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Objective: This study aimed to evaluate pain metrics and gut microbiota differences from human subjects with
complex regional pain syndrome (CRPS) compared to cohabitants (HHC) and non-cohabitating (biobank) con-
trols. In addition, we aimed evaluate longitudinal changes of gut microbiota using a mouse model of acute and
chronic CRPS.

Methods: In an observational, cross-sectional study, 25 patients with CRPS and 24 household controls (HHC) were
recruited, completed pain questionnaires, and submitted stool samples. 23 biobank stool samples were matched
to the CRPS group. Additionally, longitudinal stool samples were collected from a mouse model of acute and
chronic CRPS. 16S rRNA gene sequencing analysis was performed on all samples.

Results: A diagnosis of CRPS is associated with higher pain, increased pain interference, and decreased physical
and social function when compared to HHC. Interestingly, 46% of HHC reported significant daily pain. In the
households where HHC were also suffering from pain, there was decreased bacterial richness and diversity when
compared to households wherein only the participant with CRPS suffered from pain. Furthermore, when
comparing households where the HHC had significant pain, CRPS was clinically more severe. In the mouse model
of CRPS, we observed decreased bacterial richness and diversity when compared to non-cohabitating littermate
controls.

Conclusions: Both humans living in chronic pain households and mice shared distinct taxa over the time course of
disease and pain chronicity. These findings suggest that microbiota changes seen in CRPS as well as in a mouse
model of CRPS may reflect pain chronicity and may indicate that pain alone can contribute to microbiota dys-
biosis. The trial was registered at ClinicalTrials.gov (NCT03612193).

Introduction

Complex regional pain syndrome (CRPS) is a rare and devastating
condition of unknown etiology estimated to affect 5.4-26.2 per 100,000
person-years (Petersen et al., 2018). CRPS usually occurs following
trauma or surgery and is characterized by severe pain out of proportion
to an initial injury (lolascon et al., 2015). Per the ‘Budapest Criteria’,
CRPS is a diagnosis of exclusion with signs in at least two and symptoms
in at least three categories: sensory, vasomotor, sudomotor and motor/

trophic (Harden et al., 2010). Most patients will have significant
symptomatic recovery when CRPS is identified early (<12 months,
acute); however, when CRPS is chronic (> 12 months), recovery and
response to treatment is less likely, resulting in great personal and so-
cietal costs (van Velzen et al., 2014). The factors contributing to the
transition from acute to chronic CRPS remain unclear.

The cause(s) of CRPS remain uncertain, and thus identification of
biomarkers for CRPS recovery or chronicity could lead to improvements
in clinical care. Previous work has demonstrated that women with
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chronic CRPS (average duration 5 years) exhibit changes to their in-
testinal microbiota community structure when compared to non-
cohabitating healthy controls (Reichenberger et al., 2013). However,
cohabitation alone is known to have a significant effect on gut micro-
biota taxa (Gacesa et al., 2022). Previous studies have not compared gut
microbiota in those with CRPS to cohabitating household members
(Crock and Baldridge, 2020).

Numerous areas remain to be explored in the field of CRPS. Why do
some patients develop CRPS? Once CRPS has developed, what factors
drive acute pain, disability and other associated symptoms of CRPS to
become chronic (Crock and Baldridge, 2020)? Does gut microbiota
composition influence, or reflect, the transition from acute CRPS to
chronic CRPS? Preclinical models of pain have demonstrated that an
intact gut microbiota (one prior to high dose antibiotic treatment) is
necessary for the development of chemotherapy-induced neuropathic
(Shen et al., 2017) and inflammatory pain (Amaral et al., 2008). Recent
clinical studies have demonstrated a clinical correlation between gut
microbiota and osteoarthritis knee pain (Boer et al., 2019), widespread
musculoskeletal pain (Minerbi et al., 2019; Freidin et al., 2021),
neuropathic pain (Ellis et al., 2022) and postoperative pain (Brenner
et al., 2021; Yao et al., 2021). We hypothesized that differences in gut
microbiota composition may contribute to or be reflected in CRPS in
both humans and mice (Crock and Baldridge, 2020).

Here, we describe both pain metrics and the gut microbiota
composition in an observational cross-sectional study of human partic-
ipants suffering from acute and chronic CRPS compared to both co-
habitants (HHC) and non-cohabitating controls. We observed unusually
high rates of chronic pain in the household members of participants with
CRPS. No differences were observed when comparing gut microbiota
diversity in the full cohort of participants with CRPS to their cohab-
itating household members (HHC). However, given the high rate of
chronic pain in household members, we evaluated the effect of house-
hold pain status on gut microbiota metrics. Interestingly, we found a
significant decrease in bacterial richness and Shannon diversity when
we compared participants with CRPS who live with someone with
chronic pain (HHC-pain) versus those with CRPS who live with someone
without pain (HHC-NO pain). This study is the first to suggest that
cohabitating with individuals with chronic pain is associated with
reduced gut microbial diversity. In addition, we observed changes in the
composition of the intestinal microbiota in a longitudinal mouse model
of acute and chronic CRPS. In mice, chronic injury alone produces gut
microbiota changes similar to those observed in humans with chronic
pain.

Methods
Human study design and oversight

The study was conducted with informed consent under the Wash-
ington University Institutional Review Board (IRB, 201806182). The
trial was registered at ClinicalTrials.gov (NCT03612193).

Patient recruitment and clinical evaluation

This was a single-center cross-sectional observational case-
controlled study. Adults (18 years or older) with a confirmed diag-
nosis of complex regional pain syndrome (CRPS) were recruited through
the Pain Management Center at Washington University/Barnes Jewish
Hospital medical campus in St. Louis, Missouri, United States from 12/
19/18-10/4/19. Study size was determined by available patient
recruitment prior to the COVID-19 shutdown. Inclusion criteria for pa-
tients: confirmed current or previous diagnosis of CRPS by Budapest
criteria. Inclusion criteria for household controls: cohabitation with
participant in study with a diagnosis of CRPS. Exclusion criteria for both
were: current use of probiotics, pregnant or lactating, or extreme (paleo,
ketogenic, or vegan) diet. One household control was enrolled per
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subject with CRPS with the exception of one participant with CRPS who
lived alone. One-to-one unrelated age-, sex-, smoking status-, race-,
ethnicity- and BMI- matched control Biobank samples were obtained
from the Washington University Digestive Disease Research Core Center
Biobank Core (Biobank samples, see Table 1).

Clinical measurements

Participants underwent a detailed medical history and physical
exam. All participants were asked about recent (last 6 months) antibiotic
use and current medications. Participants filled out standardized brief
pain inventory short form (BPI) (Keller et al., 2004), pain catastroph-
izing scale (PCS) (Sullivan and Pivik, 1995), 36-item short form survey
(RAND SF-36 1.0), and CRPS severity score (CSS, 0-16 scale) (Harden
et al., 2017). Bowel habits were evaluated using the Cleveland con-
stipation score (CCS) (Agachan et al., 1996) and the Bristol stool chart
(Lewis and Heaton, 1997). Cognitive flexibility was determined by the
color-word matching Stroop test (CWMST) (Stoelting Co., Wood Dale,
IL, USA). Data managed using REDCap electronic data capture tools
hosted at Washington University.

Human sample collection and processing

Stool samples from all participants were collected by the participants
at their home and delivered to the lab fresh but cold for aliquoting and
storage at —80 degrees Celsius.

Animal ethics statement

All mice were used under regulations stipulated by Stanford Uni-
versity Institutional Animal Care and Use Committee and on protocols
approved by the Stanford University Animal Studies Committee which is
accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care (AAALAC International) and by the Veterans
Affairs Palo Alto Health Care System Institutional Animal Care and Use
Committee in accordance with American Veterinary Medical Associa-
tion guidelines and the International Association for the Study of Pain.
The procedures uphold all federal and state regulations governing the
humane care and use of laboratory animals. To comply with the Stanford
Administrative Panel on Laboratory Animal Care guidelines on mini-
mizing animal numbers, for each experimental paradigm we used the
minimum number of mice required to obtain significance after con-
ducting a power analysis based on the expected mean and SD from
existing data for a given assay.

Mouse acute and chronic pain model

C57BL/6J male mice (10-11 weeks) were obtained from Jackson
Laboratories, Bar Harbor, ME, USA. All animals were maintained under
a12:12hlight/dark cycle in a temperature-controlled environment with
ad libitum access to food and water. Littermates were housed 2-5 per
cage before surgery and following the tibial fracture CRPS model. Un-
injured controls were similarly housed but did not undergo surgery or
anesthesia. As previously described (Tajerian et al., 2015), mice were
anesthetized with inhalational isoflurane 2-4 % for induction and
1.5-2.5 % for maintenance. While anesthetized with isoflurane, the
right hind limb was wrapped in gauze and a hemostat was used to make
a closed fracture of the distal tibia. The hind limb was then wrapped in
casting tape (ScotchCast™ Plus) from the metatarsals of the hind paw up
to a spica formed around the abdomen to ensure that the cast did not slip
off. The cast over the paw was applied only to the plantar surface with a
window left open over the dorsum of the paw and ankle to prevent
constriction when post-fracture edema developed. Mice were inspected
throughout the post-operative period of cast immobilization to ensure
that the cast was properly positioned. 3 weeks post-fracture, mice were
briefly anesthetized, and casts were removed with cast shears. Pain
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Table 1

Characteristics of all participants. Patients mean score on short Brief Pain
Inventory + SD and the percentage of respondents with “substantial interfer-
ence” as defined by a score of >/= 5/10. Pain catastrophizing was determined
by the Pain Catastrophizing Scale (PCS), general health metrics calculated by the
RAND-36 short form (SF-36), and cognitive flexibility calculated by Stroop Color
and Word T-Score. Mean + SD, percentage (%) or number (n). CRPS age range
20-74 years, HHC age range 35-75 years, Biobank age range 26-75. Included
one participant in CRPS group and HHC group who did not submit a stool
sample.

CRPS Biobank HHC
Controls

n 25 23 24

Characteristics

Age (years) 51.7 + 51.8 + 0.884 57.7 0.13
14.2 12.4 +12.1

% Female 80 78 1 25 <0.001

BMI (kg/m2) 29.8 + 289 £6.2 0.646  30.1 0.88
6.6 +5.9

% Caucasian 100 100 1 100 1

% non-Hispanic 100 100 1 100 1

Smokers (n) 3 2 0.964 2 0.68

CRPS Severity Score 9.9 + n/a

(0-16) 3.2

Location of CRPS

Lower extremity CRPS 15 n/a

)

Upper Extremity CRPS 8 n/a

Both Upper and Lower 2 n/a

Extremity CRPS (n)

Current medications

(n)

Opioid use 6 3 0.31

NSAID or 7 7 0.94

Acetaminophen use

Anticonvulsant use 11 0 <0.001

Muscle relaxant use 4 2 0.42

Low-dose naltrexone 9 0 0.001

Tricyclic antidepressant 6 0 0.01

use

Antidepressant use 4 0 0.04

No treatments 1 9 0.003

Bowel habits

Cleveland Constipation 5.2+ 4.5 + 0.56

Score 4.7 3.4

Bristol stool scale 3.7+ 3.6 + 0.73
1.3 1.5

Pain Metrics

Brief Pain Inventory

(BPI)

Pain more than normal 21, 84 11, 46 0.003

everyday pain (n = yes) % %

Worst Pain 24hr (0-10) 6.6 + 2.8 + <0.001
2.8 2.9

Least Pain 24hr (0-10) 3.2+ 1+ <0.001
2.2 1.4

Average Pain (0-10) 4.8 + 1.7 + <0.001
2.1 1.9

Current pain 4.4 + 1.2+ <0.001
2.6 1.7

Pain Interference

Activity (0-10), % 58+ 1.8 + <0.001

substantial interference 3.3,72 3.0, 17

Mood (0-10), % 4.6 + 1.4 + <0.001

substantial interference 3.5, 44 2.6, 21

Mobility (0-10), % 51+ 09+ <0.001

substantial interference 3.7, 60 1.6,4

Work (0-10), % 58+ 2.2+ <0.001

substantial interference 3.4,76 3.2,17
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Table 1 (continued)

CRPS Biobank HHC
Controls

Relations (0-10), % 3.2+ 0.8 + 0.003

substantial interference 3.1, 28 2.2,8

Sleep (0-10), % 5.6 + 1.2+ <0.001

substantial interference 3.4, 64 2.3,8

Enjoyment (0-10), % 52+ 1.1+ <0.001

substantial interference 3.3, 60 2.1,13

Pain Catastrophizing

Scale (PCS)

Mean PCS (0-52) 23.4 + 13.3 0.02
15.5 +121

PCS Rumination 81+ 54+ 0.07
5.2 4.8

PCS Magnification 4.4+ 2.1+ 0.02
3.8 2.4

PCS Helpless 10.6 + 53+ 0.01
7.3 5.8

General Health Metrics

(SF-36)

Physical Functioning 45.2 + 88.1 <0.001
27.0 +15.0

Role limitations due to 25.0 + 65.6 0.001

physical health 35.4 +45.0

Role limitations due to 74.7 + 84.7 0.31

emotional problems 34.4 +33.3

Energy/fatigue 40.0 + 59.6 0.004
24.7 +19.0

Emotional well-being 65.6 + 79.0 0.03
24.0 + 14.2

Social Functioning 62.0 + 84.9 0.002
27.5 +18.0

Pain 33.7 £ 71.8 <0.001
28.5 +24.0

General Health 61.0 + 71.9 0.14
28.7 + 20.0

Stroop Color and Word  51.1 + 50.7 0.85

T-Score 6.9 +10.8

behavior was considered acute at cast removal, chronic after 5 weeks
and nearly resolved at 20 weeks following fracture. Mechanical allo-
dynia as determined by Von Frey testing and percentage weight bearing
of the injured and uninjured paw was performed as described previously
(n = 10) (Huck et al., 2021). Briefly, a female researcher (G.B.P.M)
performed all behavioral testing in a blinded fashion. All testing was
conducted between 7:00 am and 1:00 pm in an isolated, temperature-
and light-controlled room. Mice were acclimated for 30 to 60 min in the
testing environment within custom clear plastic cylinders (4" D) on a
raised metal mesh platform (24" H). Mice were randomized by simple
selection from their home cage (2-5 mice per cage) before testing and
placed in a cylinder. Stool samples were collected fresh, and frozen and
stored at —80 degrees at the following timepoints: baseline (prior to
fracture), 3 weeks, 5 weeks, 9 weeks and 16 weeks post-fracture. Two
independent sets of experiments were performed.

Processing and taxonomic analysis of human and mouse stool
samples Phenol:chloroform-extracted DNA from fecal samples was used
for 16S rRNA gene analysis as previously described (Caporaso et al.,
2011).

2,556 to 372,376 reads were obtained for each sample and excluded
if less than 1000 reads. Samples were rarefied to 2,556 reads for sub-
sequent analyses. Read quality control and the resolution of amplicon
sequence variants (ASVs) were performed with the dada2 R package
(Callahan et al., 2016). ASVs not assigned to the kingdom Bacteria were
filtered out; no additional abundance-based filtering of ASVs was per-
formed nor was any abundance transformation performed prior to an-
alyses. Remaining reads were assigned taxonomy using the Ribosomal
Database Project (RDP trainset 16/release 11.5) 16S rRNA gene
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sequence database (Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM,
Sun Y, et al. Ribosomal Database Project: data and tools for high
throughput rRNA analysis. Nucleic Acids Res, 2014) or SILVA v138.1.
Ecological analyses, such as alpha-diversity (richness, Shannon di-
versity) and beta-diversity analyses (weighted and unweighted UniFrac
distances), were performed using PhyloSeq and additional R packages
(McMurdie and Holmes, 2013), and differentially abundant taxa at all
phylogenetic levels between sample groups were identified by per-
forming pairwise comparisons using Linear discriminant analysis Effect
Size (LEfSe) (Segata et al., 2011). LEfSe has been reported to have a high
false discovery rate (Nearing et al., 2022), so discriminant taxa analysis
was also performed using DESeq2 to identify differential individual
ASVs (Love et al., 2014).

Statistical analysis

Data were analyzed with Prism 9 software (GraphPad Software, San
Diego, CA). Group characteristics was assessed using two-sample t-test
or Chi square test, or their non-parametric equivalent. Biobank samples
were matched with all available data including sex, BMI, and smoking
status. All statistical tests are two-sided with a significance level of 0.05.
In all graphs, p value was determined by Mann-Whitney test, Wilcoxon,
one-way analysis of variance (ANOVA) or Kruskal-Wallis test, or two-
way ANOVA with Tukey’s multiple-comparison test, as specified in
the figure legends. Differences in beta-diversity were determined using
Permutational Multivariate Analysis of Variance (ADONIS). R package
stats (version 4.1.2) was used for linear regression modeling, and R
package lme4 (version 1.1.28) was used for linear fixed-effects
modeling.

All data generated as part of this study are included in this published
article and its supplementary files. 16S rRNA gene sequencing data have
been uploaded to the European Nucleotide Archive (accession no.
PRJEB44143). Phyloseq data is available at the following websites:
Human: https://github.com/RachelRodgers/201129-Human-CRPS-
Combined Mouse: https://github.com/RachelRodgers/201113-Mouse-
CRPS-Combined.

Results
Characteristics of study participants

240 participants were screened, and 49 who met eligibility criteria
participated. Two participants (a CRPS patient and their cohabitant)
decided not to submit stool samples after answering all questionnaires.
Their responses were included in Table 1 and Supplementary Table 1A.
23 control Biobank samples were matched to enrolled CRPS participants
with stool samples based on available host-intrinsic and extrinsic
microbiota factors (Schmidt et al., 2018) (Supplementary Figure 1). Of
the 72 participants (Table 1), 25 had CRPS, 24 lived with participants
with CRPS (household controls, HHC) and 23 were matched controls
(Biobank). Age, BMI and smoking status were similar between partici-
pants with CRPS compared to HHC (Table 1). CRPS were more likely to
be female (80 %) and take medications for neuropathic pain (anticon-
vulsants, antidepressants and low-dose naltrexone). HHC had a similar
rate of medication use as their afflicted counterparts. Acute versus
chronic CRPS were similar (Supplementary Table 1A).

Stool consistency and rate of constipation is similar between
participants with CRPS and household members

Rates of constipation and stool consistency were similar between
CRPS and HHC (Table 1) but not available for biobank samples. No
significant differences in stool consistency or constipation were found
between participants with CRPS based on household pain status (HHC-
pain vs HHC-NO pain Table 2) or acute and chronic CRPS (Supple-
mentary Table 1A).

Neurobiology of Pain 16 (2024) 100173

Table 2

Characteristics of participants with CRPS based on household pain status.
Patients mean score on short Brief Pain Inventory + SD and the percentage of
respondents with “substantial interference” as defined by a score of >/= 5/10.
Pain catastrophizing was determined by the Pain Catastrophizing Scale (PCS),
general health metrics calculated by the RAND-36 short form (SF-36), and
cognitive flexibility calculated by Stroop Color and Word T-Score. Mean + SD,
percentage (%) or number (n). CRPS age range 20-74 years. Excluded one
participant who did not submit a stool sample and one participant who did not
have a corresponding household member.

CRPS w/ CRPS w/HHC

chronic pain without chronic

HHC pain
n 11 12
Demographics
Age (years) 54.9 + 10.2 48.2 +17.4 0.28
% Female 82 83 0.93
BMI (kg/m2) 30.1 +7.8 29.7 £ 6.3 0.90
Duration of symptoms (m) 57.2 + 66.7 39.3 +41.9 0.45
% Acute CRPS 27.3 333
% Caucasian 100 100 1
% non-Hispanic 100 100 1
Smokers (n) 0 2 0.17
CRPS Severity Score (0-16) 115+ 1.8 7.9+35 0.01
Current Medications (n)
Opioid use 5 1 0.04
NSAID or Acetaminophen use 2 5 0.24
Anticonvulsant use 3 7 0.15
Muscle relaxant use 2 2 0.93
Low-dose naltrexone 3 6 0.29
Tricyclic antidepressant use 4 2 0.30
Antidepressant use 2 2 0.93
No treatments 0 1 0.35
Bowel habits
Cleveland Constipation Score 6.2 + 5.4 3.3+33 0.14
Bristol stool scale 43+14 3.0+1.1 0.09

Pain Metrics

Brief Pain Inventory (BPI)
Pain more than normal 100 75 0.08
everyday pain (n, %)

Worst Pain 24hr (0-10) 7.6 £1.5 55+3.1 0.05
Least Pain 24hr (0-10) 3.9+ 20 23+21 0.07
Average Pain (0-10) 56 +1.6 3.9+23 0.06
Current pain 5.0 + 2.0 3.8+28 0.28
Percent Relief with Treatment ~ 44.6 + 18.1 51.8 + 29.3 0.49
Pain Interference

Activity (0-10), % substantial 7.1 + 2.7 4.7 +£3.8 0.09
interference

Mood (0-10), % substantial 5.5+ 3.4 3.4+ 3.2 0.17
interference

Mobility (0-10), % 6.7/- 3.5 4.4+ 3.4 0.13
substantial interference

Work (0-10), % substantial 6.7 + 2.9 4.8 + 4.0 0.20
interference

Relations (0-10), % 25+31 3.2+31 0.64
substantial interference

Sleep (0-10), % substantial 6.0 + 3.1 4.8 + 4.0 0.44
interference

Enjoyment (0-10), % 5.8 + 3.4 4.4 +3.7 0.35
substantial interference

Pain Catastrophizing Score

(PCS)

Mean PCS (0-52) 25.6 £ 17.5 19.5 + 14.4 0.38
PCS Rumination 9.0 £5.8 6.8 £5.1 0.36
PCS Magnification 4.1+ 3.8 3.8 +4.0 0.87
PCS Helpless 11.8 + 8.6 8.6 £ 6.5 0.33

(continued on next page)
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Table 2 (continued)

CRPS w/ CRPS w/HHC

chronic pain without chronic

HHC pain
General Health Metrics (SF-
36)
Physical Functioning 36.4 +£ 229 53.8 + 30.4 0.14
Role limitations due to 15.9 + 25.7 37.5 + 43.3 0.17
physical health
Role limitations due to 63.6 + 37.9 86.1 + 30.0 0.13
emotional problems
Energy/fatigue 41.5 + 21.6 38.3 +27.5 0.77
Emotional well-being 67.6 + 26.6 66.7 + 21.5 0.92
Social Functioning 60.0 £+ 21.1 66.7 + 35.9 0.61
Pain 22.0 +22.1 44.2 + 34.3 0.09
General Health 60.5 + 29.2 63.8 + 32.3 0.81
Stroop Color and Word T- 50.5 + 6.3 50.8 +7.5 0.93

Score

CRPS is associated with higher pain, increased pain interference,
and decreased physical and social function when compared to
household members

CRPS was associated with significantly more pain across all cate-
gories (Table 1). A substantial proportion (11/24, 46 %) of HHC re-
ported significant daily pain described as more than normal everyday
pain. Of the controls with daily pain, most (7/11) had a diagnosis of a
painful medical condition such as low back pain (n = 1), fibromyalgia (n
= 1), arthritis (n = 2), rheumatoid arthritis (n = 1), and daily use of
naproxen for unspecified pain (n = 1). One HHC had reported depres-
sion/anxiety. 4 of 11 HHC-pain had no diagnoses and reported taking no
medications for pain relief. Pain interference was significantly higher in
those with CRPS vs HHC.

CRPS patients had decreased physical function, higher pain and
limitations in their daily life due to physical health, decreased energy,
and decreased social functioning. No significant differences in their re-
ported ability to function because of emotional problems or overall
assessment of their general health were found when compared to their
HHC. CRPS has been associated with neurocognitive dysfunction (Kolb
et al., 2012). In our cohort, no differences were found when cognitive
flexibility was assessed using the Stroop Color-word Test between par-
ticipants with CRPS and HHC (Table 1).

Household pain status associated with more severe CRPS, higher
opioid use and higher worst pain

Those with CRPS who cohabitate with household members with
daily pain (HHC-pain) were not significantly different in age, gender,
BMI, bowel habits, duration of CRPS, pain interference, pain cata-
strophizing, or general health metrics when compared to participants
with CRPS who live with a household member without chronic pain
(HHC-NO pain). Conversely, participants with CRPS who live with HHC-
pain were more likely to use opioids, have more severe CRPS (CSS 11.5
vs 7.9) and have more severe worst pain as assessed by the brief pain
inventory (7.6) when compared to participants with CRPS who lived
with a HHC-NO pain (5.5) (Table 2).

Chronic CRPS is associated with chronic opioid use, decreased
general health compared to participants with acute CRPS

No difference in BPI metrics was observed comparing those with
acute versus chronic CRPS. Chronic CRPS was associated with increased
opioid use and lower general health compared to acute CRPS (Supple-
mentary Table 1A).
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Household controls with chronic pain were more likely to use
opioids, suffer from constipation, and to have higher pain scores,
higher pain interference, helplessness due to pain and decreased
physical functioning.

HHC-pain were not significantly different in age, gender, and BMI
when compared to HHC-NO pain. HHC-pain compared to HHC-NO pain
were more likely to use daily opioids (n = 3 of 11, 27 % versusn =0, 0
%) and suffer from constipation (Supplementary Table 1B). Pain inter-
ference was higher in HHC-pain (except for interference on relation-
ships) when compared to HHC-NO pain (Supplementary Table 1B).
HHC-pain were more likely to have lower physical functioning and
limitations due to health and pain (Supplementary Table 1B).

Decreased gut microbiota richness and diversity in chronic pain
households

To evaluate gut microbiota of participants with CRPS compared to
non-cohabitating matched controls, we analyzed samples from 72 par-
ticipants (23 CRPS, 22 HHC, 23 Biobank controls) using Illumina-based
sequencing of the V4 region of the 16S rRNA gene. 4 samples were
excluded due to inadequate read depth, with an average of 60,415 reads
per sample for the 68 remaining samples.

Comparing both the number of distinct taxa (bacterial richness) and
the distribution of the abundance of these taxa (Shannon diversity) be-
tween participants with CRPS and either Biobank controls (Fig. 1A) or
HHC (Fig. 1B), no significant differences were observed. Similarly, no
differences were observed when comparing participants with acute
versus chronic CRPS (Supplementary Figure 2A,B). Household pain
status was associated with decreased bacterial richness and decreased
Shannon diversity in those with CRPS (Fig. 1C) as well as pain (HHC-
pain and CRPS) households (Fig. 3A, B). Chronic pain in a parent can
increase the risk of developing chronic post-surgical pain in children
(Rabbitts et al., 2017). These preliminary findings suggest that factors
such as the presence of household members with chronic pain and CRPS
may synergistically decrease gut microbiota diversity in addition to
increasing pain severity.

We compared overall bacterial community structures using un-
weighted and weighted UniFrac distances (Fig. 1D-E, Fig. 3C,D, Sup-
plementary Figure 3). Bacterial community composition was not
significantly different between participants with CRPS and Biobank or
CRPS and household controls when analyzed by unweighted UniFrac
(Fig. 1D, 1E), which considers the presence and absence of taxa in
addition to phylogenetic distance. When HHC pain status was consid-
ered, a significant difference in beta diversity between patients with
CRPS from either chronic or nonchronic pain households (Fig. 1F).
These data suggest differences in the presence of taxa based on house-
hold pain status. When also taking relative abundance of taxa into ac-
count, using weighted UniFrac, overall bacterial community
composition was different when comparing CRPS and Biobank controls
(Supplementary Figure 3A), comparing CRPS based on household pain
status (Supplementary Figure 3B), and CRPS households (CRPS and
HHC) based on household pain status (Fig. 3C, D). However weighted
UniFrac comparison of CRPS to HHC (Supplementary Figure 3C)
demonstrated no difference.

To evaluate if the differences observed based on household pain
status were a reflection of changes in the shared microbiota (i.e. do
participants with CRPS who live with participants in pain share more
microbiota compared to those with CRPS who live with HHC without
pain), we performed a paired-sample analysis using unweighted and
weighted UniFrac beta diversity based on household pain status. Pair-
wise weighted and unweighted, UniFrac distances between samples
from households with pain (CRPS and HHC-pain) were not significantly
different compared to households without pain (CRPS and HHC-NO
pain) (Fig. 3E) suggesting that the differences observed based on HHC
pain status were unrelated to differences in shared microbiota due to
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Fig. 1. Intestinal microbiota diversity is decreased in participants with CRPS who live in chronic pain households. Sequencing analysis of the V4 region of
the 16S rRNA gene was performed, and richness and Shannon diversity analysis were performed for (A) participants with CRPS (n = 23) versus Biobank controls (n =
19), (B) participants with CRPS (n = 23) compared to household controls (HHC, n = 22), and (C) CRPS versus HHC by household pain status. Analyses by Mann-
Whitney test with mean +/- SEM shown. Principal components analysis was also performed using unweighted UniFrac distances comparing (D) CRPS (n = 23) versus
Biobank controls (n = 19), (E) CRPS (n = 23) compared to HHC (n = 22), and (F) CRPS (n = 10, 12) separated by household control pain status. Analyzed using
permutational MANOVA (ADONIS). Phylum-level relative abundance of bacterial taxa shown for (G) CRPS (n = 23) versus Biobank controls (n = 19), (H) CRPS (n =
23) compared to HHC (n = 22), and (I) by household pain status CRPS (CRPS cohabitating with HHC with pain n = 10, CRPS cohabitating with HHC without pain n

= 12) vs HHC (with pain n = 10, without pain n = 12).

cohabitation.

In sum, these data suggest that households with CRPS who cohab-
itate with HHC-pain harbor microbiota dysbiosis as reflected by
decreased bacterial richness, Shannon diversity and beta diversity
driven by altered relative abundance of taxa when compared to partic-
ipants with CRPS who cohabitate with HHC-NO pain. We confirmed that
our results were not dependent on the taxonomic database used by
evaluating annotation of our 16S rRNA gene reads using SILVA v138 and
we utilized RDP for all remaining analyses (Supplementary Figure 4).
Participants with CRPS may harbor microbiota differences, driven by
differences in relative abundance but not presence/absence of taxa
compared to metadata-matched Biobank controls. In contrast, overall
HHC are broadly similar to matched participants with CRPS.

Specific taxonomic differences are associated with CRPS

Visualization of phylum- and genus-level composition suggested
potential differences in relative proportions of taxa, particularly be-
tween patients with CRPS and Biobank controls (Fig. 1G-I, Supple-
mentary Figure 5). To identify taxa with statistically significant
differences in relative abundance between groups, we used LEfSe

(Segata et al.,, 2011) (Fig. 2A-D). Participants with CRPS exhibited
significantly higher levels of Bacteroidetes, with a corresponding loss of
Firmicutes including various taxa in the Clostridiales order when
compared to biobank controls (Fig. 2A, 2E). CRPS was associated with
higher levels of Sutterella, a Proteobacteria. Comparison of participants
with CRPS to HHC revealed substantially fewer differences, with only
Oxalobacter, a Proteobacteria, identified as CRPS-associated (Fig. 2B).
However, comparison of participants with CRPS based on cohabitation
with an individual with chronic pain (HHC-pain) or cohabitation with
an individual without chronic pain (HHC-NO pain) demonstrated
overall Firmicutes and specifically Clostridiales including Sporobacter
and Intestinimonas associated with CRPS/HHC-NO pain households
(Fig. 2C). Proteobacteria taxa Parasutterella and Enterobacter were
enriched in CRPS/HHC-pain households (Fig. 2C). Clostridiales family
Ruminococcaceae was associated with HHC-NO pain, while Gammap-
roteobacteria, Enterobacteriales and specifically Escherichia/Shigella
were enriched in HHC-pain, in addition to several Firmicutes taxa
including Coprobacillus and Propionispira (Fig. 2D). CRPS Severity Score
did not correlate with microbiota richness or Shannon diversity (data
not shown). Thus, a general pattern in which decreased overall Firmi-
cutes and Clostridiales were associated either with all patients with
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Fig. 2. Specific microbiota taxa and dysbiosis are associated with CRPS. LEfSe analysis results plotted in cladograms made using GraPhlAn, providing a
graphical representation of discovered taxa (all annotated taxa are significantly different) in a taxonomic tree identified comparing (A) CRPS (acute and chronic) to
Biobank controls, (B) CRPS (acute and chronic) to household controls (HHC), (C) CRPS living with HHC with pain to CRPS living with HHC with NO pain, and (D)
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CRPS compared to unrelated controls or with CRPS patients with HHC-
pain compared to those with HHC-NO pain emerged. Using DEseq2 to
specifically identify differentially abundant amplicon sequence variants
(ASVs) (Supplementary Figure 6, 2C), we made the same comparisons
(CRPS versus Biobank controls, CRPS versus HHC, acute vs chronic
CRPS and comparison based on household pain status). While individual
ASVs did not emerge as significantly different in comparisons of CRPS
versus Biobank or HHC, in the household pain status comparison,
Sporobacter again emerged as associated with household of CRPS/HHC-
NO pain (Supplementary Figure 6).

Altered Firmicutes:Bacteroidetes (F:B) ratios have been associated
with numerous disease states, with increased F:B ratios found in in-
dividuals with obesity or metabolic syndrome (Ley et al., 2006), and
decreased F:B ratios found in patients with inflammatory bowel diseases
(IBD) (Lloyd-Price et al., 2019). Based upon altered relative abundance
of Bacteroidetes and Firmicutes between CRPS patients and Biobank
controls, we assessed this ratio in our patient groups. We found CRPS
was associated with a significantly lower F:B ratios compared to Biobank
controls (Fig. 2E), consistent with the broad taxonomic changes
observed (Fig. 1G, Fig. 2A). No difference was observed in F:B ratios for
participants with CRPS compared to HHC (Fig. 2E) or when comparing
CRPS to HHC based on household pain status (Fig. 2G). Thus, CRPS is
associated with significant modifications to the taxonomic composition
of the intestinal microbiota compared to metadata-matched controls,
while overall, cohabitating HHC exhibit similar intestinal microbiota
compositions as individuals with CRPS. However, when assessing CRPS
patients based on the pain status of their HHC, cohabitation with HHC-
pain is associated with specific taxa that track with those generally lost
in the microbiota of CRPS patients (Supplementary Figure 6). Overall,
these data may suggest that cohabitating with HHC-pain may enhance
those microbiota alterations inherent to CRPS.

Overall intestinal microbiota composition is altered in a mouse
model of CRPS

While our data from human participants support an association be-
tween CRPS and alterations to the microbiota, we sought to assess
whether we could observe longitudinal changes in the gut microbiota
associated with injury and associated acute or chronic pain in a mouse
model. Thus, we leveraged a well-characterized fracture/casting model
of CRPS in mice (Haight et al., 2020; Cropper et al., 2019; Shen et al.,
2020) that closely mimics the clinical presentation of CRPS in humans to
longitudinally characterize the composition of the intestinal microbiota
throughout the acute and chronic phases of the condition. We compared
mice that underwent a closed tibial fracture followed by three weeks of
casting (Fracture) to non-cohoused littermate controls (Control)
(Fig. 4A). Mice are coprophagic and cohousing injured and uninjured
mice causes behavioral changes in both (Mogil, 2015); thus uninjured
and injured mice were not cohoused. We have previously characterized
the time course of behavioral sensitization in the tibial fracture/casting
model of CRPS (Huck et al., 2021). We demonstrate again here that
profound mechanical allodynia develops in the injured hindlimb at the
time of cast removal at 3 weeks and lasts through 20 weeks post-injury
(Fig. 4B), well into the chronic phase (Huck et al., 2021). The functional
effects of this injury including decreased weight bearing on the injured
limb, both during the acute (week 3 and 5) and chronic (week 7) phases
of the model (Fig. 4C). Signs of peripheral inflammation, characteristic
of the acute phase, including edema and increased temperature of the
injured paw, are present at 3 weeks post-fracture and dissipate around 5
weeks (previously published, data not shown) (Huck et al., 2021). To
capture potential microbiota changes throughout the acute, transition
and chronic phases of CRPS, stool samples were collected at baseline and
at weeks 3, 5, 9 and 16, for 16S rRNA gene sequencing.

While bacterial richness and Shannon diversity were similar between
fracture and non-cohoused littermate control mice at baseline and
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during the acute phase (weeks 3 and 5 post-fracture), mice in the chronic
phase of CRPS following tibial fracture/casting (weeks 9 and 16)
exhibited significantly decreased richness and Shannon diversity
compared to controls (Fig. 4D, E). Fracture and control samples were
highly similar at baseline but exhibited significant disparity in both the
acute and chronic phases post-fracture (Fig. 4F) by unweighted UniFrac
distance analysis.

“Cage effects” can account for substantial variation in the micro-
biota, and we observed clustering of samples based on cage of origin
(Fig. 4F) (Singh et al., 2021; Moon et al., 2015). To confirm that the
microbiota differences observed between fracture and control samples
were robust to cage as a potential confounder, we fit a linear regression
model including both condition and cage as independent variables for
our alpha diversity metrics. When cage was not taken into account, week
9 and 16 were significantly different between fracture and control (P =
0.0202 and P = 0.017, respectively), but when cage was considered,
these differences were no longer present (P = 0.317 and P = 0.334,
respectively). For Shannon diversity, the week 9 difference (P = 0.003)
was robust to cage effect (P = 0.003), but week 16 (P = 0.010) was not
(P = 0.432). Interestingly, consideration of cage effects revealed a sig-
nificant difference in Shannon diversity between fracture and control
samples at week 3 (P = 0.045) that was not observed when cage effects
were ignored (P = 0.823).

We similarly assessed whether cage of origin influenced the beta-
diversity differences we had observed, using a mixed linear model

wherein the fixed factor/dependent variable was condition (fracture
versus control) and the random factor was cage to assess the association
between condition and PC1. After adjusting for cage, fracture and con-
trol samples were significantly different at weeks 3 and 9 (P = 0.035697
and P = 0.0002, respectively), but non-significant for weeks 0, 5, and 16
(P =0.53163, P = 0.0776, and P = 0.0585). Overall, these data support
that both acute (week 3) and chronic (week 9) phases of CRPS are
associated with substantial modulation to the intestinal microbiota in
this model, but also emphasize that cage effects are an important
consideration for mouse microbiota analyses.

Specific microbiota taxa are observed in a mouse model of CRPS

We plotted longitudinal phylum and genus level taxonomic compo-
sition of the intestinal microbiota in the fracture and control mice
(Fig. 4G, Supplementary Figure 7). At weeks 3 and 9 post-fracture, the
most dramatic phylum-level differences were observed between these
groups (Fig. 4G), and we thus used LEfSe analysis to identify taxa at
these timepoints (Fig. 5A, B). At both timepoints, we observed a loss of
Firmicutes including Bacilli in the fracture group, with an increase in
taxa in the Bacteroidetes phylum (Fig. 5A, B). However, at week 3,
samples from fractured mice exhibited a loss of Parasutterella, Bifido-
bacterium and Verrucomicrobiales as well as increased Staphylococcus
and various Firmicutes genera (Fig. 5A), while at week 9, Coprobacillus,
Bacteroides and Akkermansia were increased in fractured mice (Fig. 5B).



L.W. Crock et al.

Neurobiology of Pain 16 (2024) 100173

A Baseline: Acute: Chronic:
Week 0 Weeks 3,5 Weeks 7, 9,16
B 157 = Acute *  Chronic C 80 Acute +  Chronic
= : & 70 Dhkkk  kkkk 1 k%
_ < H H
HE) 2 604 : :
55 1.0 £ : :
T= B Jrin ‘S 50 . L
52 Uninjured paw 3 = Il Uninjured paw
E g : “® Injured paw f 40 W Injured paw
o H
H < i
5-5 0.5 : 5 30
H g 20
Sekx  FEEE kkkk 104
0.0 H 0-l
BL 3 5 7
D E «  Acute «  Chronic
* : Pk *
® H H ®
2 44 H H -
150+ £ 4 : . At R
A [ . H
@ ] o3 A: Aie @ Control
] 5 H iR am A Fracture
§ 1001 5 s % : ig L o
L2 H H A
x e 4 < & 4 H A HE 4 A
c H o
A © A H A
501 g 2 °
— —
BL 3 5 9 16
F P Condition
N - ® Control
//,/A\\\\ N \ 02 . o Fracture
3o VAR Y |z Cage_numb
@ ) a e ©Cage_1
= / LN /e +Cage_2
] i . F R o0 0. gg:g:_g
2, ‘ N / -/ & 7 Cage’s
' - 01 mCage_6
*Cage_7
N - 0z N\ S $Cage 8
— 0a[P70002%— p=0.005" ;ggggﬁu
% Axist [28.2%] Axisi118.7%] o O axist (1Ba%
Baseline Acute Pain Chronic Pain Phylum
e MEalusaanie S LS SR,

G [ Actinobacteria
q,§ o @ Bacteroidetes
-Etu B Firmicutes
@O o0
°5 [ Proteobacteria
Zg 025 [ Tenericutes

@ Verrucomicrobia

Fig. 4. Overall intestinal microbiota composition is altered in a mouse model of CRPS. (A) Schematic depicting mouse model of CRPS, made using BioRender.

(B,C) Behavioral testing indicates acute (weeks 3-5) and chronic (week 7) mechan

ical allodynia (B) and decreased weight bearing (C) on the injured paw when

compared to the uninjured paw. Blue = uninjured paw, red = injured paw. Analyzed by 2-way ANOVA as a function of time (P < 0.0001) (C) or Bonferroni’s multiple
comparisons test (B). (n = 10) **** P < 0.0001, **, P < 0.01. Sequencing analysis of the V4 region of the 16S rRNA gene was performed on longitudinally-collected

fecal samples. Richness (D) and Shannon diversity analyses (E) were performed. Blue
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with the acute (weeks 3, 5) to chronic (weeks 9-16) pain transition.

We also performed an analysis comparing fracture and control groups
using DESeq2 at weeks 3 and 9 (Supplementary Figure 8). Numerous
ASVs emerged in line with our LEfSe analysis, including loss of
numerous Firmicutes taxa including Bacilli at both timepoints, as well as
decreased Akkermansia at week 3 and increased Akkermansia at week 9
in the fracture group. Week 9 taxa identified in mice recapitulate aspects
of the comparison between pain- and non-pain associated households.
Specifically, Firmicutes and Clostridiales, associated with CRPS in HHC-
NO pain households, were associated with the taxa in the control mice.
Similarly, Ruminococcaceae were associated with HHC-NO pain as well
as control mice at week 9, while Coprobacillus was associated with
fracture in the mice as well as HHC-pain.

These mouse data support a consistent loss of Firmicutes associated
with acute or chronic CRPS (Fig. 2). Importantly, however, they also
reveal key differences dependent upon the chronicity of injury/pain in

. ** P < 0.01. (G) Relative abundances of bacterial taxa at the phylum level (E)

the specific taxonomic alterations that occur. We analyzed the F:B ratios
along the time course, and as suggested by the phylum-level composi-
tion (Fig. 4G), observed a significant decrease in the F:B ratio in frac-
tured mice at weeks 3 and 9 (Fig. 5C). In sum, consistent with our
observations in samples from a human cohort of participants with CRPS,
we observed a loss of Firmicutes and increased Bacteroidetes associated
with the acute and chronic phases post-fracture in a mouse model of
CRPS.

Discussion

Our study illustrates that a diagnosis of CRPS affects every aspect of a
patient’s life and may influence the gut microbiota composition in both
humans and mice. Significant differences in the composition of gut
microbiota reflect the chronicity of pain or nociceptive behaviors in both
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humans with CRPS and mice subjected to a model of CRPS. In addition,
household member pain status may significantly influence pain from
CRPS. Cohabitation with a household member suffering from chronic
pain was associated with more severe CRPS and altered alpha and beta
diversity when compared to participants with CRPS who live with par-
ticipants without chronic pain. These households on average consumed
more pain medications, such as opioids, as well. Since these and other
medications are known to affect gut microbiota composition (Vich Vila
et al., 2020), they may have contributed to the differences seen and
larger future studies are needed to evaluate these effects. In mice, injury
alone resulted in similar gut microbiota dysbiosis compared to non-
cohabitating littermate controls.

A diagnosis of CRPS is associated with significantly higher levels of
daily pain and neuropathic pain medication use when compared to their
cohabitants. A substantial number (46 %) of their cohabitants responded
“yes” to having current pain other than normal everyday pain (excluding
minor headaches, sprains, and toothaches) on the brief pain inventory
(BPI). Originally designed as a screening question for the BPI, the na-
tional average of a positive response is currently unclear. However, this
is larger than the CDC-reported 20.4 % incidence of US adults with
chronic pain, as defined by pain on most days or every day in the past 6
months (Dahlhamer et al., 2018). It is unknown if people with chronic
pain tend to cohabitate more frequently or if the presence of chronic
pain in a household influences the development or severity of CRPS.

As seen in our study and many others, individuals share a large
proportion of their gut microbiota with their cohabitants (regardless of
relationship) (Gacesa et al., 2022; Minerbi et al., 2019; Rothschild et al.,
2018). Most household controls were not related by blood (91.6 %) and
share a large proportion of gut microbiota with their cohabitants. In
concordance with a prior study, the overall gut microbiota community
structure is distinct in human participants with CRPS compared to
nonrelated (Biobank) controls (Reichenberger et al., 2013). Our study
differs from the prior clinical study with a larger sample size,

10

participants with both acute and chronic CRPS, male and female par-
ticipants, and the availability of household controls. Unlike the prior
study of chronic CRPS in women (average duration 5 years), we did not
observe significant differences in the richness or Shannon diversity of
the samples between participants with CRPS (acute and chronic) and
Biobank controls. No differences were observed in participants with
CRPS and their cohabitants.

The acute to chronic pain transition is difficult to study in humans. A
robust mouse model of both the acute to chronic pain transition as well
as a phenotype mimicking the condition of CRPS has been well estab-
lished (Haight et al., 2020). Our work supports the hypothesis that
injury and chronic pain mediate a dramatic modulatory effect on the gut
microbiota of mice. Significant community structure differences, as re-
flected by changes in beta diversity metrics are observed during early
acute CRPS (3 weeks) and persist into the chronic phase of the model. As
pain becomes chronic in these mice, decreases in both richness and
Shannon diversity also develop, phenotypes that mimic what has pre-
viously been reported during chronic CRPS in human patients
(Reichenberger et al., 2013). At week 16, as pain behavior begins to
normalize, the overall beta diversity changes persist. Dysbiosis in
humans and mice may reflect or influence the chronicity of CRPS. Major
limitations of this work are the use of male mice and lack of sham sur-
gery or anesthesia in the controls.

Alterations to the intestinal microbiota in CRPS were reflected in the
altered relative abundance of specific taxa. Sutterella, a Proteobacteria in
the family Sutterellaceae, is more prevalent in participants with CRPS
compared to non-cohabitating matched controls. Interestingly, higher
levels of Sutterellaceae are associated with decreased levels of extra-
intestinal pain in women with irritable bowel syndrome (Hollister et al.,
2020). Alloprevotella, from the phylum Bacteroidetes, was also more
prevalent in participants with CRPS; the abundance of this taxon has
been associated with responsiveness to treatment of rheumatoid
arthritis (Hammad et al., 2019) and visceral hypersensitivity in rats
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(Enqi et al., 2020). Similar to the prior study in humans, we found
increased relative abundance of Verrucomicrobia (specifically Akker-
mansia muciniphila) in mice with chronic CRPS (Fig. 5B) (Reichenberger
et al., 2013). Future, larger studies may examine the clinical charac-
teristics and outcomes of these participants with a differential abun-
dance of Akkermansia in greater detail.

Intriguingly, the week 9 taxa identified in mice recapitulate aspects
of the comparison between pain- and non-pain associated households.
Specifically, Firmicutes and Clostridiales, associated with CRPS house-
holds in which HHC had no pain, were also associated with control mice.
Similarly, Ruminococcaceae was associated with households with HHC-
no pain compared to household where the HHC has pain
(Supplementary Fig 6), and also with control mice at week 9, while
Coprobacillus was associated with fracture in mice as well as HHC-pain.

Chronic CRPS impacts pain, function, and possibly gut microbiota
composition. These data provide initial evidence in both humans and
mice that gut microbiota composition reflects pain chronification and
specific taxa including Akkermansia as deserving of further focus. Future
studies using this mouse CRPS model to elucidate potential gut micro-
biota mechanisms is an important next step. These studies may evaluate
if the gut microbiota primes microglia or other immune system com-
ponents to facilitate the development of chronic pain from CRPS (Haight
et al., 2020; David Clark et al., 2018). Additionally, it will be of sub-
stantial interest to examine the pain trajectories in acute CRPS paired
with gut microbiota composition and metabolomics to identify bio-
markers of pain chronification in participants with acute CRPS. Our
current study has some important limitations. Our small, observational
study cannot determine causality of microbiota dysbiosis and CRPS. We
do not know if an interaction between pain and gut microbiota leads to
CRPS or if chronic pain alone influences microbiota composition.
Medications such as opioids may affect microbiota composition and we
were unable to control for this in this small study (Vich Vila et al., 2020).
Although the gut microbiota composition is resilient in the face of di-
etary changes and weight loss (Fragiadakis et al., 2020), diet was not
assessed in this study.

Future work will continue to provide broader insights into the effects
of pain chronification on the microbiota and if a CRPS-specific pain
microbiota signature exists. Further work on the interaction between
household member pain status and the severity of pain from CRPS is
needed. As recovery from acute CRPS is relatively common, longitudinal
studies of patients with early acute CRPS will be critical to determine if
gut microbiota changes predict or reflect recovery.
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