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A B S T R A C T   

Background: Orthostatic intolerance (OI) is a core diagnostic criterion in myalgic encephalomyelitis/chronic 
fatigue syndrome (ME/CFS). The majority of ME/CFS patients have no evidence of hypotension or postural 
orthostatic tachycardia syndrome (POTS) during head-up tilt, but do show a significantly larger reduction in 
stroke volume index (SVI) when upright compared to controls. Theoretically a reduction in SVI should be 
accompanied by a compensatory increase in heart rate (HR). When there is an incomplete compensatory increase 
in HR, this is considered chronotropic incompetence. This study explored the relationship between HR and SVI to 
determine whether chronotropic incompetence was present during tilt testing in ME/CFS patients. 
Methods: From a database of individuals who had undergone tilt testing with Doppler measurements for SVI both 
supine and end-tilt, we selected ME/CFS patients and healthy controls (HC) who had no evidence of POTS or 
hypotension during the test. To determine the relation between the HR increase and SVI decrease during the tilt 
test in patients, we calculated the 95% prediction intervals of this relation in HC. Chronotropic incompetence in 
patients was defined as a HR increase below the lower limit of the 95th % prediction interval of the HR increase 
in HC. 
Results: We compared 362 ME/CFS patients with 52 HC. At end-tilt, tilt lasting for 15 (4) min, ME/CFS patients 
had a significantly lower SVI (22 (4) vs. 27 (4) ml/m2; p < 0.0001) and a higher HR (87 (11) vs. 78 (15) bpm; p 
< 0.0001) compared to HC. There was a similar relationship between HR and SVI between ME/CFS patients and 
HC in the supine position. During tilt ME/CFS patients had a lower HR for a given SVI; 37% had an inadequate 
HR increase. Chronotropic incompetence was more common in more severely affected ME/CFS patients. 
Conclusion: These novel findings represent the first description of orthostatic chronotropic incompetence during 
tilt testing in ME/CFS patients.   

1. Introduction 

Orthostatic intolerance (OI) is defined as a clinical condition in 
which symptoms—like dizziness, fatigue, pain, and memory and con-
centration problems—worsen upon assuming and maintaining upright 
posture and are ameliorated by recumbency (Gerrity et al., 2002). OI is a 
core feature of myalgic encephalomyelitis/chronic fatigue syndrome 
(Institute of Medicine Iom, 2015). Based on heart rate (HR) and blood 
pressure (BP) changes during orthostatic stress tests, a variety of he-
modynamic abnormalities can be diagnosed, including classical or 
delayed orthostatic hypotension (cOH, dOH), postural orthostatic 

tachycardia syndrome (POTS), and syncope (Fedorowski et al., 2009; 
Sheldon et al., 2015; Shen et al., 2017). 

In earlier work, using extracranial Doppler measurements of blood 
flow through the internal carotid and vertebral arteries, we calculated 
cerebral blood flow (CBF) supine and upright (van Campen et al., 
2020b). Compared to supine values, adults with ME/CFS experienced a 
highly significant mean 26% reduction in CBF at the end of 30 min of 
head-up tilt compared to a 7% reduction in healthy controls. Based on 
the mean and 2 standard deviations of the healthy controls, the lower 
limit of normal was set at a CBF reduction of 13%. Using this criterion, 
90% of ME/CFS patients met criteria for reduced CBF during upright tilt. 

Abbreviations: ME/CFS, myalgic encephalomyelitis/chronic fatigue syndrome; HR, heart rate; CI, Cardiac Index; SVI, stroke volume index; CBF, cerebral blood 
flow; BP, blood pressure; POTS, postural orthostatic tachycardia syndrome; OH, orthostatic hypotension; OI, orthostatic intolerance. 
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Within the ME/CFS group, 28% developed POTS, 14% dOH, and 58% 
had neither excessive tachycardia nor hypotension, indicating hetero-
geneity within the ME/CFS population. Understanding the pathophysi-
ologic differences between these groups will be important for ensuring 
effective treatment. 

In a previous study, focusing on the patients with neither tachycardia 
nor hypotension during head-up tilt, we observed a similar increase in 
HR in both ME/CFS patients and in healthy controls. However, there was 
a large and significant mean group difference in stroke volume index 
(SVI) in those with ME/CFS (percent SVI reductions of 35 (9)% in pa-
tients and 28 (10)% in healthy controls: p < 0.0001) (van Campen and 
Visser, 2018a). Theoretically, any decrease in stroke volume should be 
compensated by a concordant increase in HR. The absence of an 
adequate HR compensation would be consistent with chronotropic 
incompetence, a phenomenon that has been reported in response to 
exercise in ME/CFS (Inbar et al., 2001; Vanness et al., 2003; Davenport 
et al., 2019; Cook et al., 2022), but to our knowledge has not been 
examined in response to orthostatic stress. Based on the observation of a 
larger SVI reduction in combination with a similar increase in HR of 
ME/CFS patients versus healthy controls during a tilt test and based on 
the observation that chronotropic incompetence was described in 
ME/CFS patients during exercise, we hypothesized that chronotropic 
incompetence is also present during a tilt test in ME/CFS patients. 
Therefore, in this study we examined in greater detail the relationship 
between HR and SVI in individual patients, as we have previously 
described in ME/CFS patients at rest (van Campen and Visser, 2022). 
Our results identify an attenuated HR response to upright tilt that is 
consistent with chronotropic incompetence. 

2. Patient, material and methods 

Eligible patients and controls were drawn from the database of in-
dividuals who had participated in studies conducted at the Stichting 
CardioZorg, an outpatient cardiology clinic specializing in the care of 
those with ME/CFS. We included individuals who had been seen be-
tween October 2012 to December 2020 and who underwent a head-up 
tilt table test. During the first visit, we determined by history taking of 
the treating physician whether patients satisfied the criteria for CFS 
(Fukuda et al., 1994) and ME (Carruthers et al., 2011), taking the 
exclusion criteria into account. No other illnesses provided a sufficient 
alternative explanation of the symptomatology. Patients were selected 
for analysis if the tilt test Doppler data for SVI and CI were available in 
both supine and tilted positions. Patients were excluded from the anal-
ysis if they were being treated with drugs influencing HR or BP at the 
time of the tilt testing. For comparison healthy controls were also 
studied. Healthy controls were recruited from three sources: (a) an-
nouncements on ME/CFS patient advocacy websites, (b) posters in the 
medical clinic’s office building, and (c) healthy acquaintances of the 
ME/CFS participants. Healthy controls were also asked for daily life OI 
symptoms. Subjects in whom no abnormalities were documented during 
evaluation in our clinic for syncope or other cardiologic diseases, were 
not eligible to be considered healthy controls. To improve the hemo-
dynamic similarity between ME/CFS cases and healthy controls, we 
elected to include only those from each group who had no evidence of 
postural orthostatic tachycardia syndrome (POTS) or orthostatic hypo-
tension (OH)during the test. 

The study was carried out in accordance with the Declaration of 
Helsinki. All ME/CFS participants and healthy controls gave informed, 
written consent. The study was approved by the medical ethics com-
mittee of the Slotervaart Hospital, Amsterdam, for healthy controls 
P1450 and for ME/CFS patients P1736. 

2.1. Tilt test protocol 

Measurements were performed as described previously (van Campen 
et al., 2018b; van Campen et al., 2020b). Briefly, all participants were 

positioned supine for 20 min before being tilted head-up to 70 degrees 
for a maximum of 30 min. The tilt duration was determined by patient 
wellbeing and symptomatology; with increasing severity of symptoms 
patients were tilted back either at their request or at our discretion to 
avoid syncope. As the aim of the tilt test was quantification of orthostatic 
intolerance, not provocation of syncope, this approach did not interfere 
with that goal but led to a shorter tilt duration (15 min in the ME/CFS 
group). Because healthy controls tolerated upright tilt longer than the 
patients, to provide a closer comparison to the ME/CFS patient tilt 
duration, for controls we used the mid-tilt image acquisition, which was 
started at 13 (3) min post onset of tilt and ended at 17 (4) min post onset 
of tilt. After the Doppler data acquisition during the upright phase of the 
tilt test, patients were tilted back to the horizontal position. HR, systolic, 
and diastolic blood pressures (SBP, DBP) were continuously recorded by 
finger plethysmography (Eeftinck Schattenkerk et al., 2009; Martina 
et al., 2012). After the test, HR and BP’s were extracted from the device 
and imported into an Excel spreadsheet. 

To fulfill the criteria of a normal HR and BP response in all partici-
pants, the HR increase during tilt testing had to be less than 30 bpm, and 
the reductions in BP had to be less than 20 mm Hg systolic, and less than 
10 mm Hg diastolic, in accordance with the definitions of POTS and OH 
in consensus statements (Fedorowski et al., 2009; Freeman et al., 2011; 
Sheldon et al., 2015). 

2.2. Doppler echocardiographic measurements 

Time velocity integral (VTI) frames were obtained in the resting 
supine position and while upright in the final minutes of the 30-minute 
tilt. The aortic VTI was measured using a continuous wave Doppler 
pencil probe connected to a Vivid I machine (GE, Hoevelaken, NL) with 
the transducer positioned in the suprasternal notch. A 2 MHz frequency 
range, non-imaging pencil probe was used with a 17 mm footprint. A 
maximal Doppler signal was assumed to be the optimal flow alignment. 
At least 2 frames of 6 s were obtained. Echo Doppler recordings were 
stored digitally. The VTI was measured off-line by manual tracing of at 
least 6 cardiac cycles, using the GE EchoPac post-processing software. 
This was performed by one operator (CMCvC). The outflow tract was 
manually drawn just below the valve insertion in the parasternal long- 
axis view of a previously made echocardiogram and the cross- 
sectional area calculated. As the outflow tract is not circular but ellip-
soid with the long axis median to lateral and the short axis anterior to 
posterior, we used the data of Maes et al. (2017) to correct for the 
overestimation by the circular shape of the ellipsoid ventricular outflow 
tract calculation. In their study the overestimation of the outflow tract 
area, using the circular calculation by transthoracic echocardiography, 
was 24.5%. Therefore, we reduced the outflow tract area by 25%. SVI 
was calculated by the equation: corrected left ventricular outflow tract 
cross-sectional area times the aortic VTI, divided by the body surface 
area (BSA; DuBois formula). SVI’s of the separate cardiac cycles were 
averaged. CI was calculated as: HR times SVI. 

2.3. Extracranial Doppler: cerebral blood flow measurements 

Measurements were performed as described previously (van Campen 
et al., 2020b; van Campen et al., 2018a). Internal carotid artery and 
vertebral artery Doppler flow velocity frames were acquired by one 
operator (FCV), using a Vivid-I system (GE Healthcare, Hoevelaken, the 
Netherlands) equipped with a 6–13 MHz linear transducer. Frames were 
recorded in the supine position approximately 8 min before the onset of 
the tilt period and while upright at the end of the tilt period. Blood flow 
of the internal carotid and vertebral arteries was calculated offline by an 
investigator (CMCvC) who was unaware of the patient severity status. 
Blood flow in each vessel was calculated from the mean blood flow 
velocities times the vessel cross-sectional area and expressed in ml/mi-
nute. Flow in the individual arteries was calculated in 3–6 cardiac cycles 
and data were averaged. Total CBF was calculated by adding the flow of 
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the four arteries. 

2.4. Determination of chronotropic incompetence 

For this study, in the absence of a published definition of chrono-
tropic incompetence during tilt testing, we conservatively classified 
patients as having chronotropic incompetence if they had a HR below 
the lower 95th percentile of the prediction limits for HR change for a 
given SVI change between supine and standing in healthy controls. 

2.5. International Consensus Criteria (ICC) severity of disease 

To classify ME/CFS severity, we used the ICC criteria. Mild severity 
required an approximate 50% reduction in pre-illness activity level. 
Moderate severity required patients to be mostly housebound. Severe 
patients were mostly bedridden and very severe patients were totally 
bedridden and needed help with basic functions (Carruthers et al., 
2011). Very severe patients were excluded because they were unable to 
tolerate tilt testing. We have confirmed that the ICC severity classifica-
tion is valid and correlates with objective measures of physical function, 
including number of steps per day and exercise capacity on cardiopul-
monary exercise testing (van Campen et al., 2020a). 

2.6. Statistical analysis 

Data were analyzed using the statistical package of Graphpad Prism 
version 6.05 (Graphpad software, La Jolla, California, USA). All 
continuous data were tested for normal distribution using the 
D′Agostino & Pearson omnibus normality test and by visual inspection 
of the histograms. Data were presented as mean and standard deviation 
(SD) or as median with the interquartile range (IQR) where appropriate. 
Nominal data were compared using the Chi-square test. Baseline char-
acteristics and hemodynamic data of groups were compared using Stu-
dents t-test for unpaired data or by the Wilcoxon signed ranks test, 
where appropriate. The HR and SVI were correlated for patients and 
controls in both supine and upright positions, using linear regression. 
The slopes of the regression lines were compared using the statistical 
package of the Graphpad Prism software. The 95% prediction limits of a 
HR change for a given SVI change in healthy controls were calculated 
using Excel. These calculations of the upper and lower limits of the 
healthy controls formed the basis for the determination whether the HR 
increase in patients were within limits of the HR increase of healthy 
controls. The calculations are presented in appendix A. We also per-
formed a regression analysis of the change between supine and standing 
for SVI versus the change in HR in both ME/CFS patients and in healthy 
controls. Due to the number of comparisons, we choose a conservative p- 
value of < 0.01 to be statistically significant. 

Fig. 1. Subject flow. Legend to Fig. 1: ME/CFS: myalgic encephalomyelitis/chronic fatigue syndrome; HC: healthy controls.  
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3. Results 

3.1. Participants 

Fig. 1 illustrates the selection of patients for this study. Of the 977 
patients evaluated in the Stichting CardioZorg between 2012 and 2020, 
378 were excluded for the following reasons: 186 had no hemodynamic 
echo Doppler data during the standing period of the tilt test, 48 were 
excluded due to poor image quality, 113 due to the rapidity and severity 
of symptom exacerbations that made acquisition of Doppler data 
impossible and 31 because of the use of HR and/or BP lowering medi-
cation at the time of the tilt test. Of the 599 who had adequate image 
data for analysis, 237 others were not analyzed, 22 with orthostatic 
hypotension and 215 with POTS. This left 362 ME/CFS patients (55 
male, 307 female) with no evidence of POTS or hypotension on tilt 
testing for analysis. From the database, we identified 58 healthy controls 
who had participated in studies, 52 of whom had complete hemody-
namic and Doppler data of sufficient quality during the supine and up-
right positions to include in the analysis. 

3.2. Demographic and hemodynamic results 

Table 1 displays the baseline characteristics of the study population. 
No significant differences between ME/CFS patients and healthy con-
trols were identified for age, sex, height, weight, or BMI. All patients 
fulfilled the CFS criteria and 261 had typical ME (72%), 101 (28%) had 
atypical ME. Using the ICC definition of disease severity, 117 patients 
were graded as having mild, 198 patients as moderate and 47 patients as 
severe ME/CFS. Tilt duration in patients was slightly shorter than in 
healthy controls, with a mean tilt duration of 15 (4) minutes versus 17 
(5) in healthy controls (mid-tilt duration). 

Table 2 shows the hemodynamic head-up tilt test results of healthy 
controls and ME/CFS patients. End-tilt HR was significantly higher than 
supine HR both in healthy controls and in ME/CFS patients (both 
p < 0.0001 with paired t-test). Supine HR and end-tilt HR were signif-
icantly higher in ME/CFS patients than in healthy controls (both 
p < 0.0001). SVI at end-tilt was significantly lower than supine SVI in 
healthy controls and in ME/CFS patients (both p < 0.0001 with paired t- 
test). End-tilt SVI was significantly higher in healthy controls than in 
ME/CFS patients (p < 0.0001). Supine CI was significantly higher than 
end-tilt CI both in healthy controls and in ME/CFS patients (both 
p < 0.0001 with paired t-test). Supine CI was higher in ME/CFS patients 
than in healthy controls (p < 0.0001) and end-tilt CI was significantly 
lower in ME/CFS patients than in healthy controls (p = 0.0004). Supine 
and end-tilt SBP were not different in healthy controls and ME/CFS 
patients. End-tilt DBP was lower in healthy controls than in ME/CFS 
patients (p = 0.002). End-tilt CBF was significantly lower than supine 
CBF in ME/CFS patients (p < 0.0001), and ME/CFS patients had 
significantly lower end-tilt CBF compared to healthy controls. Fig. 2 

shows the graphical representation of the change in HR (supine minus 
end-tilt) and the change in SVI (end-tilt minus supine). The change in 
stroke volume index was significantly larger in ME/CFS patients than in 
healthy controls (p < 0.0001). 

3.3. Correlations between HR and SVI 

Fig. 3 shows the correlation between SVI and HR in the supine and 
end-tilt positions in healthy controls and ME/CFS patients. All regres-
sion lines were significant showing that with increasing SVI there is a 
decrease in HR. Fig. 3A shows the supine SVI-HR relation and the 95% 
prediction values of healthy controls, Fig. 3B shows the regression data 
at the end-tilt in this group. Fig. 3C shows the regression line of supine 
data in ME/CFS patients and the 95% prediction intervals of the healthy 
controls, and Fig. 3D the SVI-HR regression data at end-tilt in ME/CFS 
patients. Table 3 shows the statistical comparison between the slopes of 
the regression lines, as determined by GraphPad Prism. The slopes of the 
supine SVI-HR regression lines were not different between healthy 
controls and ME/CFS patients. At end-tilt the slope of the regression line 
in healthy controls was higher than in ME/CFS patients: p = 0.0063. In 
healthy controls the slope of the SVI-HR regression line at end-tilt was 
significantly higher (p = 0.0095) than the slope of the supine SVI-HR 
relation. In ME/CFS patients the slope of the SVI-HR regression line 

Table 1 
Baseline characteristics of healthy controls (HC) and ME/CFS patients.   

HC (n = 52) ME/CFS (n = 362) p-value 

Male/femalea 10/42 55/307  0.42 
Age (years) 39 (15) 42 (12)  0.15 
Height (cm) 173 (9) 171 (9)  0.12 
Weight (kg) 74 (15) 75 (18)  0.66 
BMI (kg/m2) 24.5 (4.3) 25.3 (5.6)  0.20 
BSA (m2) 1.87 (0.21) 1.86 (0.22)  0.82 
Patients fulfilling CFS criteria NA 362 (100%)   
Patients with typical/atypical ME NA 262/101 (72/28%)   
Disease duration (years) # NA 11.5 (6–20)    

a Chi-square 2 × 2 analysis; # Median (IQR); BMI: body mass index: BSA: body 
surface area (formula duBois); HC: healthy controls; ME/CFS: myalgic enceph-
alomyelitis/chronic fatigue syndrome. A p-value of < 0.01 is considered statis-
tically significant. 

Table 2 
Hemodynamic results of head-up tilt testing of healthy controls (HC) and ME/ 
CFS patients.   

HC (n = 52) ME/CFS (n = 362) Unpaired t-test 

HR supine (bpm) 64 (10) 72 (11) < 0.0001 
HR end-tilt (bpm) 78 (15) 87 (11) < 0.0001 
SBP supine (mmHg) 134 (15) 138 (18) 0.17 
SBP end-tilt (mmHg) 127 (14) 135 (19) 0.008 
DBP supine (mmHg) 79 (7) 80 (10) 0.49 
DBP end-tilt (mmHg) 81 (8) 86 (11) 0.002 
SVI supine (ml/m2) 37 (5) 37 (6) 0.31 
SVI end-tilt (ml/m2) 27 (4) 22 (4) < 0.0001 
CI supine (L/min/m2) 2.30 (0.35) 2.58 (0.43) < 0.0001 
CI end-tilt (L/min/m2) 2.04 (0.28) 1.86 (0.34) 0.0004 
CBF supine (ml/min) 622 (82) 612 (100) 0.50 
CBF end-tilt (ml/min) 584 (80) 451 (89) < 0.0001 

CBF: cerebral blood flow; CI: cardiac index; DBP: diastolic blood pressure; end- 
tilt: upright measurements just before tilting the subject back to supine; HC: 
healthy controls; HR: heart rate; ME/CFS: myalgic encephalomyelitis/chronic 
fatigue syndrome; SBP: systolic blood pressure; SVI: stroke volume index. A p- 
value of < 0.01 is considered significant. 

Fig. 2. Change in heart rate and stroke volume index in healthy controls and 
ME/CFS patients. Legend to Fig. 2: delta HR: change in heart rate during the tilt 
(supine minus end-tilt); delta SVI: stroke volume index decrease during the tilt 
(end-tilt minus supine); ME/CFS: myalgic encephalomyelitis/chronic fa-
tigue syndrome. 
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was not different between supine and end-tilt: p = 0.045 (considering a 
p value <0.01 to be significant). 

Fig. 4 shows the correlations of the delta HR (difference in HR end- 
tilt minus supine) versus the delta SVI (SVI end-tilt minus supine) be-
tween healthy controls and ME/CFS patients. Within-group correlations 
were both highly significant (p < 0.0001). However, the slope of the 
relation between changes in SVI versus the change in HR was signifi-
cantly lower in ME/CFS patients than in healthy controls: p < 0.0006. 
This indicates that for a given change in SVI the increase in heart rate is 
lower in ME/CFS patients than in controls. 

Taking the 95% prediction intervals of the HR increase of healthy 

controls as the normal HR increase to a given SVI reduction, 134 of 362 
ME/CFS patients (37%) had a HR change below the lower 95th 
percentile prediction interval for a given change in SVI, consistent with 
an inadequate chronotropic response. When using the lower 80% pre-
diction values, as used in cardiopulmonary stress tests (Inbar et al., 
2001; Vanness et al., 2003; Davenport et al., 2019; Cook et al., 2022) the 
number of patients with chronotropic incompetence increased to 206 of 
362 (57%). The distinction between patients with and without chrono-
tropic incompetence could not be derived from the single supine or the 
end-tilt data of patients but only when measuring the change in HR and 
SVI (data not shown). 

Fig. 3. Correlations between heart rate and stroke volume index supine and at end-tilt in healthy controls and ME/CFS patients and the 95% prediction values of the 
heart rate of healthy controls. Legend to Fig. 3: The blue lines indicate the lower and upper limit values of the 95% prediction intervals of the heart rate supine and 
end-tilt of healthy controls. The middle blue line in Figs. A and B is the regression line in healthy controls, the red line in Figures CD is the regression line in ME/CFS 
patients. ME/CFS: myalgic encephalomyelitis/chronic fatigue syndrome. 

Table 3 
Differences in the stroke volume index – heart rate correlation between healthy controls and ME/CFS patients and between supine and end-tilt.  

Correlations supine healthy controls versus ME/CFS patients Slope difference 

Healthy Controls ME/CFS patients p-value 

Correlation supine R and p-value Correlation supine R and p-value  
Y = − 0,9769 *X + 99,18 0.52; < 0.0001 Y = − 0,7510 *X + 97,86 0.42; < 0.0001 0.39 
Correlations end-tilt healthy controls versus ME/CFS patients  
Correlation end-tilt R and p-value Correlation end-tilt R and p-value  
Y = − 1968 *X + 130,7 0.68; < 0.0001 Y = − 1066 *X + 108,4 0.39; < 0.0001 0.0063  

Correlations healthy controls: supine versus end-tilt Slope difference 

Supine End-tilt p-value 

Correlation R and p-value Correlation R and p-value  
Y = − 0,9769 *X + 99,18 0.52; < 0.0001 Y = − 1968 *X + 130,7 0.68; < 0.0001 0.0095 
Correlations ME/CFS patients: supine versus end-tilt  
correlation R and p-value correlation R and p-value  
Y = − 0,7510 *X + 97,86 0.42; < 0.0001 Y = − 1066 *X + 108,4 0.39; < 0.0001 0.045 

ME/CFS: myalgic encephalomyelitis. X = stroke volume index, Y = heart rate; A p-value of < 0.01 is considered statistically significant. 
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3.4. Differences between ME/CFS patients with and without chronotropic 
incompetence 

We explored whether there were any differences between ME/CFS 
patients who did or did not met the study definition for chronotropic 
incompetence during tilt testing. Table 4 shows that the only difference 
in baseline characteristics was that the group with chronotropic 
incompetence was more likely to meet the ICC classification for severe 
disease. 

Table 5 shows the results of the hemodynamics of the ME/CFS pa-
tients with and without chronotropic incompetence. End-tilt HR was 
significantly higher than supine HR in both groups (both p < 0.0001 
with paired t-test), and end-tilt HR was significantly higher in the group 
without chronotropic incompetence than in the group with chronotropic 
incompetence (p < 0.0001). Supine SVI and end-tilt SVI were signifi-
cantly higher in the patients with chronotropic incompetence compared 
to the patients without chronotropic incompetence (both p < 0.0001). 
End-tilt SVI was significantly lower than supine SVI in both groups (both 
p < 0.0001 with paired t-test). Supine CI was significantly higher in 
patients with chronotropic incompetence than patients without 

(p < 0.0001). In both patient groups end-tilt CI was significantly lower 
than supine CI (both p < 0.0001 with paired t-test). SBP was not 
significantly different. End-tilt CBF was significantly lower than supine 
CBF in both groups (both p < 0.0001 with paired t-test). Fig. 5 shows the 
graphical representation of the change in HR (supine minus end-tilt) and 
the change in SVI (end-tilt minus supine) in patients with and without 
chronotropic incompetence. As expected, the change in HR was signif-
icantly larger in patients without chronotropic incompetence than in 
patients with chronotropic incompetence: p < 0.0001. In contrast, the 
stroke volume index reduction during the tilt was larger in patients with 

Fig. 4. Correlations of the delta heart rate and the delta stroke volume index of 
healthy controls and ME/CFS patients. Legend to Fig. 4: The 95% prediction 
intervals (PI) of the relation of the stroke volume index decrease during the tilt 
versus the heart rate increase during the tilt in healthy controls, indicated by 
the two green lines. The blue line indicates the regression line of the relation 
SVI decrease versus the heart rate increase in healthy controls, the red line the 
same regression in ME/CFS patients. The gray area shows the ME/CFS patients 
with an abnormally low HR increase for the decrease in stroke volume index, 
meeting the study definition of chronotropic incompetence. Delta HR: heart 
rate increase during the tilt; delta SVI: stroke volume index decrease during the 
tilt; ME/CFS: myalgic encephalomyelitis/chronic fatigue syndrome. 

Table 4 
Comparison of baseline characteristics ME/CFS patients with and without 
orthostatic chronotropic incompetence.   

Chronotropic 
Incompetence +
n = 134 

Chronotropic 
Incompetence - 
n = 228 

p- 
value 

Male/femalea 19/115 (14/86%) 36/192 (16/84%)  0.68 
Age (years) 43 (12) 41 (12)  0.08 
Height (cm) 172 (9) 171 (8)  0.35 
Weight (kg) 73 (17) 75 (18)  0.32 
BMI (kg/m2) 24.9 (5.2) 25.9 (5.8)  0.11 
BSA (m2) 1.85 (0.23) 1.86 (0.21)  0.81 
Disease duration 

(years)b 
11 (6–20) 12 (6.25–20)  0.50 

Severity (mild/ 
moderate/severe)a 

34/73/27 
(25/54/20%) 

83/125/20 
(36/55/9%)  

0.003  

a Chi-square 2 × 2 or 3 × 2 analysis; 
b Median (IQR); BMI: body mass index: BSA: body surface area (formula 

duBois); ME/CFS: myalgic encephalomyelitis/chronic fatigue syndrome. A p- 
value of < 0.01 is considered statistically significant. 

Table 5 
Hemodynamic results of ME/CFS patients with and without orthostatic chro-
notropic incompetence.   

Chronotropic 
Incompetence + Group 
1 n = 134 

Chronotropic 
incompetence -Group 
2 n = 228 

Unpaired t- 
test 

HR supine 
(bpm) 

72 (11) 73 (11) 0.50 

HR end-tilt 
(bpm) 

82 (9) 90 (11) < 0.0001 

SBP supine 
(mmHg) 

139 (19) 138 (18) 0.61 

SBP end-tilt 
(mmHg) 

137 (21) 133 (18) 0.03 

DBP supine 
(mmHg) 

80 (11) 80 (10) 1.00 

DBP end-tilt 
(mmHg) 

87 (12) 86 (11) 0.69 

SVI supine 
(ml/m2) 

41 (6) 35 (5) < 0.0001 

SVI end-tilt 
(ml/m2) 

23 (4) 21 (4) < 0.0001 

CI supine 
(L/min/ 
m2) 

2.80 (0.40) 2.46 (0.40) < 0.0001 

CI end-tilt 
(L/min/ 
m2) 

1.86 (0.32) 1.87 (0.35) 0.81 

CBF supine 
(ml/min) 

622 (97) 606 (101) 0.13 

CBF end-tilt 
(ml/min) 

438 (83) 458 (92) 0.04 

CBF: cerebral blood flow; CI: cardiac index; DBP: diastolic blood pressure; HR: 
heart rate; ME/CFS: myalgic encephalomyelitis/chronic fatigue syndrome; SBP: 
systolic blood pressure; SVI: stroke volume index. A p-value of < 0.01 is 
considered significant. 

Fig. 5. Change in heart rate and stroke volume index in ME/CFS patients with 
and without chronotropic incompetence. Legend to Fig. 5: delta HR: heart rate 
change during the tilt (supine minus end-tilt); delta SVI: stroke volume index 
change during the tilt. 
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chronotropic incompetence than in patients without: p < 0.0001). In a 
post-hoc analysis of the one-way ANOVA of the supine CI of healthy 
controls, and of patients with and without chronotropic incompetence, 
the supine CI of healthy controls was not different from the CI of patients 
without chronotropic incompetence (p = 0.045), but in both groups 
supine CI was significantly lower compared to the patients with chro-
notropic incompetence (both p < 0.0001). Patients with chronotropic 
incompetence had a shorter tilt duration than patients without chro-
notropic incompetence: 14 (5) min versus 16 (5) min (p = 0.0014). 

4. Discussion 

In this study we examined the SVI-HR relation both at rest, in the 
supine position, and during a head-up tilt test. This relation was estab-
lished in ME/CFS patients without evidence of POTS or OH during the 
tilt test, and in healthy controls without POTS or OH. In 1965 Ross et al. 
established the relation between HR and stroke volume in a pacing study 
in healthy controls: increasing the HR by right atrial pacing led to a 
decrease in stroke volume with an unchanged cardiac output (Ross et al., 
1965). Although the methodology in the present study was different 
from the study of Ross et al. (orthostatic stress vs. atrial pacing), we also 
found an inverse and significant relation between SVI and HR, both at 
rest and during the tilt in both patients and healthy controls. The inverse 
relation between SVI and HR at rest in healthy controls and in ME/CFS 
patients has already been described by us in a previous paper (van 
Campen and Visser, 2022). In the present study we extended this 
observation, showing that the change/decrease in SVI from supine to 
end-tilt was accompanied by an increase in HR both in patients and 
healthy controls. However, based on the 95% prediction intervals of the 
HR change for the SVI change in the healthy controls, we found that 37% 
of the ME/CFS patients showed a lower than predicted HR increase 
during the tilt. This inadequate increase in HR in these patients can be 
regarded as chronotropic incompetence. These novel findings represent 
the first description of chronotropic incompetence during tilt table 
testing in this subset of ME/CFS patients, and are consistent with the 
findings of chronotropic incompetence in ME/CFS during cardiopul-
monary exercise testing (Inbar et al., 2001; Vanness et al., 2003; 
Davenport et al., 2019;Cook et al., 2022). Of note, the presence or 
absence of chronotropic incompetence could not be determined by the 
resting or the end-tilt SVI-HR data, but only when the changes were 
analyzed. The mechanisms of the chronotropic incompetence in a subset 
of the ME/CFS population are unclear but are unlikely to be due to 
myocardial dysfunction or sick sinus syndrome as these would have 
been identified by an electrocardiogram or echocardiogram. Other 
mechanisms for chronotropic incompetence proposed in the exercise 
literature include insensitivity of beta-adrenergic receptors due to 
down-regulation or blocking by antibodies, insufficient epinephrine or 
norepinephrine release, excessive vagal tone, or resetting of the baro-
receptors (Camm and Fei, 1996a, 1996b; Davenport et al., 2019). 
However, other central mechanisms are possible, such as a change in 
brainstem cardiac nuclei function, or cellular mechanisms like the syn-
ergistic action of cortisol and catecholamines, or altered calcium regu-
lation in cardiac muscle, and altered expression of other agents from 
catecholamine-activated second messenger systems. It remains to be 
determined whether the patients with chronotropic incompetence dur-
ing the tilt test are also the patients that show chronotropic incompe-
tence during cardiopulmonary exercise testing. Furthermore, the 
association of chronotropic incompetence with severe ME/CFS raises the 
question whether chronotropic incompetence has a causal role or is the 
consequence of severe disease. 

In the present study ME/CFS patients showed a significantly larger 
SVI decrease during the tilt test than the healthy controls. In healthy 
controls a large number of studies have reported the effect of orthostatic 
stress on stroke volumes, showing large differences between studies. 
Decrease in stroke volumes ranged from 11% in the elderly (Youde et al., 
2003) to a decrease of 63% in healthy young women (Nwosu et al., 

1994; Zaidi et al., 2000; Shoemaker et al., 2001; Freitas et al., 2007; 
Tahvanainen et al., 2009a, 2009b; Chaudhari et al., 2012). Among the 
methodologic factors that influence the decrease in stroke volume dur-
ing tilt testing in healthy controls are age, gender, training status, fluid 
filling status, used technique of measurement, the angle of tilting and tilt 
duration. Our healthy control stroke volumes fall within this spectrum of 
stroke volume changes during the tilt. The larger decrease in SVI during 
tilt testing has been previously described in ME/CFS patients by us and 
others (Lamanca et al., 1999; Timmers et al., 2002; Wyller et al., 2007; 
van Campen and Visser, 2018a). Possible mechanisms to consider for the 
larger SVI changes in ME/CFS might be hypovolemia (Hurwitz et al., 
2010), impaired muscle pump, capacitance vessel distention and 
impaired venous return or venous pooling (Joseph et al., 2021; van 
Campen et al., 2021a). Another mechanism to consider is that the larger 
SVI reduction is related to contractility abnormalities in ME/CFS pa-
tients. Studies have suggested that a reduced SVI is caused by an 
abnormal cardiac function (Miwa and Fujita, 2009; Hollingsworth et al., 
2012). However, cardiac function is dependent on preload, contractility 
and afterload, following the family of Frank-Starling curves. These 
curves imply that a reduction in preload results in a reduction of stroke 
volume. This is a normal phenomenon and not indicating cardiac 
dysfunction. Moreover, the presence of hypovolemia lowers the 
preload-stroke volume curves, while retaining the relation between 
preload and stroke volume. Oppositely, catecholamines lift the 
preload-stroke volume curve upwards while retaining the preload-stroke 
volume relation. The larger than normal SVI reduction during the tilt 
may therefore be explained by a larger preload reduction in these pa-
tients and is not suggestive of an intrinsic cardiac dysfunction. More-
over, multiple studies have shown that ME/CFS patients may have a 
reduced blood volume (Hurwitz et al., 2010; van Campen et al., 2018a; 
van Campen and Visser, 2018b), lowering the stroke volume for a given 
preload. Indeed, Hurwitz et al. calculated that more than 90% of the 
stroke volume abnormalities could be attributed to the lower blood 
volumes. We cannot rule out that intrinsic cardiac contractile abnor-
malities are present in these patients but further (complicated) studies 
are needed. 

One of the striking differences between healthy controls and ME/CFS 
patients is the significantly larger decline in CBF in ME/CFS patients 
compared to healthy controls. This observation has been previously 
published (van Campen et al., 2020b). In healthy controls there is a 
significant relation between cardiac output changes and CBF changes 
(Meng et al., 2015). The relation between decreases in CI and decreases 
CBF in ME/CFS patients need to be studied further in the future. 

Patients showing chronotropic incompetence have a higher supine CI 
with a higher SVI and a similar supine HR compared to patients without 
chronotropic incompetence and healthy controls. The mechanism is 
unknown, but may be related to the disease severity, hypothesizing that 
in severe patients the chronic inflammatory reaction (Klimas and 
Koneru, 2007) is larger than in mildly or moderately diseased patients. 
This inflammatory reaction may lead to vasodilation, a lower peripheral 
resistance and consequently a higher cardiac output. Another explana-
tion may be that oxygen extraction is lower in ME/CFS patients than in 
healthy controls. The reduced oxygen extraction was demonstrated by 
Joseph et al. during cardiopulmonary stress testing in ME/CFS patients 
(Joseph et al., 2021). The authors showed that in ME/CFS patients with 
the highest increase of systemic flow during exercise, peak oxygen 
consumption was lowest and hypothesized that impaired oxygen de-
livery due to endothelial dysfunction was the underlying mechanism. It 
is conceivable that the reduced oxygen delivery (or reduced oxygen 
extraction) is already present at rest in severe ME/CFS patients leading 
to a higher CI at rest to maintain normal oxygen consumption. This 
hypothesis is strengthened by our study showing that severe ME/CFS 
patients have the lowest peak oxygen consumption compared to mildly 
and moderately affected patients (van Campen et al., 2020a). The 
relation between resting cardiac output and oxygen consumption in 
severe patients’ needs to be studied in future. As supine HR was similar 
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between patients with and without chronotropic incompetence, we 
performed a post hoc analysis to determine whether the results would 
change by matching patients on the similarity of the supine HR. The 
supine CI remained abnormal, and the overall results did not change. 
The high SVI in the chronotropic incompetence patients argue against 
the hypothesis that the heart is small in ME/CFS patients (Miwa and 
Fujita, 2011). Further studies can address whether ME/CFS patients 
with chronotropic incompetence during tilt testing respond differently 
to certain classes of medications. For example, for the treatment of 
orthostatic intolerance in chronotropic incompetent patients, 
beta-blockers, ivabradine and pyridostigmine bromide might be less 
appropriate, and fludrocortisone and midodrine might be preferable. 

In the present study we excluded patients and healthy controls using 
HR and BP lowering drugs, but did not exclude patients with so far 
undetected high BP. The inclusion of patients with undetected high BP 
may have increased the SBP and DBP in the patient group, leading to an 
absence of differences with healthy controls. The BP in ME/CFS patients 
is still a matter of debate: Newton et al. found a lower BP during 24 hr. 
BP recordings in ME/CFS patients compared to controls (Newton et al., 
2009). In contrast, Van de Luit et al. found similar blood pressures in 
ME/CFS patients and controls, however BP oscillations were signifi-
cantly larger in ME/CFS patients compared to controls (van de Luit 
et al., 1998). Moreover, the authors found a significantly higher prev-
alence of nighttime hypotension in the ME/CFS population compared to 
healthy controls. Finally, Duprez et al. found no differences in BP during 
24 hr. BP recordings of ME/CFS patients compared to healthy controls, 
but found a systematically higher HR in patients (Duprez et al., 1998). 
All in all these data of small studies suggest that BP is lower in ME/CFS 
than in healthy controls, but measurements may be influenced by a 
higher adrenergic state (Freeman and Komaroff, 1997; Frith et al., 2012; 
Sisto et al., 1995), whether or not associated with e.g. nervous expec-
tation for the tilt test, the presence of fibromyalgia, hypermobility 
syndrome, and a hypovolemic state. All these conditions (undetected 
high BP, higher circadian BP variation, hyperadrenergic states, 
nervousness, fibromyalgia, hypermobility, and hypovolemia) may have 
led to absence of differences between patients and healthy controls. 

4.1. Strengths 

The strengths of this study include the relatively large sample size for 
both the ME/CFS patients and healthy controls, the comprehensive 
assessment of hemodynamic changes, and the consistency of the study 
methods over time in a single clinic. We used a conservative definition of 
chronotropic incompetence: in exercise studies chronotropic incompe-
tence has been defined variously using HR values less than 80–95% of 
the maximal predicted HR (Davenport et al., 2019; Cook et al., 2022). 
We used a lower limit of the 95% prediction interval of the HR change of 
healthy controls during tilt testing. Using the lower limit of the 80% 
prediction interval increased the number of ME/CFS patients meeting 
the definition of chronotropic incompetence to 57%. The assessment of 
the changes in SVI vs. the changes in HR is new and may also be 
applicable to other patient populations. 

4.2. Limitations 

We excluded patients with orthostatic hypotension, postural ortho-
static tachycardia syndrome and vasovagal syncope, to ensure differ-
ences seen were not the result of a different hemodynamic response to 
orthostatic stress. Biased referral of patients with more severe ortho-
static intolerance symptoms might have influenced the prevalence of 
chronotropic incompetence in our sample. The clinical profile of the 378 
excluded patients was comparable to the ones analyzed (data not 
shown), however we do not know whether this group of patients would 
have had a different hemodynamic profile. The tilt duration was slightly, 
but significantly shorter in ME/CFS patients than in healthy controls (15 
vs. 17 min), and patients with chronotropic incompetence had a shorter 

tilt duration than patients without (14 vs. 16 min). As the major he-
modynamic changes occur within the first couple of minutes after onset 
of tilt, we are confident that there is minimal influence of the tilt 
duration between minimally 14 and maximally 17 min on the assessed 
hemodynamics. 

5. Conclusions 

In the present study an inverse relation between HR and stroke 
volume was found during tilt testing both in healthy controls and in ME/ 
CFS patients without tachycardia or hypotension. Taking the lower 
limits of the 95% prediction interval of changes in HR vs. the changes in 
SVI in healthy controls as the reference value, 37% of ME/CFS patients 
have a lower HR increase during the tilt, indicative of chronotropic 
incompetence. This is the first description of chronotropic incompetence 
during tilt testing. These findings contribute to the growing body of 
literature on circulatory abnormalities in ME/CFS. Given the potential of 
ME/CFS to follow SARS-CoV-2 (van Campen et al., 2021b), these ob-
servations are relevant to the growing population of post COVID-19 
patients in whom chronotropic incompetence has been identified dur-
ing exercise testing (Jimeno-Almazan et al., 2021). 

Ethics statement 

The ethics statement is also included in the methodology. The study 
was carried out in accordance with the Declaration of Helsinki. All ME/ 
CFS participants and HEALTHY CONTROLS gave informed, written 
consent. The study was approved by the medical ethics committee of the 
Slotervaart Hospital, Amsterdam, for healthy controls P1450 and for 
ME/CFS patients P1736. 

CRediT authorship contribution statement 

C. (Linda) M.C. van Campen, Peter C. Rowe and Frans C. Visser 
conceived the study, C. (Linda) M.C. van Campen and Frans C. Visser 
collected the data, C. (Linda) M.C. van Campen performed the primary 
data analysis and Frans C. Visser, Freek W.A. Verheugt and Peter C. 
Rowe performed secondary data analyses. All authors were involved in 
the drafting and review of the manuscript. 

Funding 

This study was not funded. 

Acknowledgement 

Dr Rowe is supported by the Sunshine Natural Wellbeing Foundation 
Professorship. 

Data availability statement 

This manuscript/research paper does not include datasets of the 
following: Structural/crystallographic data for both macromolecular 
structures and small molecules; Protein and nucleic acid sequence data 
(this includes RNASeq data); Functional genomics and molecular in-
teractions/proteomics/metabolomics data; Computational models; Ge-
netics data (genetic polymorphisms; genotype data). Therefore data 
availability is not applicable to this study. 

Disclosure 

No authors have any financial interest to disclose. 

Appendix A 

The calculations of the 95% prediction intervals of the HR change for 
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a given SVI change in healthy controls are presented in the Excel 
spreadsheat. We used the formula: ŷ0 + /- tα/2,df=n-2 * s.e, where s.e. 
= Syx√(1 + 1/n + (x0 – x)2/SSx). The use of Excel formula to calculate 
the 95% prediction intervals (upper and lower limits of normal) in HC 
are explained on the website: https://www.statology.org/prediction- 
interval-excel/. The calculation of the 95% prediction intervals of 
healthy controls are shown in the Excel file. In column A the SVI 
decrease of the 52 HC are shown, in column B the corresponding HR 
increase are given. The parts of the calculation for the upper and lower 
limits are presented in cells D3-D7, and in cells D10-D12. In cell D8 a 
value of the SVI change is entered, leading to a calculation of the lower 
and upper limit of normal of the HR increase in cells D16 and D17. The 
calculated LL and UL of a normal heart rate increase in healthy controls 
are then value pasted to cells G16 and G17. Subsequently, the values of 
SVI decreases of − 29 to + 4 are calculated and value pasted in cells 
H16,H17 to cells AO16, AO17. The calculations in healthy controls were 
validated using the 95% prediction values of Statgraph Prism, showing 
that the Excel calculated values were identical to the Prism derived 
values. To compare the HR increase in patients relative to the HR in-
crease of healthy controls -for a given SVI decrease- the SVI decrease and 
HR increase are entered in colums E and F, below cells E19 and F19. The 
HR increase in these patients were compared with the HR increase of 
healthy controls. In patient 1 the HR increase for a given SVI decrease 
was within the normal limits of healthy controls. In patient 2 the ex-
pected HR increase was lower than than the lower limit of healthy 
controls. In this patient the HR increase should be at least 27 bpm while 
in this patient the HR increase was 13 bpm. This is indicative of a 
chronotropic incompetence. To use another prediction interval (e.g. 
80%) alfa/2 in cell E10 can be changed (eg 0,10). 
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