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NEUROPATHIC PAIN SECTION
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Abstract

Objective. Distal sensory polyneuropathy (DSP) is a disabling consequence of human immunodeficiency virus (HIV),
leading to poor quality of life and more frequent falls in older age. Neuropathic pain and paresthesia are prevalent
symptoms; however, there are currently no known curative treatments and the longitudinal course of pain in HIV-
associated DSP is poorly characterized. Methods. This was a prospective longitudinal study of 265 people with HIV
(PWH) enrolled in the CNS HIV Antiretroviral Therapy Effects Research (CHARTER) study with baseline and 12-year
follow-up evaluations. Since pain and paresthesia are highly correlated, statistical decomposition was used to sepa-
rate the two symptoms at baseline. Multivariable logistic regression analyses of decomposed variables were used
to determine the effects of neuropathy symptoms at baseline on presence and worsening of distal neuropathic pain
at 12-year follow-up, adjusted for covariates. Results. Mean age was 56 6 8 years, and 21% were female at follow-up.
Nearly the entire cohort (96%) was on antiretroviral therapy (ART), and 82% had suppressed (�50 copies/mL) plasma
viral loads at follow-up. Of those with pain at follow-up (n¼100), 23% had paresthesia at the initial visit.
Decomposed paresthesia at baseline increased the risk of pain at follow-up (odds ratio [OR] 1.56; 95% confidence in-
terval [CI] 1.18, 2.07), and decomposed pain at baseline predicted a higher frequency of pain at follow-up (OR 1.96
[95% CI 1.51, 2.58]). Conclusions. Paresthesias are a clinically significant predictor of incident pain at follow-up among
aging PWH with DSP. Development of new therapies to encourage neuroregeneration might take advantage of this
finding to choose individuals likely to benefit from treatment preventing incident pain.
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Introduction

Chronic neuropathic pain is one of the most disabling

complications among persons with human immunodefi-

ciency virus (HIV, PWH) in older age [1, 2], with a

reported frequency between 28% and 97% depending

on the instrument utilized [2]. Neuropathic pain is de-

fined as pain, usually distal, bilateral, symmetrical with

qualities of burning, shooting or aching, caused by a le-

sion of peripheral nerve fibers (Ab, Ac or C fibers) or

central neurons affecting the somatosensory system [3].

To date, there are no FDA-approved treatments for neu-

ropathic pain in HIV-associated DSP despite its debili-

tating consequences in older PWH, although chronic

pain may contribute to dependence on pain medica-

tions, such as opioids, among a group of patients who

may already be at higher risk for substance dependence

[2]. In addition, factors such as psychiatric comorbid

conditions, prevalent among PWH [4], lead to barriers

to effective treatment of painful conditions and limit

treatment options due to interactions with psychiatric

medications. In chemotherapy-induced peripheral neu-

ropathy, sensory neuropathy symptoms (sensory loss

and paresthesia [pins-and-needles sensation or tingling])

often exist without neuropathic pain symptoms, but the

reverse is uncommon, suggesting that numbness and tin-

gling occur first with pain later being a sequela of neu-

ropathy [5]. However, this relationship is unknown in

the context of HIV. Developing an improved under-

standing of the mechanisms and predictors of neuro-

pathic pain may lead to new treatments as well as

improved clinical management of HIV-associated DSP.

Symptoms of DSP include neuropathic pain, pares-

thesia, and sensory loss or numbness usually in a distal

symmetric “stocking-and-glove” pattern affecting pri-

marily the feet and toes [6]. They are more common in

older individuals and among those with prior exposure

to neurotoxic antiretroviral therapy (ART), such as

dideoxynucleosides (stavudine, didanosine) [7] and in

older age, among females, and those with detectable

plasma viral loads and lifetime history of opioid use dis-

order [8]. Recently, our lab has reported a novel subcor-

tical central nervous system (CNS) mechanism that may

explain the link between HIV neuropathic paresthesias

and pain via ascending atrophy of white matter tracts

leading to atrophy of the cortical posterior cingulate gy-

rus of the CNS [9, 10]. Although these important find-

ings may represent a pathophysiologic mechanism

linking pain and parethesias, they were derived from a

cross-sectional study that prevented conclusions from

being drawn of the causal relationships between pares-

thesia and neuropathic pain.

Although it is known that the prevalence of paresthe-

sia and pain among HIV-associated DSP ranges from

28% to 84%, often with significant overlap [1, 11, 12],

the longitudinal effect of paresthesia on development of

future neuropathic pain is unknown. We present the first

longitudinal study on the effect of HIV-associated neuro-

pathic paresthesia on incident neuropathic pain. In this

study, we investigated the effect of baseline DSP-related

paresthesia with or without pain on pain outcomes after

12 years.

Methods

Participants
Participants were 265 PWH, mean age 56 6 8 years (at

follow-up), 79% male. The study was conducted from

1998 to 2018, and during this time all participants com-

pleted both baseline and 12-year follow-up study visits.

The long-term longitudinal cohort was derived from the

larger CNS HIV Antiretroviral Therapy Effects Research

(CHARTER) cohort, a prospective multi-site cohort of

participants with HIV in care at six academic medical

centers (Johns Hopkins University [Baltimore, MD];

Icahn School of Medicine at Mount Sinai [New York,

NY]; University of California, San Diego [La Jolla, CA];

University of Texas, Galveston [Galveston, TX];

University of Washington [Seattle, WA]; and Washington

University [St. Louis, MO]) (13). The study protocol

involves comprehensive standardized neuromedical, neu-

ropsychological, and psychiatric assessments that have

been previously described (14).

The Human Subjects Protection Committees of each

participating institution approved the study procedures.

Written informed consent was obtained from all study

participants before enrollment into the study.

Materials and Procedures

Diagnosis of HIV-Associated Distal Sensory

Polyneuropathy
Using the CHARTER study protocol described in detail

elsewhere [13], diagnoses of HIV-associated DSP were

made using a standardized neurological examination eval-

uating signs and symptoms of HIV-associated DSP.

Participants were asked about any symptoms of paresthe-

sia, loss of sensation and neuropathic pain, specifically

tingling or burning, aching, or stabbing pain in a bilateral,

predominantly distal distribution (i.e., fingers and toes

only, extending to ankles or wrists, or extending to the

knees or elbows). If participants expressed having tingling

in any of these bilateral distal distributions, they were

considered to have a positive self-report of paresthesia; if

they endorsed pain symptoms in these distributions, they

were considered to have a positive self-report of DNP; if

they endorsed sensory loss or numbness in any of these

distributions, they were considered positive for self-report

of loss of sensation. Study clinicians further classified neu-

ropathic pain (defined as burning, aching, or shooting

symptoms) into five categories of “clinician-rated pain

severity”: none, slight (occasional, fleeting), mild (fre-

quent), moderate (frequent, disabling), and severe
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(constant, daily, disabling, requiring analgesic medication

or other pain medication). Neuropathy signs were defined

as objective neurological examination findings, such as:

diminished ability to distinguish vibration sense or re-

duced sharp-dull discrimination in the feet and toes bilat-

erally or reduced ankle reflexes bilaterally. Demographic

data including age, gender, race/ethnicity, and years of ed-

ucation were collected. Only a small subset of the

CHARTER participants included in this study with longi-

tudinal data over 12 years underwent nerve conduction

studies (NCS), quantitative sensory testing (QST), or skin

biopsy; thus, these diagnostics were not considered, and

the diagnosis of HIV-associated DSP was based on clini-

cal exam findings and structured interview previously

used in other CHARTER studies [15, 16[] that correlates

with neurophysiologic findings among PWH [1].

The Medical Outcomes Study HIV Health Survey

(MOS-HIV) was also used and is a reliable and valid tool

for assessing overall quality of life, daily functioning, and

physical health [17, 18]. The MOS-HIV contains 36

questions that assess physical and mental dimensions of

health. These are scored as summary percentile scales

ranging from 0 to 100, with higher scores indicating bet-

ter health. Increased dependence in instrumental activi-

ties of daily living (IADLs) was assessed with a modified

version of the Lawton and Brody Scale [19] that asks par-

ticipants to rate their current and best lifetime levels of

independence for 13 major IADLs such as shopping, fi-

nancial management, transportation, and medication

management [20].

Medical Evaluation

The neurological examination was performed by a clini-

cian (MD, NP, or RN) trained in neurological AIDS dis-

orders and experienced in the care of PWH who

performed a standardized, targeted neurological examina-

tion used to evaluate signs and symptoms of HIV-

associated DSP. Clinicians were trained using a standard-

ized protocol in which all examiners are trained by one

clinician so that the neurological examination may be

standardized to allow for consistency and reproducibility

across examiners. Participants underwent structured

interviews and medical record reviews to determine HIV

disease status and medication history. We obtained infor-

mation regarding exposure to ART drugs, including cur-

rent and past exposure to dideoxynucleoside reverse

transcriptase inhibitors (e.g., zalcitabine, didanosine, and

stavudine), given their associations with neuropathy.

Study participants were categorized as currently using,

past history of, or never used ART. We queried partici-

pants on any current pain treatment with opioids, tricyclic

and other antidepressants, or anticonvulsants used for

pain management. Blood was collected by venipuncture

to quantify plasma HIV concentration by reverse tran-

scription polymerase chain reaction ultrasensitive assay

(nominal lower quantitation limit, 50 copies/mL

[Amplicor; Roche Diagnostic Systems, Indianapolis,

Indiana]). Current peripheral blood CD4þ T-cell concen-

trations were measured by flow cytometry. Hepatitis C vi-

rus (HCV) exposure was determined by serology. Nadir

CD4 was determined by participant report with medical

record verification when available. Current mood was

also assessed by the Beck Depression Inventory (BDI)-II

[21]. Past and current DSM-IV diagnoses of major depres-

sive disorder (MDD) and substance use disorders (abuse

and dependence) were captured using the Composite

International Diagnostic Interview (CIDI), a fully struc-

tured, lay-administered instrument [22].

Statistical Decomposition of Neuropathic
Pain and Paresthesia

Due to the significant overlap between pain and paresthe-

sia (59%) and variance between pain and paresthesia

(r¼ 0.61), separating out the individual effects of pain

and paresthesia is challenging. Variable whitening [23] is

a method used to decompose the covariance between var-

iables. The steps involved in decomposing the variables

are: 1) determine orthogonal components of the variable

in a data matrix through a principal component analysis;

2) determine a rotation of the variables to match the orig-

inal (nondecomposed) variables. Zero-phase component

analysis finds the whitening transformation minimizing

the distance between the decomposed and the non-

decomposed variable independent to variable scaling

[24]. The final decomposed variables have no correlation

with each other, but there is maximization of the correla-

tion with the nondecomposed variable. In our data set,

nondecomposed and decomposed dichotomous variables

are highly correlated for presence or absence of paresthe-

sia (r¼ 0.911) and pain (r¼ 0.921), separately.

Nondecomposed dichotomous pain did not correlate

strongly with decomposed paresthesia (r¼�0.288). After

data whitening of the baseline pain and paresthesia, no

collinearity existed between the decomposed pain

(VIF¼ 1.02) and decomposed paresthesia (VIF¼ 1.10)

against all other variables. We also analyzed decomposed

ordinal paresthesia variables (ratings of 0 or 1 or 2 or 3)

by severity, with higher numbers signifying worse sever-

ity of paresthesia.

Statistical Analyses

Two-sample t-tests and v2 tests were used to examine the

univariable association between neuropathic pain at 12-

year follow-up and baseline participant characteristics,

including demographic factors (e.g., age, years of educa-

tion, and sex), HIV disease characteristics (e.g., estimated

duration of infection, nadir CD4, viral load), medical

comorbidities (e.g., diabetes, hepatitis C infection), psy-

chiatric comorbidities (lifetime and current major depres-

sive disorder), lifetime or current substance use diagnoses

(cannabis, cocaine, methamphetamine, opioids), and past
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use of peripherally neurotoxic agents (e.g., stavudine, di-

danosine, or zalcitabine) and baseline neurological exam

findings (pin sensibility, vibration sense, ankle reflexes).

Two models were built to analyze: 1) the effect of base-

line decomposed pain and paresthesia (as separate di-

chotomous variables), and 2) the effect of baseline

decomposed pain and paresthesia severity (as ordinal var-

iables) vs. pain at the follow-up visit adjusted for signifi-

cant covariates known to be associated with neuropathy

(age, current CD4, nadir CD4, current plasma viral load,

history of diabetes, history of hepatitis C infection, past

use of peripherally neurotoxic ART), using an a ¼ .05.

JMP version 14.0.0 and R version 3.5.1 was used for all

statistical analyses.

Results

Cohort Characteristics at Follow-up
In the overall cohort (n¼ 265), 100 (38%) had pain at

the 12-year follow-up visit. The group with pain at

follow-up was significantly older than the group without

follow-up pain (P¼ .019, Table 1). Forty-five percent of

the cohort identified as non-Hispanic Black, 42% non-

Hispanic White, 11% Hispanic, and 2% other (Table 1).

Those with and without pain at follow-up did not differ

with regard to sex, race, or education (P > .05). Presence

of diabetes at follow-up was significantly higher in those

with follow-up pain versus those without (odds ratio

[OR] 2.05, 95% confidence interval [CI] 1.09, 3.87;

Table 1). Lifetime cocaine abuse or dependence increased

the odds of pain at follow-up (OR 1.70 [95% CI 1.02 to

2.84]). The two groups did not differ significantly in any

other lifetime substance use or lifetime or current major

depressive disorder. BDI-II results did not differ between

pain groups at follow-up (P¼ .21). DNP at follow-up

was associated with a higher prevalence of positive urine

toxicology for opiates (OR 4.45 [95% CI 1.82, 12.0]).

Participants with paresthesia at follow-up had signifi-

cantly worse mental and physical health MOS-HIV

scores than those without (46.9 6 12.8 vs 53.1 6 9.2;

P< .0001 and 40.6 6 12.5 vs 48.2 6 10.7; P< .0001)

and also were more likely to have developed incident de-

pendence of IADLs (21/35 [37.5%] vs 16/66 [19.5%];

OR 2.48 [95% CI 1.15, 5.34]).

Comparing HIV disease characteristics between the

two follow-up pain groups, there were no significant dif-

ferences in current or nadir CD4, detectable plasma viral

load, history of AIDS status, months on lifetime ART

(Table 1, all P > .05). Nearly all participants (96%) were

on ART at the time of 12-year follow-up. A majority of

the cohort (60%) endorsed past use of peripherally neu-

rotoxic ART, which also conveyed a marginally higher

odds of pain at follow-up approaching significance (OR

1.6 [95% CI 0.94 to 2.6]).

Seventy percent of participants had one or more objec-

tive signs of neuropathy at their follow-up visit. Of the

186 individuals with objective neuropathy signs, half had

paresthesia, 40% had sensory loss, and 42% had neuro-

pathic pain at the follow-up, with significant overlap

among symptoms. The remainder had signs of neuropa-

thy but were asymptomatic. Few participants had either

pain alone (2.6%), loss of sensation alone (3.7%), or par-

esthesia alone (9%). Among the 76 participants without

objective neuropathy signs on exam at follow-up visit,

30% had neuropathic pain, 34% had paresthesia, and

14% had some degree of loss of sensation with some

overlap of symptoms (data not shown). Comparing the

two pain groups at follow-up, those with objective neu-

ropathy signs on neurological exam (diminished ankle

reflexes, reduced vibratory sensation, reduced pinprick

sensation) were more likely to have pain at follow-up

(Figure 1).

Association of Neuropathy Symptoms at Baseline

with 12-Year Follow-up Visit: statistically

Decomposed Variables
The nondecomposed paresthesia and pain variables were

significantly correlated (R2¼ 0.615). Of the 100 patients

with neuropathic pain at the baseline visit, 87% also had

neuropathic paresthesia but only 13 had neuropathic

pain without paresthesia (13%). Statistical decomposi-

tion successfully eliminated collinearity between baseline

pain and paresthesia. Patients with baseline decomposed

paresthesia were significantly more likely to have pain at

the 12-year follow-up (OR 1.56 [95% CI 1.18, 2.06]),

adjusted for age, plasma viral load, nadir and absolute

current CD4, past or current peripherally neurotoxic

ART use, history of HCV or diabetes. Having decom-

posed pain at baseline was associated with increased risk

of pain at follow-up (OR 1.97 [95% CI 1.51, 2.58]), but

decomposed sensory loss at baseline did not predict pain

at follow-up (OR 1.23 [95% CI 0.93, 1.62]). All other

baseline covariates (age, nadir CD4, absolute CD4,

plasma viral load, history of HCV, or diabetes) did not

predict pain (all P> .05). A sensitivity analysis was per-

formed excluding those with a detectable plasma viral

load at follow-up (n¼ 49), the relationship between base-

line paresthesia and follow-up pain lost significance,

however the odds ratios remained similar when results

were compared to the full model including all partici-

pants at follow-up (OR 1.67 [95% CI 0.78, 3.60]). Past

use of peripherally neurotoxic ART increased the odds of

pain at follow-up but did not reach significance (OR

1.31 [95% CI 0.97, 1.78], P¼ .08). Using the two sepa-

rate models of dichotomous or categorical (ordinal) par-

esthesia variables, the same results were obtained of a

statistically significant increased odds ratio for paresthe-

sia in predicting pain at follow-up independent of the

model utilized. Worse paresthesia severity increased the

odds of pain at follow-up (OR 1.46 [95% CI 1.09, 1.95],

P¼ .01), and worse baseline pain severity predicted
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greater odds of pain at follow-up (OR 2.26 [95% CI

1.65, 3.23]).

Discussion

Our results highlight the importance of neuropathic par-

esthesia, a previously underemphasized symptom of DSP.

We found that distal neuropathic paresthesia at baseline

predicted increased risk of incident pain or persistence of

pain at a 12-year follow-up visit among PWH. Recently,

our group found that paresthesia, but not neuropathic

pain, was associated with subcortical atrophy of the mid-

brain and medial posterior thalamus, among PWH with

DSP [9]. Cortical atrophy of the posterior cingulate gyrus

and smaller total cerebral gray matter volumes have been

attributed to distal neuropathic pain in HIV independent

of the presence of paresthesia [10, 15], thus providing a

potential pathophysiologic mechanism linking paresthe-

sia and pain within the CNS [9, 10]. Together with our

previous findings, our observations in the present study

support that clinical paresthesia may play a role in sen-

sory processing and in clinical outcomes of neuropathic

pain many years later.

In our study, those with pain at follow-up were older

than those without pain, but there were no other demo-

graphic differences between groups. This is not surprising

given HIV-associated DSP is more commonly encoun-

tered in older age, leading to worse quality of life among

the elderly [1, 12]. Older age did not confound the rela-

tionship between paresthesia and incident pain. There

was a significantly greater proportion of participants

with a lifetime cocaine use diagnosis in the group with

pain at follow-up, which has not been associated specifi-

cally with neuropathy, however cocaine is known to lead

to vasculopathy that can cause peripheral neuropathic

Table 1 Cohort characteristics by presence of pain at follow-up visit (N¼265)

Mean (SD), Median (IQR), or Count (%)
Group Comparisons

Demographics Pain at Follow-up (n¼100) No Pain at Follow-up (n¼165) P-value

Age (at follow-up) 57.6 (7.4) 55.2 (8.3) .019

Education 13.1 (2.5) 13.1 (2.5) .936

Male 78 (78%) 128 (78%) .903

Race/Ethnicity .998

Black (Non-Hispanic) 45 (45%) 75 (46%) —

Hispanic 11 (11%) 19 (12%) —

White (Non-Hispanic) 42 (42%) 68 (41%) —

Missing 2 Missing 3

HIV-disease characteristics

AIDS history 77 (77%) 122 (74%) .577

Current CD4 count 569 (368, 789) 561 (324, 782) .897

Nadir CD4 count 108 (22, 218) 104 (16, 201) .491

Antiretroviral therapy (ART) 95 (95%) 160 (97%) .415

Plasma viral load detectable a 9 (9.7%) 27 (18%) .079

Months exposure to ART 190 (77) 181 (73) .353

Past use of peripherally neuro-

toxic ART

67 (67%) 93 (56%) .086

Past medical or psychiatric history

Hepatitis C infection 39 (39%) 54 (32.7%) .230

Diabetes 25 (25%) 24 (14.5%) .025

Current major depressive

disorder

6 (6%) 11 (6.7%) .831

Lifetime major depressive

disorder

62 (62%) 100 (61%) .835

Lifetime substance use disorder

Any substance use disorder 79 (79%) 115 (70%) .084

Alcohol Use Disorder 54 (54%) 87 (52.7%) .854

Cannabis Use Disorder 40 (40%) 48 (30.4%) .069

Cocaine Use Disorder 49 (49%) 60 (36%) .041

Methamphetamine Use Disorder 15 (15%) 25 (15%) .967

Opioid Use Disorder 79 (79%) 115 (70%) .084

Table 2 Relationship of baseline decomposed symptom varia-
bles vs 12-year follow-up distal neuropathic pain (N¼265)

Year 0 vs Year 12 Odds Ratios 95% CI P-value

Objective neuropathy signs 1.29 0.94, 1.79 .113

Baseline neuropathic pain 1.97 1.51, 2.58 <.0001*

Baseline sensory loss 1.23 0.93, 1.62 .147

Baseline paresthesia 1.56 1.18, 2.07 .0017*

Age at baseline 1.04 0.75, 1.44 .7785

Nadir CD4 1.02 0.68, 1.52 .9271

Absolute CD4 1.00 0.67, 1.49 .9865

D-Drugs ever 1.31 0.97, 1.78 .0799

Plasma viral load (rnlog10) 1.02 0.74, 1.41 .8881

HCV 1.13 0.85, 1.50 .3873

Diabetes 1.06 0.79, 1.41 .7038
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pain among those without HIV [25], thus may contribute

to pain outcomes among older PWH and past cocaine

use. No HIV characteristic (nadir CD4, current CD4,

plasma viral load, length of exposure to ART) was asso-

ciated with presence of neuropathic pain at follow-up,

consistent with previous findings [12, 13]. We included

paresthesia or sensory loss as a predictor even in those

without DSP signs. This approach is supported by previ-

ous reports that self-reported characteristic patterns of

both paresthesia and pain are associated with abnormal

total neuropathy scores, with a positive predictive value

of 96%, indicating that symptoms consistent with DSP

correspond to objective evidence of HIV-associated DSP

on neurological examination [1].

The clinical relationship between paresthesia and neu-

ropathic pain has been previously established in the che-

motherapy literature [5]. In those with chemotherapy-

induced peripheral neuropathy, sensory neuropathy

symptoms (numbness and tingling) often exist without

neuropathic pain symptoms, but the reverse is uncom-

mon, suggesting that numbness and tingling occur first

with pain later becoming a sequela of neuropathy [5]. A

similar mechanism may exist in sensory processing in

HIV, but this has not previously been shown. Allodynia

and paresthesia have been correlated with chronic neuro-

pathic pain associated with electrophysiological changes

of both small and large peripheral nerve fibers in HIV-

associated DSP [26]. Similarly, in a Simian macaque

model, simian immunodeficiency virus (SIV) was found

to alter the conduction of small, unmyelinated peripheral

nerves leading to neuropathic pain [27]. Although it is

unknown which fibers are affected first in HIV-

associated DSP, one study suggested that HIV-associated

DSP preferably affects myelinated fibers, leading to par-

esthesia, and DSP due to neurotoxic ART therapy affects

unmyelinated fibers instead [28]. Our study also suggests

that myelinated fibers may be affected first prior to un-

myelinated fibers, given that clinical paresthesia may pre-

cede incident neuropathic pain years later.

Our study has limitations. At follow-up, 82% of the

cohort was virologically suppressed, which is still lower

than many other modern cohorts. However, odds ratios

were similar after excluding participants with detectable

plasma viral loads. Our study did not include electrophys-

iological analysis nor a skin biopsy for confirmation of

HIV-associated DSP as only a small subset of participants

included in this study with longitudinal data spanning

12 years. Since we did not collect skin biopsies, we cannot

confirm that individuals with neuropathic pain without

exam signs of neuropathy have HIV small fiber peripheral

neuropathy. Paresthesia is usually highly correlated with

pain, as was seen in our study, but the use of decomposed

variables eliminated collinearity between the variables

and allowed us to demonstrate the importance of pares-

thesia as a predictive tool for pain years later.

Conclusion

Distal neuropathic pain is known to lead to worse quality

of life [6, 29, 30] and more frequent falls and balance dis-

turbances [31] among older PWH increasing moribidity.

Thus, identifying ways to target populations with high

risk of incident neuropathic pain before its onset would

be of benefit. Distal neuropathic pain is a challenging clin-

ical condition because interventions like opioid drugs and

other neuropathic pain agents (e.g., anti-epileptics) are of-

ten ineffective, can lead to substantial morbidity. The

findings suggest that paresthesia is a harbinger of central

reorganization of sensory processing, increasing the risk

of developing incident neuropathic pain or worsening of

neuropathic pain longitudinally. The development of new

therapies to encourage neuroregeneration might take ad-

vantage of the finding that paresthesias predict subse-

quent pain to choose individuals most likely to benefit

from treatment to prevent incident pain. Indeed, the re-

cent discovery that muscarinic M1 receptor antagonism

enhances mitochondrial activity and drives nerve regener-

ation and neuroprotection has been confirmed in multiple

cell and animal models of peripheral neuropathies [32–

35], providing a novel treatment and preventive strategy.
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