Body mass index, kg/m? 23.4 17.1-33.1 Increase in diameter after 25.3 (11.2-42.4) 23.5(11.6-35.6) 0.75
Mean steps per 24 h 2,944 568-9,637 nitroglycerin®, per cent
Short form-36 physical function® 35 0-65 FMD/nitro ratio® 0.23 (0.02-0.51)  0.22 (0.2-0.46) 0.75
Self-reported function level, per cent® 16 5-40 PORH baseline vs. 12 ME/CFS ME/CFS12  P-value
Systolic blood pressure, mmHg 120 88-160 months median (range) baseline, months,
Diastolic blood pressure, mmHg 77 55-96 n =34 n =34
Resting heart rate, bpm 68 42-113 . )
PORH, perfusion units 1,323 (343-4,334) 1,428 (387-4,335) 0.18

aSelf-reported at baseline. PRaw score; range 0-100. °Self-reported; range 0-100%.
ME/CFS, Myalgic encephalomyelitis/chronic fatigue syndrome.

missing data did not differ significantly with regards to age, sex,
disease duration, or severity from those with complete data. See
Tables 2, 3 for details.

Flow-Mediated Dilation

At baseline, median FMD was significantly lower for ME patients
compared to healthy women; 5.9 vs. 7.7%, p = 0.005 (Table 2,
Figure 1A). FMD <5% was present in 14 (40%) of the ME
patients compared to 14 (21%) of the reference group. After
administration of sublingual glyceryl nitrate, maximum dilation

Only patients with values for both timepoints included, and analyzed by Wilcoxon signed
ranks test.

aMaximum dilation after sublingual administration of nitroglycerin, absolute value.
bMaximum dilation after sublingual administration of nitroglycerin, increase in percent
compared to baseline. °Ratio of FMD (in percent) by maximum dilation after nitroglycerin
(in per cent). Missing data: 2 patients withdrew from study before 12 months, one
of whom also failed to complete measurements at baseline. Four patients failed to
complete measurements at 12 months, due to intercurrent illness or non-compliance
with preparations. For FMD, a further 7 cases were excluded from comparative
analyses due to inadequate FMD image quality at either time point. ME/CFS, Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome; FMD, Flow-mediated dilation; PORH,
Post-occlusive reactive hyperemia. Italics denote statistically significant values.

compared to diameter at rest was higher in the ME group (25.3%)
than the reference group (21.2%) (p = 0.02), showing intact
ability to dilate vessels adequately.
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A Flow-mediated dilation, baseline
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FIGURE 1 | (A) Baseline values for flow-mediated dilation (FMD) in patients and reference group of healthy women. FMD is expressed as dilation in per cent in
response to 5 min occlusion. (B) Baseline values for post-occlusive reactive hyperemia (PORH) in patients and reference group of healthy controls. PORH is expressed
as increase in perfusion units during the first 2 min after cuff release. One healthy control outlier at 8,158 p.u. is not shown, but is included in the analysis.
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TABLE 4 | Correlations between vascular measures and laboratory and clinical
parameters.

FMD? PORHP

Spearman’s Spearman’s

rho rho
Clinical Age, years —0.289 —0.380
parameters  Body mass index, kg/m? —0.139 —0.098
Total function level, per cent® 0.009 0.128
Short Form-36 Physical Function score®  —0.076 0.259

Steps per 24 h® —0.09 0.21
Laboratory Arginine, WM 0.048 0.253
parameters  Asymmetric dimethylarginine, pM 0.022 0.050
Symmetrical dimethylarginine, uM —0.470* 0.255
Homoarginine, uM —-0.017 0.272
High-sensitivity C-reactive protein, pM —0.089 0.073

aFlow-mediated dilation at baseline. PPost-occlusive reactive hyperemia at baseline.
*D < 0.05. °Self-reported; range 0-100%. “Raw score; range 0~100. €Measured by
Sensewear® armband for 5-7 consecutive days.

Post-Occlusive Reactive Hyperemia

Median PORH at baseline was significantly lower for patients
compared to healthy individuals; 1,331 vs. 1,886 perfusion units,
p = 0.003 (Table 2, Figure 1B). PORH <1,000 p.u. was present
in 11 (28%) of the ME group and only in one individual in the
reference group (3.5%).

Relation to ME/CFS Severity and Duration

There were no statistically significant associations between FMD
or PORH and age, BMI or ME/CFS severity measured by
clinical assessment, self-reported function level or SF-36 Physical
Function, disease duration, or number of steps per 24 h (Table 4).

Correlation Between FMD and PORH

There was no significant correlation between measured FMD and
PORH in the patient group at baseline (r = —0.12, p = 0.47) or
between changes in FMD and PORH from baseline to 12 months
(r=0.12,p = 0.53).

Changes in Endothelial Function and

Association With Symptom Change

Although 22 of the 40 patients reported clinical response after
cyclophosphamide treatment (29), our data did not reveal any
statistically significant changes in endothelial function (FMD
or PORH) from baseline to 12 months (Only patients with
values for both timepoints included, and analyzed by Wilcoxon
signed ranks test) (Table 3, Figures 2A,B). Furthermore, GLM
repeated measures analyses showed no significant differences
in changes of endothelial function (FMD or PORH) from
baseline to 12 months, between responders and non-responders
after cyclophosphamide treatment, i.e., there were no significant
differences assessed by the interaction term response group-by-
time (Figures 2C,D).

Biological Markers of Endothelial

Dysfunction

There was no statistically significant difference between ME/CES
patients and healthy controls for arginine, homoarginine,
ADMA, or hs-CRP. For SDMA, which is considered a risk
marker for endothelial dysfunction and cardiovascular disease,
the ME/CFS group had a significantly lower mean serum level
than healthy controls (0.54 vs. 0.63, p = 0.014; Table 5). However,
correlation analyses showed a significant inverse correlation
between SDMA levels and FMD values, indicating a relationship
between high SDMA levels and low FMD (Table 4).
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Flow-Mediated Dilation,
baseline vs. 12 months
(n=27)

1
Baseline 12 months

C

Flow-Mediated Dilation at baseline and 12 months,
by response group

FMD (%, mean, 95%Cl)
N

Interaction time*treatment group: P=0.65
14  Time effect: P=0.89

Baseline 12 months

—e— No response, n=14
—=— Response, n=16

FIGURE 2 | (A) Flow-mediated dilation at baseline and at 12 months. (B) Post-occlusive reactive hyperemia at baseline and at 12 months. (C) Flow-mediated dilation
at baseline and at 12 months, by response group. GLM repeated measures with clinical response as between-subjects factor. (D) Post-occlusive reactive hyperemia
at baseline and at 12 months, by response group. GLM repeated measures with clinical response as between-subjects factor.
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DISCUSSION

This study investigated endothelial function in ME/CFS, and was
the first to describe the changes in endothelial function before
and after therapeutic intervention with IV cyclophosphamide in
ME/CEFS patients. Endothelial function measurements at baseline
indicated that at the group level, the patients had significantly
reduced large and small vessel endothelial function compared to
healthy individuals, in line with results from previous studies (16,
17). Although more than half of the patients met the criteria for
clinical response during the study, we were unable to detect any
significant associations between clinical response and changes in
endothelial function from baseline to 12 months follow-up.

A strength of this study was the inclusion and rigorous
follow-up of well-characterized ME/CFS patients who fulfilled
the Canadian consensus criteria. We used two complementary
methods to measure different aspects of endothelial function.

Flow-mediated dilation (FMD) is the “gold-standard” method
for large vessel endothelial function assessment (21), and
the measurements have followed a well-established protocol.
However, FMD is a challenging and operator-dependent
technique, which is subject to interpretive error. After images
of suboptimal quality were excluded from analyses, inter-
observer variability in this study was good to excellent. The
measurements of post-occlusive reactive hyperemia (PORH) by
Doppler laser are less operator-dependent, but studies show
varying reproducibility (46, 47). Assessments were well-tolerated
by the patients.

One weakness of the study was a possible inclusion bias. The
participants were recruited for the primary purpose of a clinical,
open-label drug trial, which excluded patients with either mild
or very severe disease. The sample size was relatively small, but
comparable to other studies using these methods. Due to the
exploratory nature of the study, no power calculation or sample
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TABLE 5 | Serum levels of metabolites that may affect endothelial function, in
ME/CFS patients and healthy controls.

Biological markers of ME/CFS? HCP P-value®

endothelial function. pM, n =40 n =30

median (range)

Arginine 80.83 85.63 0.20

(51.88-129.81) (52.38-136.40)

Asymmetric dimethylarginine 0.55 0.50 0.11
(0.31-0.78) (0.34-0.69)

Symmetrical dimethylarginine 0.54 0.63 0.014*
(0.38-0.78) (0.27-0.79)

Homoarginine 1.76 1.94 0.19
(0.64-3.53) (0.90-4.24)

High-sensitivity C-reactive 0.35 0.53 0.38

protein (0.00-4.51) (0.00-6.20)

aME/CFS patients, non-fasting. "Hea/thy controls, non-fasting. ¢P-values from Mann—
Whitney tests; *p < 0.05.

size assessment was performed for the purpose of the endothelial
function analyses, and the study may be underpowered to detect
significant correlations. The study did not include a designated
control group, but relied on endothelial function data from
healthy individuals included as control groups for two other
studies, one of which consisted of women only. However, the
median FMD values for men and women in the ME group were
identical. Severity and response evaluations were largely based
on physicians’ assessments and patient self-report. Although
patient-reported outcome measures are vital in order to capture
the patient perspective, the study could have benefited from more
objective parameters. By way of objective functional assessments,
we performed activity monitoring using a Sensewear armband
for 5-7 days at three designated time points, and we found that
the patient-reported parameters correlated well with changes in
activity level.

The level of physical activity of the healthy individuals was
not recorded, so we have not been able to control for the effects
of a sedentary or active lifestyle. A 2017 meta-analysis of the
effects of exercise training on brachial artery FMD concluded
that exercise training, particularly in patients with established
cardiovascular disease, overweight/obesity and hypertension,
contributed to a significant increase in FMD (48). However,
patient inactivity alone is not a plausible main mechanism for
the observed reduced endothelial dysfunction. For example,
studies on vascular function in patients with rheumatoid arthritis
suggested that the peripheral vasculature was adversely affected
by sedentary behavior in these patients, while sedentary behavior
was not predictive of endothelial dysfunction of the large vessels
(49). Furthermore, we found no significant association between
endothelial dysfunction and disease severity, SF-36 Physical
Function scores or physical activity measured by steps per 24 h.

In our study, there was no correlation between microvascular
and brachial artery endothelial function. This finding was
expected, as a poor or absent correlation between FMD and
PORH has also been reported in other diseases (47, 49) and
in healthy individuals (46, 50). This could be explained by
the different mechanisms behind the two measures. While

the vasodilator nitric oxide (NO) is the principal mediator of
FMD (21, 22), PORH represents a more complex response
which is believed to involve metabolic vasodilators, endothelial
vasodilators, sensory nerves and myogenic response to shear
stress (23, 51, 52).

While endothelial function measurements are of interest on
a group level, in our data there was a broad overlap between
patients and controls, as well as a lack of correlation with
symptom severity. Further studies and validation would certainly
be required if FMD or PORH testing of ME/CFS patients
were to be applied in a clinical or diagnostic setting. The lack
of correlation between symptom improvement and changes
in endothelial function could imply that reduced endothelial
function, although present in a subgroup of ME/CES patients,
does not relate directly to the underlying pathomechanism of
the disease. It is, however, also conceivable that the sample size
is insufficient to detect correlations with symptom severity and
improvement, such as reported by Scherbakov et al. (17).

One might speculate that endothelial dysfunction in ME/CFS
could be associated with inadequate autoregulation of blood
flow according to the demands of tissues, with resulting local
hypoxia and lactate accumulation upon limited exertion. The
clinical symptoms of ME/CFS suggest inadequate regulation of
autonomic functions including blood flow. In a recent study of
invasive cardiopulmonary exercise testing in upright position
in ME/CES patients, two types of peripheral neurovascular
dysregulation were demonstrated; reduced cardiac output due
to impaired venous return with low ventricular filling pressure
(“preload failure”), and arterio-venous shunting with impaired
peripheral oxygen extraction (53). These physiological changes
are plausible contributors to several hallmark symptoms of
ME/CEFS, such as post-exertional malaise, and are associated with
microcirculatory dysregulation, possibly related to small-fiber
neuropathy (53).

Measures of known metabolites associated with endothelial
function in cardiovascular diseases (Arg, hArg, ADMA, and
SDMA) showed no significant differences between ME/CFS
patients and healthy controls. This may argue for a different
mechanism underlying the observed endothelial dysfunction in
ME/CEFS. We speculate that among ME/CFS patients, many of
whom are relatively young women, the endothelial dysfunction
could be related to an initial abnormal immune response, rather
than atherosclerosis.

Further research is required in order to reach firm conclusions
on any possible associations between ME/CFS symptoms and
endothelial function. Future studies should aim to integrate
objective activity measures as a supplement to validated
patient-reported outcome measures, in order to control for the
effect of physical activity or inactivity.

In conclusion, this study showed an association between
ME/CEFS and reduced endothelial function, both in large vessels
assessed by FMD, and in small vessels by PORH. In this
relatively small study, there were no significant associations
between clinical response after cyclophosphamide and changes
in FMD or PORH. Continued research efforts are warranted to
further understand the possible circulatory disturbances involved
in ME/CEFS.
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