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Background: The relationships among small fiber neuropathy, age, sex and pain intensity in

the context of Fabry's disease remain unclear. We aim to study the correlations of small

fiber neuropathy, age, sex and pain intensity in Fabry patients.

Methods: We evaluated C-fiber function by recording the withdrawal latencies to painful

heat stimulus (WLPHS) when each subject's right hand was immersed in a 50 �C hot water

bath and correlated this parameter with the patient's perceived pain intensity and quality

of life assessed by the short-form McGill Pain Questionnaire (SF-MPQ) in a large Taiwanese

Fabry family and normal controls.

Results: Male Fabry patients showed a significantly increased WLPHS compared to that of

normal controls. Furthermore, male Fabry patients showed a positive correlation of

increased WLPHS with patient age. The SF-MPQ of male Fabry patients showed a bell

distribution with age, andmaximal pain scores were detected between the ages of the early

20s and late 40s. In contrast, the female Fabry patients had variable associations of WLPHS

and SF-MPQ with age.

Conclusions: We proposed a probable mechanism by which globotriaosylceramide (Gb3) or

globotriaosylsphingosine (lyso-Gb3) is gradually deposited into the small nerve bundles

with increasing age, which induces continuous damage and produces injury discharges to

sustain neuropathic pain in young male Fabry patients. However, once the small fibers are

reduced to a certain degree, they no longer produce enough noxious discharges to sustain

neuropathic pains in older male Fabry patients, which leads these patients to have lower
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Fabry's disease is a rare X-linked metabolic disorder associated

with deficiency of the lysosomal enzyme a-galactosidase A

(AGA). AGA deficiencies lead to the accumulation of globo-

triaosylceramide (Gb3) or globotriaosylsphingosine (lyso-Gb3)

and a-galactosyl breakdown products in affected males and, to

a lesser extent, in females,who are carriers of this disorder. The

process leads to selective damage of neurons of the dorsal root

ganglia and autonomic nervous system, renal glomerular and

tubular epithelial cells,myocardial cells and valvular fibrocytes,

endothelial, and smooth muscle cells of blood vessels [1,2]. In
ree of the large Taiwan
patients with Fabry's disease, episodic Fabry crises and con-

stant acroparesthesias are both debilitating symptoms and are

probably related to the storage of Gb3 in dorsal root ganglia and

peripheral autonomic ganglia [1,3,4]. The current findings

indicate that these symptoms are due to axonal neuropathy,

which damages small myelinated and unmyelinated fibers but

spares large myelinated fibers [5e8]. Those small fiber neu-

ropathies in Fabry patients have been shown by skin biopsies,

various electrophysiology studies, and quantitative sensory

testing [6,9e13]. Our previous studies also showed peripheral

microcirculatory dysfunction caused by small autonomic fiber

neuropathy in Fabry patients [14]. These small fiber losses are

related to pain intensity in Fabry patients, and the older Fabry

patient were found to have a lower intraepidermal nerve fiber

density in Uceyler et al. study [13]. However, some studies

surprisingly found that there was no correlation between pain

score, quantitative sensory testing and intraepidermal nerve

fiber density in Fabry patients [12,15]. In conclusion, the re-

lationships among small fiber neuropathy, age, sex and pain

intensity in Fabry patients remain unclear [9,16]. The purpose

of this studywas to observe the relationships among small fiber

neuropathy, age, sex and pain intensity in Fabry patients in a

large Taiwanese family by evaluating the Short Form McGill

Pain Questionnaire (SF-MPQ) and the withdrawal latencies to

painful heat (50 �C) stimuli, which can provide evidence of

unmyelinated fiber dysfunction [17,18].
Materials and method

Patients

Sixteen patients of different ages with Fabry's disease,

including eight hemizygous men and eight heterozygous
ese Fabry family in this study.
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women, who were identified through family history, enzy-

matic assay and polymorphism linkage andmutation analysis

were enrolled. All of themweremembers of a large Taiwanese

family described in our previous report [7,19] [Fig. 1]. Those

patients were diagnosed as Fabry patients by enzymatic and

genetic studies since 1995 and received regular follow-up in

the next few years. All patients were required to cease medi-

cations for pain treatment at least one week before the study,
Table 1 The demographic data and results of SF-MPQ/W

Patient No. Age (y/o)/Sex

F1 67/F

F2 65/F

F3 46/F

F4 44/F

F5 41/F

F6 45/F

F7 12/F

F8 21/F

Mean ± SD 42.63 ± 18.98

(P ¼ 0.18)

M1 62/M

M2 57/M

M3 48/M

M4 45/M

M5 42/M

M6 38/M

M7 22/M

M8 14/M

Mean ± SD 41 ± 16.31

(P ¼ 0.51)

Normal ref.

Female 32.72 ± 16.40 (n ¼ 50)

Male 33.71 ± 15.78 (n ¼ 50)

*p ¼ 0.94

Abbreviations: Ref.: Reference; SF-MPQ: short form McGill pain

stimulus; *p: refers to the difference between hemizygotes an

appropriate; p: Differences between Fabry patients and normal co

Fig. 2 Evaluation of the pain severity and quality of life of Fabry pa

On this scale, higher scores indicate greater pain. (A) In male Fab

severity with age from the teens to late 40s, and maximal pain sc

The pain severity gradually declined after the age of 48 years. (B) H

with age in female Fabry patients (B).
and those tests were performed before the approbation of

enzyme replacement therapy for Fabry's disease in Taiwan.

One hundred normal subjects aged between 8 and 75 years

with a normal neurological examination and without any

known peripheral neuropathy were included as normal con-

trols in the painful heat stimuli tests. The normal subjects in

these studies were carefully screened before entry to ensure

that they were indeed normal. Informed consent was
LPHS.

SF�MPQ WLPHS (secs)

11 24

6 4

5 22

15 7

1 17

12 28

2 4

10 9

7.75 ± 5.01 14.38 ± 9.58

(p ¼ 0.06)

5 103

6 81

22 51

18 130

20 75

17 72

13 43

6 9

13.38 ± 6.89 70.5 ± 37.13

(p < 0.01)

Normal ref.

8.15 ± 6.39 (n ¼ 50)

8.23 ± 4.85 (n ¼ 50)

*p ¼ 0.08 *p < 0.01

questionnaire; WLPHS: withdrawal latencies to painful heat

d heterozygotes, unpaired t test or ManneWhitney test, if

ntrols, unpaired t test or ManneWhitney test, if appropriate.

tients by the Short Form McGill Pain Questionnaire (SF-MPQ).

ry patients (,), there was a tendency of increased pain

ores were noted between the ages of the early 20s to late 40s.

owever, there was variability in the degree of pain associated
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Fig. 3 (A and B) Withdrawal latencies to painful heat stimuli (WLPHS) in male Fabry patients (,) showed markedly increased

withdrawal latencies with age compared with the latencies of controls (-) (70.50 ± 37.13 s vs 8.23 ± 4.85 s multiple linear

regression, **p < 0.01, ManneWhitney test, **p < 0.01). There was a positive linear relationship between WLPHS and age in male

Fabry patients (simple linear regression, r2 ¼ 0.55) but not in male normal controls (simple linear regression, r2 ¼ 0.19). (C and D).

In contrast, female Fabry patients (B) had variable withdrawal latencies but generally had mildly increased withdrawal latencies

compared with those of controls (C) (14.38 ± 9.58 s vs 8.15 ± 6.39 s multiple linear regression, p ¼ 0.70, ManneWhitney test,

p ¼ 0.06, ns: not significant). There was a weak positive linear relationship between WLPHS and age in female normal controls

(simple linear regression. r2 ¼ 0.38) but not in female Fabry patients (simple linear regression. r2 ¼ 0.14). (E and F) Male Fabry

patients had significantly increased withdrawal latencies with age compared with female Fabry patients (multiple linear

regression, *p < 0.05, unpaired t test, **p < 0.01). The black solid lines represent simple linear regression ofWLPHS and age inmale

and female Fabry patients, respectively. The black dotted lines represent simple linear regression of WLPHS and age in male and

female normal controls, respectively.
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Fig. 4 Relationship between SF-MPQ and WLPHS in male

Fabry patients. The WLPHS indicated that C-fiber

dysfunction increased with age. However, the SF-MPQ,

which indicated subjective pain sensation, had a bell shape

distribution with age. We hypothesized that the damaged C-

fibers cannot sustain peripheral and central sensitization in

old age, which leads older patients to have lower SF-MPQ

scores. (,): Withdrawal latencies to painful heat stimuli

(WLPHS) in male Fabry patients (-): Short Form McGill Pain

Questionnaire (SF-MPQ) in male Fabry patients. The black

solid line represents the simple linear regression of WLPHS

and age in male Fabry patients. The dashed line represents

the bell shape distribution of the SF-MPQ with age in male

Fabry patients.
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obtained from each subject, and the study was approved by

the institutional review board of Chang Gung Memorial Hos-

pital and University (No: 94-1005B).

Evaluation of severity of pain and quality of life (SF-MPQ)
and withdrawal latencies to painful heat stimulus (WLPHS)

The severity of pain and quality of life were evaluated by the

Short Form McGill Pain Questionnaire (SF-MPQ) [20] as

described in our previous report [19]. The Fabry patients were

evaluated using the SF-MPQ at the beginning of each test. We

further measured each subject's latency (in seconds) to evoke

a withdrawal reaction when the subject sensed pain by

immersing each subject's right hand into a hot water bath

with a temperature of 50 �C in the same laboratory, whichwas

kept at a constant temperature of 22 �Ce23 �C. Before the test,

all of the subjects were asked to keep the tested hand at

approximately 30 ± 1 �C using a heater or cooler. A cut-off time

of 180 s was imposed to avoid tissue injury. Three readings of

the right-hand withdrawal time were taken and averaged for

the latency (allowing 10-min intervals between the hand

withdrawals to prevent sensitization). Similar to the heat

withdrawal latencies in an animal model [21], we supposed

that a shorter latency in the test was indicative of hyper-

algesia, while a longer latency was indicative of hypoalgesia

due to C-fiber injuries or losses. The cut-off level forWLPHS in

normal controls (n ¼ 50 males and females, respectively) was

defined as the mean ± 2 SD.

Statistical analysis

Prism software (version 8; GraphPad Software, USA) was used

for statistical analysis. To compare the WLPHS of Fabry pa-

tients and controls and the SF-MPQ of male and female Fabry

patients, the ShapiroeWilk test was used to check if the data

were normally distributed. Unpaired t tests orManneWhitney

tests were performed, when appropriate. Simple linear

regression was performed to quantify the relationship be-

tween the age and SF-MPQ/WLPHS of Fabry patients. Multiple

linear regressions were performed to identify the differences

between the linear regression line of WLPHS and age in male

Fabry patients, female Fabry patients, and normal controls.

The p value indicating significance was set at 0.05. All P values

were two-sided.
Results

Demographic characteristics of Fabry patients and normal
controls

The mean age of the eight male Fabry patients was

41.00 ± 16.31 years (range: 14 to 62), and that of the eight fe-

male Fabry patients was 42.63 ± 18.98 years (range: 12 to 67).

The normal control group included 50 men and 50 women.

The mean age of the men was 33.71 ± 15.78 years (range: 8 to

75), and that of the women was 32.72 ± 16.40 years (range: 9 to

74) [Table 1].
Severity of pain and quality of life (SF-MPQ)

In themale Fabry patients, therewas a bell distribution of pain

scores with age, and maximal pain scores were detected be-

tween the ages of the early 20s and late 40s. In contrast, there

was a variable association between the degree of pain and age

in the female Fabry patients [Fig. 2A and B]. Neither male nor

female Fabry patients demonstrated a correlation between

the SF-MPQ and age (r2 < 0.01 and r2 ¼ 0.08 for the male and

female Fabry patients, respectively).
Withdrawal latencies to painful heat stimuli

In Fabry patients and normal controls, both age and sex influ-

enced thewithdrawal latencies to painful heat stimuli (WLPHS),

as shown by amultiple linear regression analysis. To reduce the

confounding effect of sex, we used a stratified analysis by

dividing normal controls into male and female groups.

The meanWLPHS of the female controls (8.15 ± 6.39 s) was

similar to that of the male controls (8.23 ± 4.85 s) (p > 0.05). In

the control subjects, there was a weak positive linear rela-

tionship between heat pain perception time and age (simple

linear regression. r2 ¼ 0.19 and r2 ¼ 0.38 for the male and fe-

male controls, respectively) [Fig. 3A and C].

The mean WLPHS was 70.50 ± 37.13 s and 14.38 ± 9.58 s in

the male and female Fabry patients, respectively. The male

Fabry patients had significantly increasedwithdrawal latencies

with age compared with those of controls (p < 0.01) [Fig. 3A].

https://doi.org/10.1016/j.bj.2021.04.011
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The mean value of WLPHS was significantly different between

Fabry patient group and the control group in male participants

(p < 0.01) [Fig. 3B]. The female Fabry patients had similar

increased withdrawal latencies with age compared with those

of controls (p > 0.05) [Fig. 3C]. The mean value of WLPHS was

not significantly different between Fabry patient group and the

control group in female participants (p > 0.05) [Fig. 3D]. Neither

male nor female Fabry patients showed a bell distribution of

WLPHS with age. The male Fabry patients had significantly

increased withdrawal latencies with age compared with those

of female Fabry patients (p < 0.01) [Fig. 3E]. The mean value of

WLPHS was significantly different between male and female

Fabry patients (p < 0.01) [Fig. 3F]. Neithermale nor female Fabry

patients demonstrated a correlation between SF-MPQ and

WLPHS (r2 ¼ 0.02 and r2 ¼ 0.04 for the male and female Fabry

patients, respectively). The demographic data and results of

the SF-MPQ/WLPHS are shown in Table 1.
Discussion

Our study showed that male Fabry patients demonstrated

remarkably increased withdrawal latencies to painful heat

stimuli compared with that of controls, and those withdrawal

latencies showed a positive correlation with patient age. Heat

pain sensation is mainly conveyed by unmyelinated C-fibers

[17,18,22]. Previous studies and theories have concluded se-

lective C-fiber involvement in Fabry's disease [5e8,23].

Furthermore, recent findings also suggest that the symptoms

of acroparesthesias in Fabry patients are due to small and

unmyelinated fiber neuropathy [2,6e8]. Our findings provide

physiological evidence suggesting that male Fabry patients

actually have continuous C-fiber dysfunction and that the

degree of C-fiber dysfunction increases with age. These find-

ings were consistent with previous studies, which showed

that older male Fabry patients had a much lower intra-

epidermal nerve fiber density (IENFD) [9,13].

In addition to the peripheral small fiber neuropathy the-

ories, Inagaki et al. proposed that burning pain in patients with

Fabry disease might be related to abnormal perception by the

central nervous system [24]. Central sensitization is a phe-

nomenon that indicates that repeated noxious stimulation to

peripheral C-fiber nociceptors may have generated prolonged

poststimulus sensory disturbances and decreased threshold of

the nociceptive system [25,26], and those alterations finally

may lead to a hyperexcitable state, the consequences being

intense nociceptive input to the dorsal horn [26]. Interestingly,

our studies showed that the SF-MPQ score of male Fabry pa-

tients did not increase with patient age as WLPHS did. Instead,

maximal pain scores according to the SF-MPQ in male Fabry

patients were detected between the ages of the early 20s and

late 40s rather than at old ages. We proposed a mechanism by

which gradual Gb3 or lyso-Gb3 accumulation causes contin-

uous C-fiber dysfunction that transmits persistent noxious

discharges to the central nervous system, thereby resulting in

central sensitization and playing an important role in the

maintenance of acroparesthesias. AsGb3 is gradually deposited

into the unmyelinated nerve fiber as age increases, the latency
of WLPHS prolongs progressively as age increases. However,

when patients are in old age, they have less or no acropar-

esthesias or painful crises because their C-fibers have gradually

been damaged to such a degree that they can no longer provide

sufficient injury discharges to sustain peripheral and central

sensitization. Therefore, although the latency of WLPHS

increased linearly with age in male Fabry patients, the SF-MPQ

scores decreased at old ages and demonstrated a bell shape

distribution [Fig. 4]. These findings are consistent with several

previous reports [9,12], which showed that the acropar-

esthesias of Fabry patients were more severe in young patients

[12].

Uceyler et al. study found that older Fabry patients have a

lower intraepidermal nerve fiber density, and there was a

relationship between small fiber loss and pain intensity in

Fabry patients [13]. However, their study only showed that 72%

of Fabry patients never showing pain symptoms had normal

IENFD; on the other hand, 17% of Fabry patients showing pain

symptoms had normal IENFD. Further detailed correlations

between pain score, intraepidermal nerve fiber density and

patient age were not mentioned in their study [13]. MacDer-

mot's large cohort studies from the UK registration also did not

demonstrate the same bell shape distribution of Fabry patients'
pain scores as age increased [27]. However, various genotypes

and comorbidities, such as diabetes mellitus and alcoholism,

in the Fabry patients were not mentioned in the cohort study.

Multiple protein polymorphisms can modulate phenotypic

expression in Fabry's disease. Thus, Fabry's disease patients

with different genotypes may develop different phenotypic

expressions [28,29]. In contrast, our patients are all from the

same family and have the same genetic mutation, which can

reduce phenotypic heterogeneity and provide more homoge-

nous data of correlations between thermal sensory testing and

pain symptoms or ages in Fabry patients.

Our studies also showed that female Fabry patients had a

lower pain score and more variable responses to painful heat

stimuli than male Fabry patients. However, female Fabry

patients generally showed a tendency toward increased

withdrawal latencies to painful heat stimuli compared to the

latencies of normal controls. Previous studies have demon-

strated that female Fabry patients also have clinical symp-

toms of Fabry's disease, although the clinical symptoms

exhibit a later onset and a milder degree than those of male

Fabry patients [1]. Female Fabry patients also have small fiber

neuropathy that is detected by IENFD and quantitative sen-

sory testing [15,30], although there was no correlation be-

tween pain scores, quantitative sensory testing and IENFD

[15]. Our study had similar findings, which showed that fe-

male Fabry patients had a lesser degree of prolonged la-

tencies of WLPHS. However, the WLPHS in female Fabry

patients had a weaker positive correlation with patient age

than that in male Fabry patients. There were significantly

lower levels of AGA activity in themale Fabry patients than in

the female Fabry patients in our previous study [19], which is

consistent with the findings of lower IENFD in male Fabry

patients than in female Fabry patients in Uceyler's study [13].

These results are probably due to the effect of random X

chromosome inactivation [31].

https://doi.org/10.1016/j.bj.2021.04.011
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Conclusion

In conclusion, our study confirms that male Fabry patients

had more severe and continuous C-fiber dysfunction as age

increased, which results in sufficient and persistent injury

discharges to sustain peripheral and central sensitization.

However, once the small-fiber damage reaches a certain

degree, the small fibers can no longer transmit enough

noxious discharges to sustain peripheral and central sensi-

tization in their old ages, which leads the older Fabry pa-

tients to have lower pain scores. In contrast, female Fabry

patients had less and variable small fiber damage and fewer

clinical signs/symptoms. However, a major limitation in this

study is that only a small number of Fabry patients were

recruited and investigated, which is due to the rarity of Fabry

disease, and we cannot generalize the results to all Fabry

patients. Nevertheless, our study's advantage is that we

recruited a large Taiwanese Fabry family with homogenous

genetic inheritance, which can reduce some phenotypic

heterogeneity. Enzyme replacement therapy can improve

pain score [32e34], life quality [34] and C-fiber function [35] of

Fabry patients. However, our cross-sectional study didn't
have the follow-up SF-MPQ and WLPHS results after enzyme

replacement treatment. A further large cohort of physiolog-

ical studies in Fabry patients before and after enzyme

replacement treatment to evaluate the underlying patho-

physiology of Fabry disease are warranted.
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