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Abstract

Objectives: Fibromyalgia syndrome (FMS) is a chronically painful condition whose symptoms 

are widely reported to be exacerbated by stress. We hypothesized that female patients with FMS 

differ from healthy female controls in their sympathetic responses, a fact that may unmask 

important biomarkers and factors that contribute to the etiology of FMS.

Methods: In a pilot study, blood pressure (BP), skin temperature, thermogenic activity, 

circulating glucose, and pain sensitivity of 13 patients and 11 controls at room temperature (24°C) 

were compared to that after exposure to cold (19°C).

Results: When measured at 24°C, BP, skin temperature, blood glucose and brown adipose tissue 

(BAT) activity, measured using 18F-fluorodeoxyglucose (FDG) PET/CT, did not differ between 

controls and patients with FMS. However, after cold exposure (19°C), BP and BAT activity 

increased in controls but not in FMS patients; skin temperature on the calf and arm decreased in 

controls more than in FMS patients; and circulating glucose was lower in FMS patients than in 

controls. Pain sensitivity did not change during the testing interval in response to cold.

Discussion: The convergence of the effect of cold on four relatively simple measures of 

thermogenic, cardiovascular and metabolic activity, each regulated by sympathetic activity, 

strongly indicate that patients with FMS have impaired sympathetic responses to stress that are 

observable and highly significant even when measured in extraordinarily small sample 
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populations. If insufficient sympathetic responses to stress are linked to FMS, stress may unmask 

and maximize these potential clinical biomarkers of FMS and be related to its etiology.
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INTRODUCTION

Fibromyalgia syndrome (FMS), with a prevalence in the Americas of approximately 1–6%, 

is characterized by widespread musculoskeletal pain, fatigue, sleep disorder and altered 

cognitive function that may persist for many years.1 The symptoms are relatively 

unresponsive to steroidal and non-steroidal anti-inflammatory and analgesic compounds.2–4 

Stress enhances symptoms of fibromyalgia,5, 6 as it does many types of pain.7 Circulating 

glucocorticoids are highly variable but sympathetic activity is enhanced in slightly more 

than half of these patients even at rest,8 supporting the possibility of a sympathetically 

driven contribution to the FMS condition.9 Consistent with this, a persistent vasoconstriction 

is suggested by lower skin temperatures above tender points, areas previously used to 

characterize FMS.10 Enhanced sympathetic tone appears important as their pain is reduced 

by experimental injections of anesthetics into stellate ganglia containing sympathetic 

neurons.11 Whereas stress and cold exacerbate FMS pain,12, 13 warmth temporarily relieves 

the discomfort.13 In fact, repeated exposure of rodents to cold is proposed as a model of 

FMS.14

However, most studies of FMS etiology are conducted in the absence of intentionally 

stressful intervention. Thus, it is not clear how various sympathetic responses are affected in 

these patients when stressed. Paradoxically, insufficient responses to stress are suggested by 

the abnormally low sympathetic response to a metabolic stress where an insulin challenge 

impairs rather than potentiates sympathetic activity in FMS patients.15 Based on this and on 

reports concerning the effect of temperature on FMS symptoms, we hypothesized that cold 

influences sympathetic responses in FMS patients differently than in healthy individuals. If 

true, exposure to stress in future studies may unmask important signs and symptoms of FMS 

related to sympathetic activity. To test this, we used dietary manipulations and ambient 

temperatures that enhance sympathetic tone in a pilot study of healthy individuals and 

compared responses in healthy individuals to those in patients with FMS.

Normally sympathetic activity increases blood pressure (BP), maintains circulating glucose,
16 decreases surface temperature to maintain body heat,17 and stimulates non-exercise 

thermogenesis18 by activating brown adipose tissue (BAT).19 In addition, the volume of BAT 

in rodents reflects persistent stress as BAT grows in size (recruitment) in response to chronic 

cold, chronic stress, or diets low in protein.20 In humans, daily 2-h cold exposure at 17°C for 

6 weeks increased BAT activity21 but even short-term exposure to cold (10 days) also 

increased cold-induced glucose uptake in the BAT of patients with type 2 diabetes.21, 22 In 

contrast, exercise inhibits recruitment of BAT in rodents.23 Similarly in humans, exercise by 

chronic endurance training inhibits BAT recruitment and improves the symptoms of FMS.24 
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To date, aerobic and muscle strengthening exercises have been found to be the most effective 

way of reducing pain and improving global well-being in people with fibromyalgia.25, 26

In this study, we hypothesized that patients with FMS differ from healthy controls in their 

sympathetic responses to stress, a fact that may unmask important research biomarkers and 

factors that contribute to the etiology of FMS.

MATERIALS AND METHODS

Participants

Fibromyalgia syndrome (FMS) was diagnosed by the 2010 criteria set forth by the American 

College of Rheumatology (ACR).27 Fatigue, waking unrefreshed, cognitive symptoms, and 

the intensity of somatic symptoms in general were each evaluated for symptom severity 

from 0 (no problem) to 3 (severe, pervasive, continuous, life-disturbing problem). Each of 

these four evaluations constituted 3 of the possible 12 points on the SS scale. Because FMS 

patients have a preoccupation with health issues, including a tendency toward somatization 

disorder and hypochondriasis,28 the information for these evaluations was elicited by 

specific questions embedded within the Pittsburgh Sleep Quality Index (PSI; raw scores 

from 0 to 3), the Psychiatric Diagnostic Screening Questionnaire (PDSQ)29 (Yes or No 

answers), the POMS-SF (Profile of Mood States Short Form) questionnaire30 (raw scores 

from 0 to 4), and a visual analog scale (raw scores from 0–10) for pain. As summarized in 

Table 1, the symptom severity (SS) criteria for diagnosing FMS were based on the Profile of 

Mood State-Short Form (POMS) items 3, 13 and 19. The Pittsburgh sleep survey item 6 and 

PDSQ item 10 were used as indications of waking unrefreshed. Cognitive symptoms were 

reflected by PDSQ item 14 and POMS items 15 and 29. Symptoms in general were reflected 

by the VAS, PDSQ items 1, 102 and 103 as well as POMS item 1, 7 and 16. The WPI and 

SS scores that characterize each individual of the final FMS patient group are indicated in 

Table 2.

Subject Selection

Although the study was conducted prior to the 1–18-2017 FDA Final Rule affecting clinical 

trials in humans, we had previously registered the study under ClinicalTrials.gov identifier 

NCT01322425 to help recruit subjects and to document the parameters surrounding our 

study and the feasibility of the approach. All participants were subjected to the same 

manipulations. Although this study is not a randomized comparison, the details in common 

with a Consort diagram have been provided in Table 3 and the following text.

All subjects heard about the study either from their physician or through advertisements 

placed in local newspapers; posters hung in home clinics, rheumatology clinics, pain clinics, 

and common areas throughout the University of Minnesota campus; clinic websites; and 

Facebook pages. Subjects with FMS were currently being treated for their condition at local 

family practices as well as rheumatology and pain clinics in the Minneapolis and Saint Paul 

area. Consent to participate in the study was obtained via a consent process approved by the 

local institutional review board (IRB) at the University of Minnesota (IRB Study Number 

1007M85352). After consent was obtained, each subject participated in a screening visit that 
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included psychiatric screening questionnaires to detect exclusionary conditions and 

diagnostic criteria for FMS, questionnaires to assess the distribution and intensity of pain, 

the presence of depression or anxiety, the quality of sleep, and dolorimetric measures of 

pressure algometry. The results of these measures determined eligibility for the subsequent 

visits.

Eligible subjects met all inclusion criteria at baseline which included the following: female 

gender; 18–55 years of age and premenopausal; healthy volunteer or patient diagnosed with 

FMS; follicular phase of the menstrual period (to minimize major changes in body 

temperature and other hormone levels; decreased risk of accidental radiation exposure while 

pregnant; greater mood stability) or on oral contraceptives; ability to comply with study 

procedures for the entire length of the protocol and to give informed consent (informed 

consent obtained and signed); and a negative urine pregnancy test within 24 h prior to PET 

scan visits.

Subjects were excluded if they met any of the following exclusion criteria: Axis I DSM IV 

diagnoses30 (e.g., major depression, anxiety disorder, drug abuse/dependence, etc.); any 

serious medical conditions including other rheumatological diseases; acute changes in 

medication that could affect brain metabolism (e.g., antidepressants, sedatives); use of 

opioids within 14 days prior to any study visit or non-steroidal anti-inflammatory drugs 

within 72 h of the beginning of the temperature-intervention study visits; a body mass index 

(BMI) greater than 35 kg/m2; contraindication to MRI (e.g., claustrophobia, pacemaker, 

ferromagnetic contamination); pregnancy or breast feeding; exposure to radiation (medical) 

in prior 12 months; or any condition that, in the investigator’s opinion, made the subject 

unsuitable for study participation.

Protocol

The study involved a brief pre-screening telephone interview and three visits during a two- 

to four-week period. Cold was selected as the primary stressor based on reports that it 

enhances FMS symptoms and also because it is easily applied and controlled. Subjects were 

scheduled on two separate days on average 18 days apart counterbalancing the order of 

temperature conditions. Except for dietary details, the entire protocol has been described 

previously.31 The high fat, low carbohydrate, protein-sparing (HFLCPS) diet consisted of 

two fried eggs or omelet (without milk), 3 slices of bacon or a fried piece of chicken or 

turkey, and tea or coffee without milk, sugar, or sweetener. The low fat, low carbohydrate 

(LFLC) diet consisted of raisin bran cereal, 1% milk, a fruit cup and tea or coffee without 

milk, sugar, or sweetener.

Questionnaires

During the initial screening, the PSI, a self-rated questionnaire that assesses sleep quality 

and disturbances over a 1-month time-interval, was administered. In addition, the 7-day 

physical activity recall; medicine/drug supplement questionnaire; as well as the 24-hour 

history of food/beverages consumption, medication ingestion, sleep, activity level, and 

general mood were used to confirm inclusion and exclusion criteria. The PSI was used to 

quantitate the degree of sleep impairment in the FMS patients. The physical activity 
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questionnaire measured the typical level of current physical activity, which can affect 

symptoms in FMS subjects and BAT metabolism. Medication history controlled for potential 

pharmacological effects on FMS physiology, e.g., opiates, steroids, etc. The PDSQ,29 a self-

report instrument designed to screen for DSM IV Axis I disorders in psychiatric patients,30 

was administered during the screening visit to elicit specific responses for the diagnosis of 

FMS and for inclusion and exclusion purposes. The POMS-SF (Profile of Mood States-

Short Form,32 a 37-item self-report questionnaire, measured mood disturbance in the 6 areas 

of fatigue-inertia, vigor-activity, tension-anxiety, depression-dejection, anger-hostility, and 

confusion-bewilderment. Patients were asked to evaluate how they felt during the 

prescreening visit and ‘right now’, i.e., at the moment the test was administered during the 

warm and cold interventions.

Physiologic signs

Core (intra-aural) temperature and blood pressure (BP) were measured using a Spot Vital 

Signs Model 42MTB (Welch Allyn, Skaneateles Falls, NY). Skin temperatures (forehead, 

calf, forearm) measured using a Portable Infrared Thermometer Model 153 (Bioseb, Pinellas 

Park, FL) were taken before and at hourly intervals after entering the temperature-controlled 

rooms. Heart rate (HR) was monitored periodically throughout the temperature 

interventions. Comparisons between FMS and control groups were made at the same time 

relative to the interventions and to the ambient temperature conditions.

Pain Sensitivity

In an effort to detect subtle changes, we explored several characteristics of pain in our 

subjects in more depth than that required for a diagnosis of FMS in patients. The McGill 

Pain Questionnaire (MPQ) short form is a scale for describing sensory versus affective pain 

(0 = none, 3 = severe) with a visual analog scale (VAS) ranging from 0 (no pain) to 100 

(highest possible pain). In addition, the present pain index (0 = no pain, 5 = excruciating) 

allows subjects to circle the number plus descriptive words that best describe their pain. 

Sensory pain is categorized as those described by throbbing, shooting, stabbing, sharp, 

cramping, gnawing, hot-burning, aching, heavy, tender and splitting; affective pain is 

characterized as tiring-exhausting, sickening, fearful and punishing-cruel. Pain thresholds 

were measured by applying defined forces using a Compact Digital Force Gauge (Wagner 

Instruments, Greenwich, CT) over the tender sites to serve as dolorimetric measures of 

pressure algometry. The subject identified the force when pain began, allowing the pain to be 

rated from 1–10. Measurements were taken before each temperature intervention as well as 

1 and 3 h after exposure to cold and warm temperatures. Finally, because the distribution of 

pain in FMS patients is widespread, the anatomical regions in which pain was spontaneously 

felt by participants was determined. The number of positive painful sites was identified by 

the subject on a diagram indicating 45 areas of the body. In addition, a visual analog score 

allowed subjects to rate the intensity of their overall pain from 0 (no pain) to 10 (worst 

possible pain). Averages of pain scores were calculated for each group and compared 

between groups before and after warm and cold exposures.
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Rationale for ambient temperature and dietary manipulations

Temperature.—Based on the literature, the temperature and dietary manipulations selected 

to influence sympathetic activity were based on their ability to influence the activity of BAT, 

a sympathetically innervated tissue. The cold temperature was selected to avoid maximally 

stressing subjects and thereby producing a ceiling effect. Rather, we wished to expose them 

to a moderately cool temperature and diet that would differentiate patients from controls. 

BAT activity is not typically prominent in clinical FDG PET scans taken while subjects rest 

at warm room temperatures. However, BAT activity increases markedly after a 2-h exposure 

to cold 19°C (66.2°F)33, 34 or 16°C (61°F).35 At warm temperatures, BAT activity is 

variable, reported by one study as practically nonexistent,36 but others report 25% of 

patients with visible brown adipose37 to more than 80%.38 Given that some BAT is activated 

at room temperature and most is activated at 16°C, we selected 19°C as it is midway 

between the 16°C previously used to activate BAT maximally36 and the warmer temperature 

of 24°C that we used to minimize BAT activity.

Diet.—To decrease the possible visualization of BAT at 24°C (76°F), the HFLCPS diet 

provided 5 h prior to the scan prevented postprandial hyperglycemia by producing higher 

concentrations of free fatty acids relative to the concentration of glucose; avoiding 

competition with FDG uptake; and eliminating the interfering effect of BAT on PET scans 

when used to evaluate oncological conditions. Through the Randle cycle (glucose-fatty acid 

cycle), higher concentrations of fatty acids stimulate their oxidation thereby decreasing 

glucose uptake and flux through glycolysis. By exploiting the Randle cycle, fatty acid 

loading suppresses glucose metabolism in BAT,39 but not in the brain. Brain mitochondria 

have 125-fold lower levels of activity of 3-ketoacyl-coenzyme A thiolase than that found in 

other tissues, thereby minimizing activity of the Randle cycle in the brain during 

normoglycemia.40 Compared to a group of patients fasted for 24 h, the 5-h HFLCPS diet 

reduces the incidence of FDG-positive BAT per 100 patients from 6.3 to 2.8.41

PET Scans

Prior studies in humans and animals42, 43 detect BAT primarily in interscapular (rodents) or 

supraclavicular (humans) regions, but also between skin and muscle, and surrounding 

gonads and sympathetic ganglia. The measurement of cold-inducible BAT (ci-BAT) with 

FDG and PET/CT has limitations,44–46 so we used a novel approach and related software to 

estimate ci-BAT reliably, semi-quantitatively, and efficiently.31 We focused on 

supraclavicular BAT as the target region because it is the largest store in humans and easy to 

define and measure.

Analysis of Cortisol and Urocortin I

Blood samples were taken immediately prior to the injection of FDG for the PET scans. 

Serum cortisol, an adrenal hormone, was measured according to the manufacturer’s 

recommended protocol using a competitive enzyme immunoassay from R&D Systems 

(Minneapolis, MN) because it is released in response to stress and has been analyzed 

extensively in patients with FMS.47 Plasma concentrations of urocortin I were also measured 

as they have been reported to suppress the sympathetic nervous system,48 whose tonic 
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resting activity is thought to be elevated in FMS.8 Acidic extraction of plasma used C18 

Sep-Pak columns; plasma samples were assayed for human urocortin I according to the 

manufacturer’s recommended protocol using EIA kits from Phoenix Pharmaceuticals, Inc. 

(Burlingame, CA).

Statistical Analyses

All data in the figures are shown as the mean ± standard error of the mean (SEM). In all 

analyses, differences were considered statistically significant if the probability that they 

occurred because of chance alone was less than 5% (P < 0.05). Comparison of the means 

between two different groups (FMS and controls) was accomplished using an unpaired 

Student’s t-test whereas comparisons between two values obtained from the same group 

were made using a paired Student’s t-test. Unless otherwise indicated, all comparisons were 

two-tailed analyses in normally distributed groups. When statistically different, analyses are 

summarized in the text as follows (tdf = #, P = #). When more than two values were 

compared, data were analyzed using a one-way analysis of variance (ANOVA) followed by 

the post hoc test indicated in the corresponding figure legend. When significantly different, 

analyses are summarized in the text as follows (Fdf = #, P = #). Correlations were performed 

using Pearson’s correlation coefficient and considered significant when P was less than 0.05 

without correction for multiple comparisons. All statistics were completed using 

GRAPHPAD-PRISM GRAPHPAD Software (La Jolla CA, USA).

RESULTS

Subjects

Of the 45 volunteers examined, the final subjects used for this study included 11 white 

female adults without significant medical illness and 13 white female patients with FMS 

Table 3). Seven controls and 7 FMS patients were excluded at the initial screening visit as 

they did not meet the inclusion criteria while 2 controls and 2 FMS patients declined to 

participate. The remaining 13 controls and 14 FMS patients received a single intervention 

but 3 subjects (2 controls and 1 FMS patient) discontinued prior to completing the second 

day of testing. The remaining 11 controls and 13 patients with FMS completed the protocol 

and their data were used for statistical analysis as these numbers met our a priori recruitment 

and retention criteria for success. The final study was intended as a pilot trial due to the high 

cost of data collection for each subject. For ethical reasons related to the stress to which 

subjects were exposed when the significance of the data was already apparent, a follow up 

study to increase the sample size was not deemed appropriate or necessary.

BMI, indicated in Table 2, did not differ between the two groups (controls = 24.8 kg/m2; 

FMS = 25.5 kg/m2; unpaired two-tailed Student’s t22 = 0.34, P = 0.735). Controls available 

were younger (mean = 26 years) than patients with FMS (mean = 37.2 years; unpaired two-
tailed Student’s t22 = 3.38, P = 0.0003). However, except for systolic BP, there were no 

correlations between age and any of the parameters tested. In addition, none of the 

differences between values obtained in the warm verses cold environment correlated with 

age.
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Diagnosis of FMS

Consistent with 2010 ACR criteria for FMS, we found that individuals suffering from FMS 

had widespread pain, non-restorative sleep 49 and a preoccupation with health.28 Patients 

were found to satisfy the diagnostic criteria if the Widespread Pain Index (WPI) was 7 or 

greater and the somatic symptom severity (SS) score was 5 or greater. If the WPI was 3–6, 

the SS score needed for a positive diagnosis was 9 or greater, as outlined in Table 1. Subjects 

were asked to shade areas on a diagram of the human body to indicate the areas where they 

felt pain. Widespread pain consistent with FMS was found to be reflected by a score of at 

least 5 of 19 areas designated by the ACR. Patient medical records were examined by a 

physician (CJT) to ensure that no other diagnosis of a painful or psychiatric condition could 

account for the occurrence of pain in each patient and to document the long-term nature of 

the pain complaints. PDSQ tests, used to exclude Axis I pathology and to characterize 

subjects, detected no major psychiatric disorders in our final cohorts.

Pain Sensitivity Tests

Exposure to cold had no effect on any of the pain measures used. Tender point sensitivity of 

FMS patients was greater than that of healthy controls when compared in either a warm or 

cold environment. Based on pressure algometry values, there was a consistent difference 

between FMS patients and healthy controls (t22 = 2.33, P = 0.029) when measured using 

dolorimetric testing (Fig. 1A), lower values reflecting a reduced threshold to tactile pain and 

a greater sensitivity to mechanical pain than controls. Consistent with dolorimetry test 

results, FMS patients also scored higher on both the MPQ sensory (Fig. 1B, Warm: t24 = 
6.053, P < 0.0001, Cold: t24 = 6.65, P < 0.0001) as well as the affective pain scales than 

controls (Fig. 1C, Warm: t24 = 4.58, P = 0.0001, Cold: t23 = 3.64, P = 0.001). The 

distribution of pain, as indicated by the number of sites on their body (up to 45) that subjects 

considered painful before each temperature intervention (Fig. 2A), was scored by FMS 

patients to be much greater than that of healthy controls (ANOVA followed by Tukey’s 
multiple comparison test, F3,46 = 12.89, P < 0.0001) and these values remained unchanged 

within each group by the end of each intervention (Fig. 2B). The intensity of that pain, as 

indicated by an additional visual analog measure of pain from zero (no pain) to 10 (worst 

possible pain) (Fig. 2C) was scored by FMS patients to be much higher than that of healthy 

controls before exposure to each temperature intervention (F3,46 = 27.41, P < 0.0001), and 

these values also remained unchanged within each group by the end of each intervention 

(Fig. 2D).

Physiologic Parameters

Both systolic and diastolic BP (Fig. 3A, 3B) and HR (Fig. 3C) were identical between the 

FMS and control groups before temperature challenge as well as after 1 h of exposure to 

warmth. Exposure to 1 h of cold increased systolic BP in healthy controls (paired two-tailed 
Student’s t-test t11 = 4.036, P = 0.002) but not in patients with FMS (t11 = 2.006, P = 0.07) 

at any time during and after the intervention. In contrast, by 1 h after cold exposure, the 

diastolic BP increased in both controls (t11 = 3.628, P = 0.004) and patients with FMS (t12 = 
4.167, P = 0.0013) and remained elevated throughout.
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Because of the unavoidable difference in the mean age of our two groups, we also examined 

the relationship between BP and age. Systolic BP in control subjects increased with age 

when measured in either the warm (r = 0.691, P = 0.013) or cold (r = 0.810, P = 0.001) 

environment (Fig. 4) whereas FMS patients differed from controls by not correlating with 

age at either warm (r = −0.222, P = 0.447) or cold (r = 0.080, P = 0.794) temperatures (Fig. 

4).

Circulating Stress Hormones

The concentrations of circulating cortisol and urocortin in healthy controls did not differ 

from those of FMS patients after exposure to a warm environment. In addition, circulating 

cortisol did not differ after exposure to 3.5 h of a cold environment (meancontrol = 69 ± 16; 

meanFMS = 49 ± 7, Student’s unpaired two-tailed t-test t16 = 0.946, P = 0.358). Similarly, the 

concentration of urocortin did not differ after exposure to a cold environment (meancontrol = 

6.5 ± 0.5; meanFMS = 5.6 ± 0.8, t14 = 1.003, P = 0.333).

Body Temperatures

Body temperatures did not differ between groups prior to cold exposure and all subjects had 

lower skin temperatures on their extremities (arm and calf) after 3 h of cold (Fig. 5). Core 

body temperatures and forehead temperatures (Fig. 5A, 5B) did not decrease in response to 

cold exposure and did not differ between groups. However, after cold exposure distal skin 

temperatures of patients with FMS were not as low as controls on the arm (Fig. 5C, t23 = 
3.84, P = 0.0008) and on the calf (Figure 5D, t23 = 2.475, P = 0.021). Only 4 out of 11 

healthy control participants reported shivering in response to the cold whereas 12 out of 13 

FMS patients reported shivering during the cold exposure. The average room temperatures 

recorded during testing of FMS patients (Cold = 61.7°F ± 0.3; Warm = 75.7°F ± 0.2, n = 13) 

did not differ from that during their respective test of healthy controls (Cold = 61.6°F ± 0.3; 

Warm = 75.8°F ± 0.3, n = 12, unpaired, two-tailed Student’s t-test P < 0.05).

Brown Adipose Tissue Activity

Based on the importance of BAT during responses to stress, we examined ci-BAT using 

FDG PET/CT to explore whether the cold intervention induced thermogenesis that was 

sufficient to increase BAT activity in healthy control individuals and thus explore possible 

differences between thermoregulation in FMS and control groups following cold exposure 

(Fig. 6A-C). Under warm conditions, BAT activity was consistently minimal and similar in 

both control and FMS subjects (Fig. 7). After cold exposure, BAT activity was much more 

variable within and between groups, especially within the values for FMS patients, where 

there was also a tendency to take up less FDG than controls despite a large outlier that was 

not removed from the data [Wilcoxon Mann-Whitney test: n1 = 10; n2 = 12; U = 86.0; P 
(two-tailed) = 0.09]. BAT activity of FMS patients was not increased by exposure to cold 

(two-tailed paired Student’s t-test t12 = 1.644, P = 0.126), whereas that of healthy control 

subjects was (t10 = 2.909, P = 0.002). The volume of ci-BAT was not significantly different 

across groups and FDG uptake in a warm environment was the same across groups, 

reflecting good reliability.
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Blood Glucose

Circulating blood glucose did not differ between groups prior to cold exposure or after 2 h in 

a warm environment (Fig. 8A). Although all subjects had blood glucose concentrations 

within the normal range, after exposure to 2 h of cold, patients with FMS had lower blood 

glucose values than control subjects (F3,40 = 3.392, P = 0.027). Although gabapentinoids 

may decrease blood glucose, comparison of FMS patients taking them to those who do not, 

indicated that their mean blood glucose did not differ due to gabapentinoids. When the 

magnitude of individual differences in circulating glucose were compared to the intensity of 

their corresponding pain values measured using dolorimetry, there was a significant and 

positive correlation (Fig. 8B) (Pearson’s correlation coefficient, r = 0.875, F1,10 = 32.6, P = 
0.0002) between the pain threshold and the ability to maintain a normal circulating glucose 

in the face of cold in FMS patients. No such correlation was observed in healthy controls (r 
= −0.281, F1,8 = 0.684, P = 0.432).

DISCUSSION

This study tests the hypothesis that female patients with FMS differ from healthy female 

controls in their sympathetic responses to stress, a fact that may unmask important 

biomarkers and factors that contribute to the etiology of FMS. A cold stressor was used to 

elicit sympathetic activation. After verifying the ability of temperature to influence these 

sympathetic responses in healthy controls and comparing their responses to those in patients 

with FMS, we found that while BP, skin temperature, circulating glucose and BAT activity 

did not differ between the two groups in a warm environment, they all differed in relatively 

mild cold stress. These responses suggest that readily straightforward and simple measures 

of sympathetic activity in response to stress reflect differences between even small groups of 

patients compared to controls, and that cold stress might be exploited to explore other 

parameters potentially related to the etiology of FMS.

Subjects

The MPQ and pressure algometry confirmed that the pain experienced by our cohort of FMS 

patients at the time of testing was widespread, a major criterion for the diagnosis of FMS. In 

addition, the sleep disturbances and non-restorative sleep reported by our FMS patients are 

characteristic of patients with FMS.49 The results from PDSQ and POMS survey in FMS 

patients reflect a preoccupation with health28 and fatigue49 that characterize this condition. 

Together these data are consistent with a diagnosis of FMS based on the 2010 ACR criteria.

We hypothesized that stress might exacerbate symptoms of FMS, unmasking potential 

research-relevant biomarkers of FMS and parameters linked to the etiology of this condition. 

Although we found that exposure to a cold environment did not potentiate their reported 

pain, it did influence several responses differently in patients than in healthy controls, 

providing several convergent lines of evidence that sympathetic responses to cold stress are 

compromised in patients with FMS.
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Pain

Prior to temperature interventions, FMS patients were more sensitive to pain than controls 

regardless of the instrument used to assess pain sensitivity. However, exposure to the stress 

of a colder environment elicited no additional change in pain thresholds, pain intensity, or 

pain distribution. It is unlikely that the measures of pain used were limited by having 

reached a ceiling response in warm conditions, thereby obscuring increases in hyperalgesia, 

as we rarely recorded maximal responses. Stress may simply make patients more aware of 

their pain, increasing their discomfort. Alternatively, the time-interval studied may not be 

long enough to capture post stress-induced increases in pain sensitivity. Additional studies 

may resolve this by expanding the time-course of pain measurements.

Blood Pressure (BP)

In a warm environment, BP did not differ between patients with FMS and healthy controls. 

After exposure to cold, systolic BP increased in controls but not in patients with FMS. If BP 

responses in the older FMS patients were influenced by age, one would expect BP to be 

higher rather than lower than those in the younger control group. Instead, FMS patients had 

an identical mean systolic BP as controls at the warmer temperature and lower mean systolic 

BP than controls at the colder temperature, the opposite of what would be expected if the 

data were the result of the age differences. Diastolic pressure did not differ between groups 

at either temperature. These data provide one line of evidence that stress-induced 

sympathetic activity in patients with FMS is less than that in controls. This is somewhat 

paradoxical as sympathetic tone has been reported to be elevated in patients with FMS in the 

absence of intentional stress8 in spite of normal concentrations of circulating 

catecholamines, like norepinephrine and epinephrine.15 However, consistent with our data, 

insulin-induced stress increases epinephrine more in healthy controls than in patients with 

FMS,15 supporting less rather than more sympathetic activity in response to stress.

Brown Adipose Tissue

Not only is FMS more common in women than men, women also have more BAT, 

suggesting a greater thermogenic capacity.36 BAT is usually not active in a warm 

environment unless subjected to stress or overeating. In keeping with this, BAT activity did 

not vary greatly within groups or between groups when measured in a warm environment 

and a HFLCPS diet, conditions that minimize thermogenesis. Thus, BAT is not perceptibly 

enhanced by the tonically heightened sympathetic tone previously reported in unstressed 

FMS patients.50 In contrast, cold exposure plus a LFLC diet, conditions that together 

enhance and permit maximal BAT activity, generate heat by uncoupling oxidative 

metabolism from that producing ATP. This was reflected in healthy controls by an increased 

uptake of FDG into BAT reflecting sympathetically-induced thermogenesis. However, these 

same conditions failed to increase BAT activity in patients with FMS, consistent with an 

attenuated sympathetic response to stress.

Thermogenesis is decreased by feedback inhibition transmitted by primary afferent C-fibers 

projecting from BAT to the spinal cord where they release substance P. This attenuates the 

generation of heat in BAT51 and initiates cooling responses.52 Even in the absence of 

intentional stress, patients with FMS have elevated concentrations of substance P in their 
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cerebrospinal fluid.53, 54 Although this is widely attributed to release from nociceptors, its 

origin is unknown as nociceptive and thermoregulatory pathways converge at several sites, 

including the spinal cord, enabling them to influence each other.55 As a result, substance P 

may negatively impact thermogenesis while positively impacting pain sensitivity. Nerve 

growth factor (NGF), a neurotrophic factor that enhances synthesis of substance P and 

sensitizes nociceptors, also supports growth of sympathetic nerves. It is noteworthy that 

NGF is increased in the CSF of patients with FMS,56 potentially increasing pain and 

decreasing thermogenesis by its influence on substance P.

Skin Temperature

Ear and forehead skin temperatures did not differ between groups at either temperature. 

However, when subjected to cold, skin temperature on distal appendages (arm and calf) of 

all subjects decreased, but less so in FMS patients. This exposes different abilities of the two 

groups to defend against cold. Higher skin temperatures in patients with FMS during cold 

cannot be attributed to greater thermogenesis,57 given the compromised response of BAT to 

cold. A greater percentage of FMS patients shivered than controls, leading to heat 

generation. However, the major regulator of skin temperature is blood flow. Circulation in 

skin is regulated by arteriole-venule shunts that divert the flow of blood from capillaries to 

venules. Sympathetic activity constricts these shunts to prevent heat loss whereas activation 

of sensory nerves by lowered surface temperatures induces dilation to maintain blood flow. 

Our results suggest that FMS patients have either a less robust sympathetic response to stress 

(less vasoconstriction), consistent with our BP data, and/or greater sensory nerve activity 

(more vasodilatation), consistent with the greater density of sensory innervation of arteriole-

venule shunts in glabrous skin of patients with FMS.58

Blood glucose

Sympathetic activity transiently increases circulating blood glucose. The heightened 

sympathetic tone of FMS patients at rest does not influence resting blood glucose differently 

in FMS patients than in controls. After exposure to cold, blood glucose was lower in the 

FMS group than controls, albeit never in the range that constitutes hypoglycemia. 

Insufficient sympathetic responses can explain this inability to maintain circulating glucose 

during stress. Differences in glucose cannot explain the PET results because the relatively 

lower unlabeled glucose concentration in FMS patients would compete less with radiotracer 

uptake. Less competition would increase, rather than decrease, the uptake of FDG in BAT. 

Thus, FMS patients had less rather than more uptake of label in BAT depots despite, rather 

than because of, their lower circulating glucose.

Correlation between Circulating Glucose and Pain

Although the degree of patients’ hyperalgesia did not increase in response to stress, their 

nociceptive sensitivity measured by algometry correlated well with differences in the 

concentration of glucose in warm compared to cold conditions. Neither pain sensitivity nor 

blood glucose correlated with any other parameter measured. Greater decreases in blood 

glucose corresponded to lower sensitivities to pain, suggesting that it is the maintenance of 

higher glucose values during stress that is linked to hyperalgesia in patients. Future studies 

must distinguish whether causal relationships exist.
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Sympathetic Regulation

Circulating cortisol did not differ due to cold, in agreement with the reported variability of 

glucocorticoids in FMS.59 Instead, insufficient sympathetic activity in patients with FMS 

during cold likely results from decreased adrenergic activity (epinephrine) like that in 

response to insulin-induced stress.15 Impaired adrenal responses to stress may account for 

abnormal BP, skin temperature, BAT activity and circulating glucose in stressed patients. 

Deficiencies in epinephrine release may be due to less activation of the adrenal or 

insufficient phenylethanolamine-N-methyl transferase (PMNT), the synthesizing enzyme for 

epinephrine in the cytosol of adrenal medullary cells.60–62 Impaired sympathetic responses 

to cold in FMS patients may seem at odds with their greater shivering. However, shivering-

induced and non-shivering-induced thermogenesis are separate systems as shivering follows 

the somatomotor system and not the sympathetic pathway.63

Limitations

This study’s sample size is small, and almost half the subjects enrolled either did not meet 

all criteria after initial screening, declined to participate, or did complete the entire study. 

This factor limits generalizability. The large number of patient dropouts after initial 

enrollment will need consideration for future work. The control subjects available were 

younger than patients with FMS. In spite of this, we found no correlations between age and 

any of the parameters measured in these studies. In addition, none of the differences between 

study values obtained in the warm verses cold environment correlated with age. Together 

this suggests that the difference in age did not contribute to differences between FMS and 

control groups. This study did not use advanced techniques for cooling such as whole-body, 

ice-water, circulating suits to more precisely control the cooling stress; some degree of 

shivering occurred. The limitations of FDG PET for the study of BAT metabolism was 

reviewed previously.31

CONCLUSIONS

In healthy controls, cold stress increased BP, BAT activity, maintained circulating glucose 

and decreased distal skin temperatures. In contrast, FMS patients had no increase in systolic 

BP or BAT activity, decreased circulating glucose, and higher distal skin temperatures than 

healthy controls. Differences in these characteristics were not present at warm temperatures. 

This provides four convergent lines of evidence suggesting attenuated sympathetic responses 

to stress in FMS patients. While sympathetic tone may be excessive in FMS patients at rest, 

our data indicate that cold stress recruits less sympathetic activity in these patients than in 

controls. In future studies of FMS, stress may be useful to unmask elements related to its 

etiology and simultaneously confirm these easily measured clinical parameters as potential 

research biomarkers of FMS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Pain-related measurements across groups (FMS, Controls) and temperatures (Warm, Cold) 

show FMS patients experience more pain than controls under both temperature conditions. 

The pain threshold was reflected in measures of the mean ± SEM dolorimetry values 

obtained in patients (A). These values did not differ in individuals or in groups when 

recorded before, during or after exposure to either hot or cold. The McGill pain 

questionnaire (MPQ) further characterized sensory (B) and affective pain (C) as well as 

results from the visual analog scale (VAS) (D) and present pain index (PPI) (E). Individual 

and group values of each parameter did not differ in response to exposure to either cold or 

warm temperatures. Values in panels A-E were therefore averaged for each individual and 

represent the average (± SEM) of all time-points of each group at each temperature and 
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analyzed using an unpaired two-tailed Student’s t-test using a cutoff of P < 0.05 for 

significance.
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Figure 2. 
Distribution and intensity of pain. The mean ± SEM number of painful sites identified on a 

diagram of 45 possible areas of the body (A and B) and a VAS of that pain (C and D) were 

assessed before (A and C) and immediately after (B and D) exposure to the warm and cold 

temperatures. The values of healthy controls (Control) were compared to that of patients 

with FMS using a two-tailed unpaired Student’s t-test with a P < 0.05 as a cutoff for 

statistical significance, as indicated by the asterisk.
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Figure 3. 
Physiologic changes before and during exposure to two ambient temperatures. Values 

represent the mean ± SEM systolic blood pressure (BP) (A); diastolic BP (B); and heart rate 

(HR) (C) before and 1 h after exposure to warm and cold environments in controls and in 

patients with FMS. All groups A-C were analyzed using paired two-tailed Student’s t-test 

with a cutoff of P < 0.05 for significance, as indicated by the asterisk (significant) or ‘ns’ 

(not significant).
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Figure 4. 
Systolic BP after exposure to two ambient temperatures relative to subject age. Values 

represent age and systolic BP in controls and in patients with FMS 1 h after exposure to 

warm or cold environments. Pearson’s correlational analyses compared individual ages of 

subjects with their corresponding systolic BP values for each group 1 h after exposure to 

either warm or cold environment with a cutoff of P < 0.05 for significance, as indicated by 

the asterisk.
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Figure 5. 
Skin temperatures 1 h after warm and cold exposures. Values indicate the mean ± SEM 

temperature of skin in the ear (A), on the forehead (B), over the forearm (C), and on the calf 

(D) in controls and patients with FMS. Groups were compared using an unpaired, two-tailed 

Student’s t-test with a cutoff of P < 0.05 for significance, as indicated by the asterisk.
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Figure 6. 
FDG uptake in PET/CT of a healthy subject at cool temperature. CT scan shows 

radiodensity of neck and upper chest to just below clavicle (A). Template (blue) indicates all 

fat superimposed on CT (B). Template was based on radiodensity difference of fat from non-

fat tissues (e.g., muscle, lung). FDG uptake in PET/CT scan of control subject resting for 2.5 

h in cold (62°F or 16.8°C) (C). Color scale indicates greater uptake with hotter colors. The 

threshold was set at 3,500 counts (i.e., blue, normalized to whole brain uptake of 20,000) or 

SUV = 2 based on body weight. Maximum or greater uptake indicated by white color 

indicating 14,000 counts or SUV 8.
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Figure 7. 
Quantification of BAT activity after exposure to cool (62°F or 16.8°C) and warm (76°F or 

24.4°C) ambient temperatures, as visualized using methods illustrated in Figure 5. Values 

reflect the mean ± SEM of FDG uptake in BAT in healthy controls (n = 10) and in patients 

with FMS (n = 12). One outlier occurred in the FMS patients in the cool condition and was 

retained for statistical analysis. Data were compared within groups after exposure to warm 

and to cold environments using paired two-tailed Student’s t-test with a cutoff of P < 0.05 

for significance, as indicated by the asterisk (significant) or ‘ns’ (not significant).
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Figure 8. 
Circulating blood glucose and its relationship to dolorimetric measures of pain threshold. 

Values depict the mean ± SEM concentration of glucose measured in blood samples taken 

immediately prior to CT scans of both groups after exposure to warm and cold environments 

(A). These values were compared using ANOVA using a cutoff of P < 0.05 for significance, 

as indicated by the asterisk. Individual changes in values for glucose (B) reflect the 

difference in concentrations between warm and cold environments. Using Pearson’s 

correlational analyses, these glucose values were compared within groups to their 

corresponding pain assessments obtained when tested by dolorimetric analyses (as used in 

figure 1). Correlation coefficients (R) and P values were calculated for each group with a P < 

0.05 as the cutoff for significance.
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Table 1.

Criteria Used for the Diagnosis of Fibromyalgia Syndrome (FMS)

Widespread Pain Index (WPI) (19 pts possible)

Subjects were asked to shade areas on a diagram of the human body to indicate where they felt pain. The areas of overlap between those and the 
19 areas designated by the ACR to reflect widespread pain consistent with FMS were counted.

Somatic Symptom Severity (SS) Scores Total (12 pts possible)

Fatigue, waking unrefreshed and cognitive symptoms were each evaluated individually for symptom severity from 0 (no problem) to 3 (severe, 
pervasive, continuous, life-disturbing problem). This information was elicited by specific questions embedded in the instruments listed below. A 

positive response in the PDSQ
1
, a score of 2 or 3 on the Pittsburgh sleep index

2
, a score of 3 or 4 in the POMS questionnaire

3
, and a score of 5 

or greater in the VAS
4
 were interpreted as somatic symptoms consistent with FMS. The final category of Symptoms in General describes 

symptom severity of a wide variety of disorders detected by the instruments described as well as the patient’s medical history.

Fatigue Score (3 pts)

     POMS 3 Have you felt worn out during the past week?

     POMS 13 Have you felt fatigued during the past week?

     POMS 19 Have you felt exhausted during the past week?

Waking Unrefreshed (3 pts)

     Pittsburgh sleep #6: During the past month, how would you rate your sleep quality overall

     PDSQ 10: Did you feel tired out nearly every day during the past 2 weeks?

Cognitive Symptoms (3 pts)

     PDSQ 14: Did you have problems concentrating nearly every day during the past 2 weeks?

     PDSQ 15: Was decision making more difficult than normal during the past 2 weeks?

     POMS 29: Did you feel forgetful during the past week?

Symptoms in General (3 pts)

     VAS (5 or greater of 1–10)

     PDSQ 102: GI problems

     PDSQ 103: Diffuse aches

     PDSQ 1: Sad or depressed

     POMS 7: Sad (if 3 or 4)

     POMS 1: Tense (if 3 or 4)

     POMS 16: Nervous (if 3 or 4)

1
The Psychiatric Diagnostic Screening Questionnaire (PDSQ) raw scores were Yes or No answers.

2
The Pittsburgh Sleep Quality Index (PSI) was scored from 0 = very good to 3 = very bad).

3
The Profile of Mood States-Short Form (POMS) questionnaire has raw scores from 0 to 4.

4
The visual analog scale (VAS) was scored from 0 to 10 for pain intensity.
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Table 2.

Subject characteristics.

Controls Age Height Weight BMI Medications Past Diagnoses

E001 19 5’8.5” 180 27.4 None None

E003 18 5’3” 170 30.1 None None

E006 21 5’8” 170 25.8 None None

E007 33 6’0” 162 22.0 Amoxicillin top None

E008 20 5’3” 156 26.4
NuvaRing

1 None

E009 19 5’0” 135 26.4 None None

E010 24 5’5” 128 21.3
Levora

2 None

E014 26 5’8” 160 24.3 Ibuprofen None

E023 31 5’8” 135 20.5 None Vasovagal syncope

E024 36 5’7” 165 26.0 Birth control None

E025 36 5’6” 140 22.1
Asthma Inhalers

3 None

FMS Patients Age Height Weight BMI Medications Past Diagnoses WPI/SS

E011 32 5’9” 145 21.4 Tramadol Endometriosis 9/5

Triamterene

Zarah
4

Cyclobenzaprine

Bupropion SR

Trazodone prn

Lidocaine oin prn

Lidoderm patch prn

E012 47 5’2” 190 34.8 Duloxetine Hypothyroid, GERD 11/9

Acyclovir

Levothyroxin

Pantoprazole

E020 46 5’4” 138 23.7 Citalopram None 7/5

Adderall
5

E021 50 5’4” 130 22.3 Gabapentin Mild Depression 5/10

Venlafaxine (6 of 9 on PDSQ)

E027 39 5’6” 135 21.8 Duloxetine None 17/12

Gabapentin

Zolpidem

E029 25 5’11” 165 23.0 Duloxetine None 10/11

Gabapentin

E030 31 5’8” 205 31.2 Gabapentin Herniated disc, 11/9

Lisinopril bone spurs

Tramadol

Bupropion

Clin J Pain. Author manuscript; available in PMC 2020 May 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pardo et al. Page 29

FMS Patients Age Height Weight BMI Medications Past Diagnoses WPI/SS

Zolpidem

Cyclobenzaprine

E033 43 5’2” 113 20.7 Gabapentin osteoarthritis 5/9

Cetirizine

E035 20 5’8” 127 19.3 Gabapentin None 9/12

E037 38 5’4.5” 170 28.3 Pregabalin Allergies 5/11

Mometasone spray

Azelastine spray

Fexofenadine

Ibuprofen,

Cyclobenzaprine

Montelukast

E038 30 5’5” 170 28.3 None None 7/6

E039 46 5’6” 175 28.2 Gabapentin None 10/5

Amitriptyline

E041 37 5’5” 125 20.8 Gabapentin None 7/5

Birth control

1
etonogestrel/ethynyl estradiol vaginal ring

2
levonorgestrel and ethinyl estradiol tablets

3
fluticasone/salmeterol and albuterol inhalers

4
drospirenone/ethinyl estradiol tablets

5
amphetamine/dextroamphetamine

Diagnostic criteria for fibromyalgia is considered to be satisfied if (1) widespread pain index (WPI)≥7 and somatic symptom severity score (SS)≥5 
or if WPI 3–6 and SS≥9; (2) symptoms were present at a similar level for at least 3 months; and (3) the patient does not have a disorder that would 
otherwise explain the pain. WPI and SS scores defining the final patient group were determined as described in methods. Patient medical records 
were reviewed by a physician to confirm documentation that the latter two criteria were met. WPI/SS data for volunteers only include those patients 
who met the diagnostic criteria for FMS.
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Table 3.

Transparent Reporting of Trials

Event # Controls # FMS patients

Screened*: 22 23

Did not meet inclusion criteria: 7 7

Declined to participate: 2 2

Exposed to first temperature: 13 14

(At random either 24 or 19°C)

Discontinued study: 2 1

Exposed to second temperature: 11 13

(At random either 24 or 19°C)

* Screening questions by phone for eligibility for further assessment:

 Gender F

 Age 18–55

 Premenopausal yes

 Pregnant No

 FMS Yes or No

 Medications No

 Able to comply with study procedures Yes

 Serious medical condition other than FMS No
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