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ABSTRACT

Background The postural tachycardia syndrome is
a common disorder that is characterized by chronic
orthostatic symptoms and a dramatic increase in heart
rate on standing, but that does not involve orthostat-
ic hypotension. Several lines of evidence indicate that
this disorder may result from sympathetic denerva-
tion of the legs.

Methods We measured norepinephrine spillover
(the rate of entry of norepinephrine into the venous
circulation) in the arms and legs both before and in
response to exposure to three stimuli (the cold pres-
sor test, sodium nitroprusside infusion, and tyramine
infusion) in 10 patients with the postural tachycardia
syndrome and in 8 age- and sex-matched normal sub-
jects.

Results At base line, the mean (=SD) plasma nor-
epinephrine concentration in the femoral vein was
lower in the patients with the postural tachycardia
syndrome than in the normal subjects (135+30 vs.
21555 pg per milliliter [0.80%0.18 vs. 1.27+0.32 nmol
per liter], P=0.001). Norepinephrine spillover in the
arms increased to a similar extent in the two groups
in response to each of the three stimuli, but the in-
creases in the legs were smaller in the patients with
the postural tachycardia syndrome than in the normal
subjects (0.001=0.09 vs. 0.12+0.12 ng per minute per
deciliter of tissue [0.006+0.53 vs. 0.71+0.71 nmol per
minute per deciliter] with the cold pressor test, P=0.02;
0.02+0.07 vs. 0.23+0.17 ng per minute per deciliter
[0.12+0.41 vs. 1.36+1.00 nmol per minute per decili-
ter] with nitroprusside infusion, P=0.01; and 0.008=+
0.09 vs. 0.19+0.25 ng per minute per deciliter [0.05+
0.53 vs. 1.12+1.47 nmol per minute per deciliter] with
tyramine infusion, P=0.04).

Conclusions The neuropathic postural tachycardia
syndrome results from partial sympathetic denerva-
tion, especially in the legs. (N Engl J Med 2000;343:
1008-14.)
©2000, Massachusetts Medical Society.

HE postural tachycardia syndrome is a
chronic form of orthostatic intolerance that
primarily affects young women. This disor-
der is characterized by symptoms (such as
lightheadedness, dimming of vision, confusion, and
anxiety) and signs (such as bluish-red skin in depend-
ent limbs) that occur on standing and that are relieved
by lying down or sitting.1> A remarkable physical find-
ing is a dramatic increase in the heart rate that oc-
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curs on standing and that is not associated with a
decrease in blood pressure.? Patients with this syn-
drome frequently have high plasma catecholamine
concentrations, a finding that suggests that the dis-
order is a primary hyperadrenergic condition.1*7 The
syndrome, which has also been referred to as idio-
pathic orthostatic intolerance, 31! has features in com-
mon with the mitral-valve prolapse syndrome,!? the
hyperdynamic 8-adrenergic circulatory state,!3 and vas-
oregulatory asthenia.l

Patients with the postural tachycardia syndrome of-
ten have high plasma norepinephrine concentrations,!+
hypovolemia,*!5 excessive pooling of the blood in the
legs while standing,'¢ and exaggerated orthostatic hy-
povolemia.31718 These findings help explain some of
the clinical features of the disorder, but few studics
have examined its pathophysiology. Several lines of
evidence indicate that sympathetic denervation of the
legs may be the underlying mechanism. The results
of galvanic skin testing!®20 and quantitative testing of
the sudomotor axon reflex suggest that autonomic
denervation of the skin is present.21.22 The finding of
hypersensitivity to infusion of norepinephrine into
veins of the foot, despite high plasma catecholamine
concentrations, suggests that denervation hypersen-
sitivity of the veins of the legs is involved.!® Increased
sensitivity to systemically administered phenylephrine
and isoproterenol and resistance to the norepineph-
rine-releasing effects of tyramine? are findings con-
sistent with noradrenergic neuronal dysfunction, as is
the short-term improvement in orthostatic symptoms
after the administration of the «,-adrenergic—recep-
tor agonist midodrine.8

To test the hypothesis that the postural tachycardia
syndrome is caused by partial dysautonomia resulting
in dysregulation of autonomic control of the cardio-
vascular system, we measured the spillover of norep-
inephrine (the rate of entry of norepinephrine into
the venous circulation) in the arms and legs of patients
with the postural tachycardia syndrome and in the
arms and legs of normal subjects before and after ex-
posure to several stimulators of sympathetic activation.
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METHODS

Study Population

Between February 1995 and September 1996, we studied 18
patients (16 women and 2 men) who had been referred to the
Autonomic Dysfunction Center at Vanderbilt University (Nash-
ville) for the evaluation and treatment of debilitating symptoms
consistent with the postural tachycardia syndrome. Most of these
patients underwent extensive testing, some of the results of which
have been reported previously.8® Patients with systemic illnesses
that might affect the autonomic nervous system were excluded.

All potentially eligible patients underwent a physical examina-
tion and were interviewed with use of a questionnaire to determine
the type and extent of their symptoms. Patients were enrolled if
they met the following criteria: an increase in the heart rate of at
least 30 beats per minute (without a concomitant decrease in sys-
tolic blood pressure of more than 20 mm Hg or in diastolic pres-
sure of more than 10 mm Hg) within five minutes after assuming
a standing position on at least three separate occasions; a plasma
norepinephrine concentration of at least 600 pg per milliliter (3.5
nmol per liter) on standing; and the presence of characteristic symp-
toms of the postural tachycardia syndrome for at least six months.
The last 10 patients enrolled also underwent testing to assess nor-
epinephrine spillover. We also studied 10 normal subjects (8 wom-
en and 2 men) matched for age and sex with the patients; 8 of the
10 normal subjects underwent norepinephrine-spillover testing.
All the investigational procedures were approved by the Vander-
bilt University institutional review board, and all the patients and
normal subjects gave written informed consent before entering
the study.

Experimental Design

All the patients and normal subjects were admitted to the Gen-
eral Clinical Research Center at Vanderbilt University and given
a diet that contained 150 mmol of sodium and 70 mmol of potas-
sium per day, no caffeine, and low levels of monoamines. All cur-
rent medications were discontinued at least two weeks before ad-
mission, and smoking was not permitted during the study. After
three days of this diet and an overnight rest in the supine posi-
tion, blood was obtained for blood-volume measurements. Blood
pressure, heart rate, and plasma catecholamine concentrations were
measured with the subjects in the supine and upright positions.
Blood volume was measured by a modification!s of the technique
of Campbell et al.2? Plasma catecholamine concentrations were
measured by high-performance liquid chromatography with elec-
trochemical detection.2* Testing of autonomic function (the change
in the heart rate in response to controlled ventilation and in re-
sponse to hyperventilation, the change in the heart rate in response
to the Valsalva maneuver, and the change in blood pressure in re-
sponse to sustained handgrip exercise) was performed as previous-
ly described.?®

On the following day, sympathetic-nerve function was tested (in
10 of the patients and in 8 of the normal subjects) by measuring
the rate of entry of norepinephrine into the systemic circulation
(systemic spillover) or into the local venous drainage (local spill-
over). Subjects were studied after an overnight rest in the supine
position and an overnight fast. After catheterization of the bra-
chial artery (for blood-pressure monitoring and blood sampling),
the ipsilateral femoral vein (for blood sampling), and two large
antecubital veins (one ipsilateral to the arterial line for blood sam-
pling and one contralateral to the arterial catheter for the infusion
of tritiated norepinephrine), the subjects rested for 30 minutes.
Tritiated norepinephrine (sterile, pyrogen-free levo-[ring-2,5,6-*H]-
norepinephrine [Dupont—New England Nuclear, Boston]) was
then administered intravenously, first as a 25-uCi loading dose over
a two-minute period and then at an infusion rate of 0.9 uCi per
milliliter per minute.® After 30 minutes, when a steady state had
been attained, blood samples for the measurement of norepi-
nephrine spillover were simultaneously obtained from the brachi-
al artery, the femoral vein, and an antecubital vein. Blood flow in

a forearm and leg was then measured by venous-occlusion air
plethysmography.26.27

Norepinephrine spillover and other variables were measured dur-
ing stimulation by three methods: immersion of the contralateral
hand in ice water for at least one minute (the cold pressor test),
infusion of sodium nitroprusside (at an initial rate of 0.1 ug per
kilogram of body weight per minute in the arm contralateral to
that in which blood flow was measured, with the rate increased
until systolic blood pressure had decreased by approximately 20
mm Hg), and infusion of tyramine (0.25 mg per minute until sys-
tolic blood pressure had increased by approximately 25 mm Hg).
Values for norepinephrine spillover were determined before and
during exposure to each of these stimuli, and at least 20 minutes
was allowed after each stimulus for recovery. The concentrations
of 3H-norepinephrine in plasma were measured as previously de-
scribed.?

Determination of Norepinephrine Kinetics

Norepinephrine kinetics were calculated by the one-compart-
ment model of Esler et al.28 Systemic norepinephrine clearance (in
liters per minute) was defined as the rate of infusion of [3H]nor-
epinephrine (in disintegrations per minute [dpm]) divided by the
arterial concentration of [3H Jnorepinephrine (in dpm per liter). Sys-
temic norepinephrine spillover (in nanograms per minute) was cal-
culated as systemic norepinephrine clearance multiplied by the ar-
terial plasma concentration of norepinephrine (in nanograms per
liter). The fractional extraction of [3H |norepinephrine (a unitless
measure) in the arm or leg was calculated as (A*—V*)+A* where
A* and V* are the arterial and venous concentrations of [3H Jnor-
epinephrine (in dpm per liter), respectively. Local norepinephrine
spillover (in nanograms per minute per deciliter of tissue) in the
arm or leg was calculated as ([V—A]+A[EF]) X PE, where V is the
local venous plasma norepinephrine concentration (in nanograms
per liter), A the arterial norepinephrine concentration (in nano-
grams per liter), EF the fractional extraction of norepinephrine,
and PF the local plasma flow (calculated as the blood flowX
[1—hematocrit], expressed in milliliters per minute per deciliter
of tissue). Local norepinephrine clearance (in liters per minute)
was calculated as EF X PE The term “spillover” is used, rather than
“release,” because what was measured was not the norepineph-
rine released from the sympathetic neurons but, more accurately,
the norepinephrine that escaped from the synaptic and neuronal
pools into the circulation.

Statistical Analysis

The results are expressed as means =SD. Paired and unpaired
t-tests were used for comparisons between groups and within
cach group before and after exposure to the various stimuli. One-
way analysis of variance for repeated measures was used to assess
the effect of time on each of the variables. Data were analyzed
with Quattro Pro software, version 7 (Corel, Jericho, N.Y.) and
GraphPad Prism software, version 2.0 (GraphPad Software, San
Diego, Calif.). All P values are two-sided.

RESULTS
Characteristics of the Study Population

The blood pressure in the supine and upright po-
sitions and the heart rate in the supine position were
similar in the patients with the postural tachycardia
syndrome and the normal subjects (Table 1). The
mean heart rate in the upright position was 113*13
beats per minute in the patients and 82=7 beats per
minute in the normal subjects. In the supine posi-
tion, the mean plasma norepinephrine and epineph-
rine concentrations were similar in the two groups,
but in the upright position, the plasma norepineph-
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TABLE 1. CHARACTERISTICS OF THE PATIENTS WITH THE POSTURAL
TACHYCARDIA SYNDROME AND THE NORMAL SUBJECTS.*

NoORMAL
PATIENTS ~ SUBJECTS
VARIABLE (N=18) (N=10) P VaLuet
Age — yr 34*8 337 1.00
Weight — kg 64+8 64x7 1.00
Height — cm 166+8 167+9 0.76
Total blood volume — liters 3705 4.1%0.7 0.06
Heart rate — beats/min
Supine 72%12 66*9 0.18
Upright 113+13 82x7 <0.001
Blood pressure — mm Hg
Systolic
Supine 11717 108*10 0.10
Upright 112+20 106*13 0.40
Diastolic
Supine 67*13 63*10 0.42
Upright 7717  72*6 0.38
Plasma norepinephrine — pg,/ml
Supine 210£85 220+95 0.77
Upright 840500 43080 0.02
Plasma epinephrine — pg,/ml
Supine 37x22 31+22 0.55
Upright 8042  47*30 0.04
Orthostatic symptoms — no. (%)%
Lightheadedness or dizziness 18 (100)
Exercise intolerance 15 (83)
Fatigue 12 (67)
Blurred vision 11 (61)
Chest discomfort 11 (61)
Palpitation 7 (39)
Clamminess 10 (56)
Anxiety 10 (56)
Syncope 10 (56)
Nausea (while standing) 9 (50)
Tremulousness 9 (50)
Flushing (particularly after meals) 8 (44)
Headache (while standing) 8 (44)
Associated findings — no. (%)
Mitral-valve prolapse 9 (50)
Irritable bowel syndrome 4 (22)
Chronic fatigue syndrome 3(17)
Inflammatory bowel disease 3(17)

*Plus—minus values are means =SD. To convert the values for norepi-
nephrine to nanomoles per liter, multiply by 0.0059. To convert the values
for epinephrine to nanomoles per liter, multiply by 0.0055.

1D values were calculated by the unpaired two-tailed t-test.

1The normal subjects did not report any symptoms.

rine concentration was substantially higher in the
patients than in the normal subjects (840+500 vs.
430=80 pg per milliliter [5.0+3.0 vs. 2.5=0.5 nmol
per liter], P=0.02), as was the plasma epinephrine
concentration (80*+42 vs. 4730 pg per milliliter
[0.44+0.23 vs. 0.26£0.16 nmol per liter], P=0.04).
Lightheadedness or dizziness and exercise intolerance
were the symptoms most frequently reported by the
patients (Table 1). Most of the patients could not
precisely identify the point in time at which their
symptoms had begun, but the mean estimated time
of onset was about 2.5 years (range, 8 months to
7 years) before the beginning of the study.
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The autonomic-function tests revealed normal para-
sympathetic control of the heart rate in both the pa-
tients and the normal subjects (sinus arrhythmia ra-
tio, 1.5+0.2 and 1.4£0.1, respectively; Valsalva ratio,
2.0+0.3 and 1.9+0.4, respectively). The increase in
blood pressure during sustained handgrip exercise was
higher in the patients than in the normal subjects
(157 vs. 915 mm Hg, P=0.02). The increase in
heart rate with hyperventilation was also greater in
the patients than in the normal subjects (21£5 vs.
4=*1 beats per minute, P=0.01).

Local and Systemic Spillover and Clearance
of Norepinephrine

Local and systemic norepinephrine spillover was
measured in 10 of the 18 patients (8 women and
2 men) and in 8 of the 10 normal subjects (6 wom-
en and 2 men). At base line, the mean norepineph-
rine concentration in the femoral vein was significant-
ly lower in the patients than in the normal subjects
(Table 2). Systolic blood pressure increased by a sim-
ilar amount in the two groups during the cold pres-
sor test and decreased by a similar amount during
nitroprusside infusion. During nitroprusside infusion,
the heart rate increased in both groups, but the in-
crease was greater in the patients than in the normal
subjects (27 £6 vs. 12£5 beats per minute, P<<0.001).

There was no effect of time on any of the meas-
ured or calculated values (i.e., no significant change
in base-line values). The fractional extraction of [3H]-
norepinephrine before exposure to each of the three
stimuli was similar in the patients and the normal
subjects, both in the arms (55*13 and 56*14 per-
cent in the two groups, respectively) and in the legs
(56*10 and 55*9 percent, respectively).

Norepinephrine spillover before exposure to each
of the three stimuli was lower in the patients than in
the normal subjects, both in the arms and in the legs
(Fig. 1). In the arms, before exposure to each of the
stimuli, norepinephrine clearance was similar in the
two groups, but in the legs it was lower in the pa-
tients than in the normal subjects (Fig. 2). During
exposure to each of the three stimuli, norepinephrine
spillover in the arms increased by a similar amount in
the two groups, but in the legs the increases were
significantly smaller in the patients than in the nor-
mal subjects (0.0010.09 vs. 0.12+0.12 ng per min-
ute per deciliter [0.006%=0.53 vs. 0.71=20.71 nmol
per minute per deciliter]| with the cold pressor test,
P=0.02; 0.02%£0.07 vs. 0.23+0.17 ng per minute
per deciliter [0.12+£0.41 vs. 1.3621.00 nmol per min-
ute per deciliter ] with nitroprusside infusion, P=0.01;
and 0.008£0.09 vs. 0.1920.25 ng per minute per
deciliter [0.05%£0.53 vs. 1.12*+1.47 nmol per minute
per deciliter] with tyramine infusion, P=0.04) (Fig.
3). The increase in norepinephrine clearance in the
arms was similar in the patients and the normal sub-
jects, but in the legs the norepinephrine clearance
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TABLE 2. EFFECTS OF EXPOSURE TO THREE STIMULI OF THE SYMPATHETIC NERVOUS SYSTEM IN 10 PATIENTS
WITH THE POSTURAL TACHYCARDIA SYNDROME AND 8 NORMAL SUBJECTS.*

VARIABLE CoLp PRessoOR TEST
NORMAL
PATIENTS SUBJECTS P VALUE§
Blood pressure (mm Hg)
Systolic
Before stimulus 112+13  108=*6 0.43
During stimulus 13515 125*9 0.12
P value{ 0.01 0.005 —
Change 23*13 18+39 0.70
Mean
Before stimulus 69+6 69+3 1.00
During stimulus 859 81x11 0.40
D valuey <0.001 0.01 —
Heart rate (beats/min)
Before stimulus 73+10 6611 0.18
During stimulus 82*12 71*+14 0.09
P valuey 0.005 0.06 —
Blood flow (ml/min/dl)|
Forearm
Before stimulus 39+1.3 4114 0.76
During stimulus 42+19 42*1.1 1.00
P value{ 0.55 0.83 —
Leg
Before stimulus 24+09 3.6*14 0.04
During stimulus 2713 4.6*22 0.035
P valuey 0.12 0.02 —
Plasma norepinephrine (pg,/ml)
Arterial
Before stimulus 16545 215*30 0.02
During stimulus 250+60  250+30 1.00
P valuey 0.002 0.02 —
Antecubital venous
Before stimulus 18060  240=*55 0.04
During stimulus 26060 34655 0.01
P valuey 0.05 0.02 —
Femoral venous
Before stimulus 135+30  215*55 0.001
During stimulus 20550  250*45 0.06
P value{ 0.01 0.04 —
Systemic arterial norepinephrine
spillover (ng,/min)
Before stimulus 340180 505+168  0.06
During stimulus 600220 670+285 0.55
P valuey 0.003 0.003 —
Systemic arterial norepinephrine
clearance (liters/min)
Before stimulus 2.0x1.8 2.2*0.8 0.78
During stimulus 24*1.0 2.6x09 0.66
P valuey 0.04 0.09 —

NiTROPRUSSIDE T TYRAMINEF
NORMAL NORMAL
PATIENTS SUBJECTS P VALUE§ PATIENTS ~ SUBJECTS P VALUE§
105+13 107=*6 0.69 10810 106=*3 0.60
95+15 87+6 0.18 135%7 133*6 0.53
<0.001 <0.001 — <0.001 <0.001 —
—20*5 —-19+3 0.65 27+4 27+5 1.00
72+6 67+£3 0.05 68*7 65+3 0.28
61+9 58+6 0.43 88+7 77+6 0.03
<0.001 <0.001 — <0.001 <0.001 —
71+9 67x11 0.40 70+9 66*11 0.41
98*12 80x11 0.005 73+9 63+9 0.04
<0.001 0.01 — 0.80 0.45 —
3.8+1.3 43*x14 0.45 3919 39x14 0.90
4.0x1.3 49+1.7 0.22 69+25 6.7*28 0.87
0.52 0.13 — <0.001 0.01 —
2.4+09 35+17 0.08 23x07 37x14 0.02
2.6x0.9 4.1%2.3 0.07 34*16 54*23 0.05
0.06 0.15 — 0.04 0.01 —
175+60 205*+45 0.26 185+80  235*28 0.11
353+100 335=*85 0.70 32080  375*65 0.14
<0.001 0.003 — 0.01 <0.001 —
205+60 245+55 0.16 195+£60 260£28 0.01
355+90 340*55 0.68 275+80  335*85 0.14
<0.001 <0.001 — 0.02 0.05 —
175+60 245+70 0.03 16050 225*x42 <0.01
300100 370x45 0.08 21060  335*110 0.007
<0.001 0.003 — 0.02 0.04 —
360220 510*250 0.19 450350 500x110 0.70
840+320 745*+195 0.45 770+430 790+140 0.90
<0.001 0.07 — <0.001 <0.001 —
2.0*x19 2.4%+0.6 0.57 2.3*1.0 2105 0.62
2.4+0.9 2.3+0.6 0.79 2509 2.1*0.3 0.25
0.08 0.70 — 0.49 1.00 —

*Plus—minus values are means =SD. To convert the values for norepinephrine to nanomoles per liter, multiply by 0.0059.

tThe patients received a mean dose of 1.1+0.3 ug per kilogram, and the normal subjects a mean dose of 1.0+0.2 ug per kilogram (P=0.25).

1The patients received a mean dose of 1.8+0.4 mg, and the normal subjects a mean dose of 1.3+0.3 mg (P=0.04).

§P values are for the comparison between the patients and the normal subjects and were calculated by the unpaired two-tailed t-test.

P values are for the comparison between the values before and after stimulation and were calculated by the paired two-tailed t-test.

||IBlood flow was expressed in milliliters per minute per deciliter of tissue.

tended to increase less in the patients than in the
normal subjects (data not shown). During cold pres-
sor testing and nitroprusside infusion, the fractional
extraction of norepinephrine in the legs did not change
significantly in either group. With tyramine infusion,
the fractional extraction of norepinephrine decreased
to 46+ 3 percent in the normal subjects but did not
change in the patients (P=0.04).
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DISCUSSION

The postural tachycardia syndrome is character-
ized by orthostatic symptoms and tachycardia with-
out orthostatic hypotension. The nonspecific nature
of the symptoms and the absence of orthostatic hy-
potension have probably resulted in a lack of recog-
nition of this syndrome by both clinicians and inves-
tigators. Poorly defined diagnostic criteria and the
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Figure 1. Mean (+SD) Norepinephrine Spillover in the Arms
and Legs in 10 Patients with the Postural Tachycardia Syn-
drome (Solid Bars) and 8 Normal Subjects (Hatched Bars) be-
fore the Cold Pressor Test, Nitroprusside Infusion, and Tyramine
Infusion.

P values were calculated by the unpaired two-tailed t-test. To
convert the values for norepinephrine spillover to nanomoles
per minute per deciliter, multiply by 5.9.

likelihood of multiple causes have made it difficult
to clarify the underlying pathophysiology. In the cur-
rent study, we used stringent criteria to obtain as ho-
mogeneous a study group as possible. Only patients
with an increase in the heart rate of at least 30 beats
per minute on standing and a plasma norepinephrine
concentration of at least 600 pg per milliliter on stand-
ing were included in the study.

Several previous investigations have provided clues
that patients with the postural tachycardia syndrome
have peripheral autonomic dysfunction. Streeten et al.
found that patients with orthostatic tachycardia had
excessive venous pooling in the legs while standing
and suggested that denervation of the legs was a mech-
anism of the syndrome.!¢ This hypothesis was sup-
ported by the finding of hypersensitivity to infusion
of norepinephrine into the veins of the foot, despite
high plasma catecholamine concentrations.’® Other
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Figure 2. Mean (+SD) Norepinephrine Clearance in the Arms
and Legs in 10 Patients with the Postural Tachycardia Syn-
drome (Solid Bars) and 8 Normal Subjects (Hatched Bars) be-
fore the Cold Pressor Test, Nitroprusside Infusion, and Tyramine
Infusion.

P values were calculated by the unpaired two-tailed t-test.

investigators studying patients with a similar syndrome
observed prolonged latency of plantar autonomic sur-
face potentials during galvanic skin testing,!9-20 as well
as greater impairment of sweating in the legs than in
the arms.2! Previously, we found that patients with the
postural tachycardia syndrome were twice as sensitive
as normal subjects to the hypertensive effect of the
a;-adrenergic—receptor agonist phenylephrine® and
had short-term improvement in orthostatic tachycardia
and orthostatic symptoms with the administration of
the oral a;-adrenergic—receptor agonist midodrines;
these findings suggest that dysfunction of the periph-
eral autonomic neurons of the cardiovascular system
may contribute to the pathophysiology of the postur-
al tachycardia syndrome. Dysfunction of these nerves,
if present, should become apparent when they are
activated.

In the current study, we measured the responses
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Figure 3. Mean (+SD) Increase in Norepinephrine Spillover in
the Arms and Legs in 10 Patients with the Postural Tachycardia
Syndrome (Solid Bars) and 8 Normal Subjects (Hatched Bars)
during the Cold Pressor Test, Nitroprusside Infusion, and Tyra-
mine Infusion.

P values were calculated by the unpaired two-tailed t-test. To
convert the values for norepinephrine spillover to nanomoles
per minute per deciliter, multiply by 5.9.

to three distinct stimuli of the sympathetic nervous
system. The cold pressor test — a nonspecific, painful
stimulus — activates the sympathetic nervous system
centrally, increasing blood pressure and muscle sympa-
thetic-nerve activity.?® Nitroprusside induces hypo-
tension, which in turn causes baroreflex-mediated in-
creases in plasma catecholamine concentrations and
muscle sympathetic-nerve activity.?0 Tyramine is tak-
en up into the sympathetic neurons and causes the
release of norepinephrine.3132 These stimuli, each of
which causes sympathetic activation by a different
mechanism, increased norepinephrine spillover in the
arms of both the patients with the postural tachycar-
dia syndrome and the normal subjects, with similar
increases in the two groups, but failed to increase
norepinephrine spillover in the legs of the patients.
Moreover, approximately 35 percent more tyramine
was required in the patients than in the normal sub-
jects to achieve similar pressor responses. These find-

ings suggest that in the legs of patients with the pos-
tural tachycardia syndrome, neuronal stores of norepi-
nephrine are low, norepinephrine release is impaired,
or the uptake of tyramine is impaired.?3 The results
of the current study support the hypothesis that par-
tial autonomic dysfunction that is more pronounced
in the legs than in the arms can cause the postural
tachycardia syndrome.

In the absence of stimulation, systemic norepineph-
rine spillover in these patients was normal despite the
impaired spillover in the legs. This finding may be ex-
plained by the activation of intact sympathetic neurons
in other organs (such as the mesentery), a process that
contributes more than one third of the systemic spill-
over in normal subjects.3* The reduced clearance of
norepinephrine in the legs, without a similar reduction
in the arms, may result from impairment of norepi-
nephrine-reuptake mechanisms due to isolated damage
to nerve terminals in the legs. Hypovolemia, shown
previously to be present in patients with this syn-
drome,* may result in a reduction in local blood flow
and a subsequent reduction in norepinephrine spill-
over.35 Changes in capillary permeability in the limbs,3¢
the possibility of which is not addressed by assessments
of spillover, may also contribute to the observed al-
terations in norepinephrine spillover and clearance.
However, our data strongly implicate impaired nor-
adrenergic function in the legs as the cause of a neu-
ropathic form of the postural tachycardia syndrome.

The dysautonomia associated with the neuropath-
ic postural tachycardia syndrome suggests that its treat-
ment should be similar to that of pure autonomic fail-
ure, which results from nearly complete peripheral
autonomic neuropathy.3%3 Autonomic failure is treat-
ed by increasing blood volume through greater intake
of fluids and salt and administration of the mineral-
ocorticoid agonist fludrocortisone? and by minimiz-
ing orthostatic pooling of the blood in the lower body
with compression garments to increase extravascular
hydrostatic pressure#? or with short-acting vasocon-
strictors to increase intravascular pressure.:43 Indeed,
volume loading,® administration of an a;-adrenergic—
receptor agonist,® and compression of the legs!¢ in
patients with the postural tachycardia syndrome have
been shown to decrease the severity of orthostatic
tachycardia. Regular exercise, by increasing intravas-
cular volume,** would probably also be beneficial.
However, the long-term effects of these measures have
not been determined.
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