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Abstract:

Background: Postural orthostatic tachycardia syndrome (POTS) is a disorder of orthostatic intolerance characterized by excessive tachycardia of unknown etiology.

Whether this condition involves abnormal cardiac sympathetic innervation or function remains elusive. Metaiodobenzylguanidine (MIBG) resembles guanethidine and is a pharmacologically inactive analogue of norepinephrine, which is similarly metabolized in noradrenergic neurons. MIBG myocardial scintigraphy is clinically used to estimate local myocardial sympathetic nerve damage in some forms of heart disease and autonomic neuropathy. Our objective was to evaluate cardiac sympathetic innervation in POTS-patients. Methods: We studied twenty patients with POTS using 123 I-MIBG-SPECT, standardized autonomic testing, assessment of catecholamine plasma levels and sympathetic skin response. Results: In four POTSpatients (20.0 %) myocardial MIBG uptake was markedly decreased. The mean heart-to-mediastinum ratio was reduced to 1.22 ± 0.08 compared to the normal range of >1.7. We found no correlation between myocardial MIBG uptake and degree of postural tachycardia, baroreflex sensitivity, catecholamine plasma levels or other autonomic parameters. Sympathetic skin responses were normal in all patients. Conclusions: These findings suggest that POTS may be, in part, a manifestation of autonomic cardiac neuropathy. MIBG myocardial scintigraphy may be helpful to distinguish patients with neuropathic POTS from patients with orthostatic intolerance of other origin.

Introduction

POTS is defined by an excessive increase in heart rate greater than 30 beats/minute within 10 minutes of becoming upright, or to greater than 120 beats/minute, without a gradual drop in blood pressure and is associated with symptoms of orthostatic intolerance. [START_REF] Brady | Inappropriate sinus tachycardia, postural orthostatic tachycardia syndrome, and overlapping syndromes[END_REF][START_REF] Grubb | The postural tachycardia syndrome: a concise guide to diagnosis and management[END_REF] These include light-headedness, weakness, palpitations, tremulousness, and in the more severe cases, presyncope and syncope. [START_REF] Sandroni | Postural tachycardia syndrome: clinical features and follow-up study[END_REF] POTS can be quite debilitating with significant limitations to activities of daily living. Most commonly affected are young, otherwise healthy women. [START_REF] Thieben | Postural orthostatic tachycardia syndrome: the Mayo clinic experience[END_REF] The pathogenetic mechanism is unclear. Numerous causes and mechanisms have been proposed. [START_REF] Robertson | Orthostatic intolerance and the postural tachycardia syndrome: genetic and environment pathophysiologies. Neurolab Autonomic Team[END_REF][START_REF] Jacob | The neuropathic postural tachycardia syndrome[END_REF][START_REF] Shannon | Orthostatic intolerance and tachycardia associated with norepinephrine-transporter deficiency[END_REF][START_REF] Robertson | Familial orthostatic tachycardia due to norepinephrine transporter deficiency[END_REF][START_REF] Novak | Postural tachycardia syndrome: time frequency mapping[END_REF] A neuropathic basis for at least half the cases of POTS was expected. [START_REF] Thieben | Postural orthostatic tachycardia syndrome: the Mayo clinic experience[END_REF] Whether these conditions involve abnormal cardiac sympathetic innervation or function has been unclear. Recently we showed reduced myocardial uptake of radio-labeled metaiodobenzylguanidine in a 32-year old woman with a two-year history of POTS. [START_REF] Haensch | Cardiac denervation in postural tachycardia syndrome[END_REF] Based on this observation our aim was to verify this phenomenon and to test the hypothesis that the postural tachycardia syndrome may be caused by partial dysautonomia resulting in dysregulated autonomic control of the cardiovascular system. Therefore, we assessed cardiac neurotransmission by MIBG-SPECT in POTS-patients. 

Patients and Methods

Patients

Autonomic Testing

The cardiovascular autonomic function tests are based on blood pressure and heart rate at rest and after various stimulations under standardized environmental conditions at 20°C. All tests were done in the morning. All patients abstained from tobacco and caffeine use on the day of the study. Patients took no dietary supplements. Finger arterial pressure was measured beat-to-beat continuously and noninvasively using the volume clamp method with the Portapres device (TNO TPD, Amsterdam, The Netherlands). The cuff was placed on the second phalanx of the third finger. A synchronous recording of a standard four-channel electrocardiograph and respiratory effort measured by thoracic strain gauges and the Portapres signal were performed simultaneously with the FAN® device (Schwarzer GmbH, Munich, Germany). The FAN® device records heart rate variability based on the standard recording techniques and algorithms used already in autonomic function studies. [START_REF] Haegele-Link | Evaluation of the Autonomic Nervous System Using the FAN® Device -Range of Normal and Examples of Abnormal[END_REF] The The mean blood pressure was obtained on a 5-minute baseline with the subject supine. After the rest phase, head-up tilt-table testing with a 70 degree upright position within 20 seconds with an electrically driven tilt-table was performed for 10 minutes. The Valsalva maneuver (VM) was performed by asking the subjects to blow into a mouthpiece attached to an aneroid pressure gauge at a pressure of 40 mm Hg and to endure pressure for 15 seconds. The VM was performed with the patient supine. [START_REF] Singer | Influence of posture on the Valsalva manoeuvre[END_REF] The subjects performed a series of maneuvers until two reproducible arterial blood pressure responses were obtained. The Valsalva ratio of heart rate (HR) was calculated from the maxima of HR during or shortly after straining and the minimal depressed HR in the overshoot phase IV. Systolic blood pressure from early (Phase II_E) and late phase II (Phase II_L) was determined for each patient. Values are means ± SE expressed as percentages. [START_REF] Sandroni | Pharmacological dissection of components of the Valsalva maneuver in adrenergic failure[END_REF] The blood pressure recovery time (PRT) was determined from the bottom of phase III to complete return to baseline. [START_REF] Vogel | Blood pressure recovery from Valsalva maneuver in patients with autonomic failure[END_REF] In between each test, a return of the cardiovascular parameters to baseline was awaited.

Heart rate variability (HRV) analysis was performed according to the "Recommendations of the International Federation of Clinical Physiology for the Practice of Clinical Neurophysiology". [START_REF] Novak | Task Force report on heart rate variability[END_REF] In short, the ECG signal was digitized at a sample rate of 500 per second. Respiration was monitored by registration of chest movements. Fast Fourier transform (FFT)-based algorithm and autoregressive modelling were used for the spectral analysis of HRV. The RR-intervals were converted at 4 Hz and an exact Hamming window was applied for FFT. The power in the frequency range of low frequencies (LF: 0.04-0.15 Hz) and high frequencies (HF: 0.15-0.40 Hz) was calculated. Spectral analysis allows a differentiation of the sympathetic and parasympathetic activation, which are related to a low-frequency (LF) and a high-frequency (HF) component of the HRV signal, respectively. The resulting LF/HF ratio as a quantitative index of the sympatho-vagal balance was calculated. [START_REF] Lombardi | Heart rate variability and its sympathovagal modulation[END_REF] The baroreflex sensitivity (BRS) was estimated by the method known as cross-correlation baroreflex sensitivity (PRVBRS.EXE, written by K.H. Wesseling) for the computation of time-domain baroreflex sensitivity on blood pressure and heart interval variability during the Valsalva maneuver phase II. [START_REF] Westerhof | Time-domain cross-correlation baroreflex sensitivity: performance on the EUROBAVAR data set[END_REF] The sympathetic skin responses were measured after electrical and acoustic stimuli on the palms of the hands and on the soles of the feet (Nihon Kohden equipment).

MIBG Scintigraphy

Myocardial adrenergic function was analyzed by imaging with 123 I-metaiodobenzylguanidine using single photon emission computed tomography technique.

For imaging of the cardiac adrenergic innervation scintigraphy was performed by injection of 180 MBq 123 I-MIBG (GE Healthcare Buchler, Braunschweig, Germany) after blocking iodine uptake in the thyroid gland with a total of 300 mg perchlorate.

To allow for clearance of non-specific tissue uptake, data were acquired 5 hours after injection. After obtaining planar static image SPECT was performed using a dual-headed gamma camera (Hawkeye, GE Medical Systems, Solingen, Germany) equipped with low dose CT for image fusion and correction of attenuation. Thirty projections, 40 seconds each, were acquired over a 180° rotation. The data was stored in a 64 x 64 matrix and reconstructed iteratively. Cardiac MIBG uptake was assessed qualitatively for heart visualization on planar studies by nuclear medicine specialists, who were unaware of the autonomic function status. On the planar images, regions of interest were drawn by three independent investigators over the heart and the mediastinum to calculate the heart/mediastinum (H/M) ratio. The mediastinum is used as reference in our laboratory since it contains few sympathetic nerves. 8 otherwise healthy patients (4 male, 4 female; mean age 54 y; range 46-67 years) with incidental tumors, who were examinated by MIBG-SPECT for exclusion of phaeochromocytoma, were used as control group. MIBG-uptake was measured in average after 5:05 h (range 4:36 -5:28 h). The H/M ratio was compared to the normal range of >1.7 as derived from earlier investigations. [START_REF] Haensch | Cardiac denervation occurs independent of orthostatic hypotension and impaired heart rate variability in Parkinson's disease[END_REF] Reproducibility of the region drawings by three independent investigators is high with a maximum error of about 5%.

The study was approved by the ethics committee of the University of Witten/Herdecke according to the revised Declaration of Helsinki. All subjects gave their written informed consent.

Statistical Analysis

Differences between the POTS-patients with normal or abnormal scintigraphy results were analyzed with the two-tailed Mann-Whitney U test. A P value of less than 0.05 was considered statistically significant. Correlations were performed with Spearman rank correlation. The analysis was executed with the help of S. Lange (Statistician, Department of Biomagnetism, Grönemeyer Institute for Microtherapy, Bochum, Germany) and the computer package SPSS for Windows v. 12.0 (SPSS, Inc., Chicago, IL). The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written.

Results

Four of twenty POTS patients (20.0 %) had a marked reduction in cardiac MIBG accumulation (Fig. 1). The mean heart-to-mediastinum ratio in these cases was reduced to 1.22 ± 0.08 compared to 2.16 ± 0.05 of the group with normal values.

The mean H/M-ratio MIBG-uptake in controls was 1.86 ± 0.18, range 1.7 -2.14.

Low MIBG-uptake tends to result in a more pronounced orthostatic tachycardia (132 ± 21 vs. 116 ± 14 beats/minute, p = 0.08). No correlation between myocardial MIBG uptake and plasma catecholamine levels, Valsalva-ratio, blood pressure or other autonomic findings were found. The LF/HF ratio in supine rest (2.70 ± 2.9 vs 2.87 ± 

Discussion

The present study focused on myocardial 123 I-MIBG uptake for cardiac sympathetic neuroimaging in POTS-patients. This original idea follows recently published studies in which this technique was applied to study the sympathetic innervation of the heart in other neurological diseases. Regional 123 I-MIBG uptake can be used as an index for the integrity and function of postganglionic adrenergic innervation in various diseases. [START_REF] Reinhardt | Scintigraphic differentiation between two forms of primary dysautonomia early after onset of autonomic dysfunction: value of cardiac and pulmonary iodine-123 MIBG uptake[END_REF] In the present study myocardial 123 I-MIBG uptake was markedly reduced in twenty percent of the POTS-patients. Decreased 123 I-MIBG-derived radioactivity in a patient could reflect sympathetic denervation, interference with a neuronal membrane transporter, inefficient sympathetic vesicular transport and storage, accelerated metabolic breakdown or plasma clearance of 123 I-MIBG, or uptake of the tracer by non-neuronal cells. [START_REF] Goldstein | The autonomic nervous system in health and disease[END_REF] Normal 6-[ 18 F]fluorodopamine PET scanning indicated normal cardiac sympathetic innervation density in most POTSpatients. [START_REF] Goldstein | Cardiac sympathetic dysautonomia in chronic orthostatic intolerance syndromes[END_REF] The present cases might be an important exception. However, if POTS resulted from a patchy dysautonomia with cardiac denervation, a more pronounced heart rate variability with cardiac instability would be suspected. Decreased clearance of circulating catecholamines via the cell membrane norepinephrine transporter could potentially explain high plasma catecholamine concentrations in POTS. Affected members of a family with POTS carry a hypofunctional mutation of the cell membrane norepinephrine transporter (NET) [START_REF] Shannon | Orthostatic intolerance and tachycardia associated with norepinephrine-transporter deficiency[END_REF] and in healthy people, administration of any of several drugs that inhibit the transporter can elicit orthostatic intolerance and tachycardia. In the present study, no patients were receiving drugs that may have interfered with MIBG uptake by sympathetic nerve terminals. [START_REF] Solanki | A pharmacological guide to medicines which interfere with the biodistribution of radiolabelled meta-iodobenzylguanidine (MIBG)[END_REF] Although the disturbance of the noradrenaline transporter has been reported in heart diseases including ischaemic heart disease, left ventricular hypertrophy and congestive heart disease, none of our patients had evidence for any of these conditions. A hypofunctional mutation of the NET was not excluded in the present study. However, the finding of high total body norepinephrine spillover in POTS indicates that high circulating norepinephrine levels do not result from decreased removal from the circulation but from increased release into plasma. [START_REF] Goldstein | Neurocirculatory abnormalities in chronic orthostatic intolerance[END_REF] Because plasma catecholamines do not correlate significantly to MIBG-uptake, the abnormal MIBG uptake may not be related to another mechanism of high enough circulating catecholamine concentrations, which compete with MIBG neuronal uptake via NET located in the cell membrane. [START_REF] Goldstein | Imaging of the autonomic nervous system: focus on cardiac sympathetic innervation[END_REF] Furthermore, in this study we found no higher MIBG uptake by non-neuronal cells. Loss of sympathetic autonomic neurons in the heart may play a role in the etiology of POTS. A subtype of POTS has been identified where patients seem to manifest a form of ß-adrenergic receptor hypersensitivity, a disorder referred to as a hyperadrenergic POTS. [START_REF] Grubb | Postural tachycardia, orthostatic intolerance, and the chronic fatigue syndrome[END_REF] It is unclear whether this hypersensitivity is primary in nature or a manifestation of deinnervation sensitivity. [START_REF] Robertson | Orthostatic intolerance and the postural tachycardia syndrome: genetic and environment pathophysiologies. Neurolab Autonomic Team[END_REF] POTS may be a manifestation of autonomic cardiac neuropathy with peripheral denervation in some patients. According to previous studies the blood pressure in response to the Valsalva maneuver falls exaggerated in POTS-patients (Mean II_E = -10.6 %). [START_REF] Schondorf | Idiopathic postural orthostatic tachycardia syndrome: an attenuated form of acute pandysautonomia?[END_REF][START_REF] Low | Comparison of the postural tachycardia syndrome (POTS) with orthostatic hypotension due to autonomic failure[END_REF] The blood pressure fall was significantly greater in the POTS-group with low MIBG-uptake (-24 vs. -7 %; twotailed t-test: p= 0.01). This pattern of exaggerated phase II_E hypotensive response indicates sympathetic adrenergic failure. [START_REF] Sandroni | Pharmacological dissection of components of the Valsalva maneuver in adrenergic failure[END_REF] Late phase II demonstrated a tendency to reduced blood pressure in the group with low MIBG-uptake, too (-7 vs 4 %; n.s.).

Generally, MIBG-SPECT investigates sympathetic function rather than an anatomical state. Therefore, the observation of decreased uptake is not necessarily due to a denervation of postganglionic neurons, but might also be explained by less The results of sudomotor axon reflex testing support this as well as skin biopsy results. [START_REF] Schondorf | Idiopathic postural orthostatic tachycardia syndrome: an attenuated form of acute pandysautonomia?[END_REF][START_REF] Singer | Prospective evaluation of somatic and autonomic small fibers in selected autonomic neuropathies[END_REF] Further, these patients have been found to be hypersensitive to infusions of norepinephrine and phenylephrine into veins of the foot, despite high circulating plasma norepinephrine concentrations. [START_REF] Streeten | Pathogenesis of hyperadrenergic orthostatic hypotension. Evidence of disordered venous innervation exclusively in the lower limbs[END_REF] This suggests that there is a denervation hypersensitivity of the leg veins.

Finally, the possibility that our findings are just "incidental" must be mentioned. Further studies are needed to clarify the mechanisms and the role of MIBG defects in POTS patients.

Regardless of the exact cause, our results demonstrate detectable neurocirculatory abnormalities during supine rest besides increased heart rate and adrenomedullary hormonal system outflows in POTS. [START_REF] Goldstein | Neurocirculatory abnormalities in chronic orthostatic intolerance[END_REF] The plasma concentration of catecholamines could be affected by diet and endocrinological factors. We acknowledge the limitations in neurohumeral measurements inherent to the failure to control diet strictly. [START_REF] Garland | The hemodynamic and neurohumoral phenotype of postural tachycardia syndrome[END_REF] The number of patients with decreased uptake-1 may be even higher than investigated because MIBG uptake in younger controls is higher than in older individuals. [START_REF] Estorch | Myocardial iodine-labeled metaiodobenzylguanidine 123 uptake relates to age[END_REF] Due to the difficulty to investigate young healthy individuals with radioactive substances no age match controls were used in this study, therefore an underestimating of patients with decreased uptake-1 cannot be ruled out. 

  20 consecutive POTS-patients who were referred for evaluation of chronic orthostatic intolerance to the Autonomic Laboratory of the Department of Neurology, HELIOS Klinikum Wuppertal from May 2007 to February 2008 were included in this study. A diagnosis of POTS was made by the presence of orthostatic intolerance symptoms (Tab. 1) associated with a heart rate increase of 30 beats/minute or a rate that exceeded 120 beats/minute within the first 10 minutes of standing or upright tilt, which was seen in the absence of other chronic debilitating disorders, prolonged bed rest, or medications that impair vascular or autonomic tone. Clinical examinations in all cases were normal. The patients were examined by a psychiatric-trained neurologist to exclude unrecognized psychiatric disorder or abuse. The patients did not take any medication except oral contraceptives (4 of 11 females). No patient suffered from diabetes or previous cardiac disease. All patients had blood cell counts, electrolyte analyses and resting electrocardiography. Echocardiography was recorded at rest to evaluate left ventricular function and to exclude valvular diease. 24-hour urinary sodium secretion was estimated to exclude hypovolemia. Arm venous plasma norepinephrine was measured from blood samples, which were drawn after at least 15 minutes with the subjects supine and after 10 minutes standing. Concentrations were measured by high-performance liquid chromatography from EDTA plasma. Demographic data, hemodynamic responses to orthostasis, plasma norepinephrine levels and 24-hour urinary sodium secretion are given in tables 1 and 2.

  FAN® has an interface box for recording of ECG, breathing frequency and expiratory pressure e.g. during valsalva manoeuvre. ECG and breathing frequency were digitized with a sampling rate of 500 Hz; the expiratory pressure can be recorded with the limits of 0-100 mm mercury. The interface also offers the opportunity to record one analogue external signal for the blood pressure from an external monitor (digitizing rate 500 Hz). The second component is a so-called "feedback box", which displays a bar moving up and down indicating the selected rhythm of breathing for the subjects. Close to the moving bar the actual breathing is displayed by LEDs moving up and down according to the breast excursions. This allows a feed-back control of breathing. The third component is a Laptop PC to process the signals. Internal software automatically extracts relevant parameters (as described below).
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 22 and head-up tilt (4.15 ± 1.89 vs. 4.72 ± 1.54) differed not significantly in the POTS-group with normal or abnormal MIBG uptake. BRS, Valsalva ratio and norepinephrine levels are shown in Tab. 2. The sympathetic skin responses were normal in all patients.

  activity in anatomically intact fibres. Patients with POTS have approximately normal cardiac vagal function, as indicated by the normal response of heart rate to the Valsalva manoeuvre and heart rate variability. The normal sympathetic skin responses in all patients demonstrate normal sympathetic sudomotor function.Therefore, the sympathetic dysfunction in POTS may solely affect neurocirculatory mechanisms. However, sympathetic skin response as a measure of postganglionic sudomotor function seems to be a relatively insensitive test.Normal urinary sodium excretion (tab. 2) excluded orthostatic intolerance due to hypovolemia.These findings point to a relevant postganglionic pattern of involvement of the autonomic nervous system in some patients with a neuropathic form of POTS. Loss of sympathetic autonomic neurons in the heart may play a role in the etiology of POTS. We hypothesize that POTS may be a manifestation of autonomic cardiac neuropathy with peripheral denervation in some patients. Carson et al. tested the hypothesis that selective loss of peripheral sympathetic innervation can result in an elevated heart rate.[28] They examined the cardiovascular consequences of a selective partial lesion of peripheral noradrenergic sympathetic nerves, with the hypothesis that under conditions of impaired sympathetic stimulation, a tachycardia may arise. Peripheral sympathetic nerves were selectively lesioned with the neurotoxin 6-hydroxydopamine in rats. A post-lesion tachycardia emerged coincident with sympathetic impairment. The authors described, that the loss of cardiac sympathetic innervation would attenuate sympathetically mediated increases in heart rate. Partial dysautonomia is believed to contribute to disorders such as neuropathic POTS. Alternatively, the lesion induced tachycardia may result from increased release of epinephrine from the adrenal gland. Bonyhay et al. have shown that POTS patients have enhanced baroreflex-mediated sympathetic burst frequency and incidence without concomitant increase in mean burst area consistent with sympathetic fiber denervation.[29] There have been several findings consistent with the hypothesis of peripheral sympathetic denervation in POTS.

Fig. 1 :

 1 Fig. 1: Examples of normal (A) and reduced (B) uptake of 123 I-MIBG in myocardial

Table 1 : Characteristics of the POTS-patients with and without reduced cardiac MIBG-uptake

 1 

	POTS-patients	Cardiac MIBG-uptake
	all	reduced	normal

Table 2 : Laboratory results and autonomic findings in POTS-patients with and without reduced cardiac MIBG-uptake (Mean ± SD).

 2 

	POTS-patients	Cardiac MIBG-uptake	
	all	reduced	normal

Acknowledgements

This work was in part presented at the 60 th Annual Meeting of the American Academy of Neurology, April 15, 2008, in Chicago, USA. The statistical analysis was executed with the help of S. Lange (Statistician, Department of Biomagnetism, Grönemeyer Institute for Microtherapy, Bochum, Germany)