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Abstract 
Background: Regenerative medicine and sleep medicine have developed as parallel disciplines, yet circadian biology couples them 
mechanistically at the level of the stem cell itself. No synthesis has examined both directions of that coupling — sleep as a determinant of 
regenerative capacity, and regenerative interventions as modifiers of sleep — within a single evidence framework. 

Objective: To map, appraise and integrate the highest-tier evidence on the bidirectional relationship between sleep/circadian biology and 
regenerative medicine; to quantify the asymmetry between the two directions; and to derive a reproducible readiness metric and research 
agenda for chrono-regenerative translation. 

Methods. Umbrella review (overview of systematic reviews) conducted according to the JBI methodology for umbrella reviews and Chapter 
V of the Cochrane Handbook, and reported following PRIOR and PRISMA 2020. Eligible records were systematic reviews with or without meta-
analysis addressing (Direction 1) sleep, sleep disorders, sleep deprivation, circadian disruption or circadian timing as exposures or 
interventions with outcomes relevant to tissue repair, stem/progenitor cell biology, musculoskeletal healing, orthopaedic surgical recovery, 
biological ageing or physical recovery; or (Direction 2) cell-based, extracellular-vesicle-based, platelet-derived, peptide-based or biophysical 
regenerative interventions with any sleep outcome. Methodological quality was appraised with AMSTAR-2 and the JBI critical appraisal 
checklist, risk of bias with ROBIS, and certainty with GRADE. Overlap was assessed structurally at domain level. Trial registries and regulatory 
documents were interrogated as supplementary sources to quantify reporting bias. 
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Introduction 
Regenerative medicine is organised around cell potency, niche signalling, matrix remodelling and 

immunomodulation; sleep medicine around neural state, respiratory stability and homeostatic drive. The 

two fields publish in different journals, use different outcome instruments and answer to different 

professional societies. Yet the molecular machinery that decides when a stem cell divides, secretes 

collagen, egresses from its niche or commits to a lineage is a circadian machinery, and that machinery is 

entrained by the sleep–wake cycle [1,2]. 

The empirical basis for this coupling is not speculative. Haematopoietic stem and progenitor cell release 

into the circulation oscillates across the day under sympathetic and molecular-clock control [3], and in 

human donors circulating CD34+ and CD34+CD38− cells are more than twofold more abundant in the 

evening than in the morning, with mobilisation yield varying by collection time [4]. Epidermal and hair-

follicle stem-cell compartments are held at opposite clock phases, and deletion of Bmal1 or Per1/2 drives 

Results: Seventy-three evidence syntheses were included (55 with meta-analysis, 18 without), supplemented by 28 trial-

registry records and two regulatory notifications. Direction 1 is supported by meta-analytical evidence in systemic domains: 

sleep disturbance is associated with elevated C-reactive protein (effect size 0.12, 95% CI 0.05–0.19) and interleukin-6 (0.20, 

0.08–0.31); multiple nights of partial sleep restriction raise interleukin-6 (d = 0.42, 0.11–0.73) and C-reactive protein (d = 0.76, 

0.09–1.43); sleep problems predict incident chronic musculoskeletal pain (OR 1.79, 1.55–2.08); clinically significant 

preoperative insomnia predicts moderate-to-severe first-day postoperative pain (OR 2.69, 2.03–3.57); obstructive sleep 

apnoea predicts medical complications after total joint arthroplasty (OR 4.23, 2.97–6.04) and osteoporosis (OR 2.18, 1.14–

4.16); acute sleep loss reduces physical performance by 7.56% (−11.9 to −3.13). Circadian timing of drugs, vaccines and 

haematopoietic grafts shows large associations, including overall survival hazard ratio 0.60 (0.51–0.70) for early-in-day 

immunotherapy. In contrast, no systematic review or meta-analysis exists for clock-gene control of adult stem cells, for sleep 

and tendon or fracture healing, or for circadian timing of any orthobiologic or cell therapy, and no trial has ever randomised 

or stratified harvest or injection time. Direction 2 is close to empty: no meta-analysis of mesenchymal stromal cell, exosome 

or platelet-rich plasma therapy pools any sleep endpoint in any indication; the only placebo-controlled trial with sleep as its 

primary endpoint was null (least-squares mean difference 0.542, −0.90 to 1.98; p = 0.4550); no human extracellular-vesicle 

trial has reported a sleep outcome; and no cell, vesicle or tissue-engineering intervention has been tested for obstructive 

sleep apnoea in humans. Clinically meaningful sleep improvement is confined to non-regenerative comparators — orofacial 

myofunctional therapy (Pittsburgh Sleep Quality Index −3.00; Epworth −5.66), hypoglossal nerve stimulation (Epworth −4.59) 

and exercise (Index −2.19) — whereas photobiomodulation, the only regenerative-adjacent modality with a positive pooled 

sleep estimate (−1.25, −2.38 to −0.11), falls below the accepted clinical threshold. At least eight registered orthobiologic trials 

collect validated sleep instruments and none have reported them. 

Conclusion: The sleep–regeneration relationship is strongly evidenced in one direction and essentially unevidenced in the 

other. We propose the Circadian–Regenerative Interface model, a 27-node Regenerative Chronotherapeutic Readiness Index, 

a minimum sleep-reporting set for regenerative trials, and three chrono-randomised trial designs. Until timing-randomised 

and sleep-phenotyped trials exist, clinical claims that regenerative therapies “restore sleep” are unsupported, while treating 

sleep as a modifiable determinant of regenerative outcome is already defensible. 

Keywords 
Umbrella review; Sleep; Circadian rhythm; Regenerative medicine; Mesenchymal stromal cells; Orthobiologics. 
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them toward accumulation or depletion with premature tissue ageing as the phenotype [5]. Muscle stem 

cells repair injury better at some circadian times than others and lose that advantage when Bmal1 is 

deleted [6]; collagen secretion in tendon is under circadian control of the secretory pathway, and tendon-

specific clock ablation disrupts matrix homeostasis [7,8]. Human bone-marrow mesenchymal stromal cells 

alter differentiation, migration and cell-cycle behaviour when CLOCK or PER2 is knocked down [9]. 

If the substrate of regenerative medicine is clock-regulated, two clinically consequential propositions 

follow. First, sleep and circadian health should behave as modifiable determinants of regenerative 

outcome — a covariate that surgeons and interventionalists could measure and treat before a graft, an 

injection or a repair. Second, regenerative interventions that reduce nociceptive input, systemic 

inflammation or endocrine deficit might reciprocally improve sleep — a claim already made routinely in 

commercial longevity and orthobiologic practice. 

Neither proposition has been synthesised at the top of the evidence hierarchy. Narrative reviews have 

proposed the bidirectional framing [10,11], but a narrative review cannot establish whether the 

underlying evidence is meta-analytical, single-trial, preclinical or absent, and cannot distinguish a null 

result from an untested question. That distinction is precisely what determines whether a clinical claim is 

defensible. 

This umbrella review therefore addresses the complete bidirectional axis in a single appraisal framework. 

We ask: (i) what is the highest tier of evidence, and the best pooled estimate, for each domain in which 

sleep or circadian biology influences regenerative capacity or the outcomes of regenerative and 

orthopaedic interventions; (ii) what is the highest tier of evidence for each class of regenerative 

intervention acting on a sleep outcome; (iii) how do the observed effect magnitudes compare with 

established clinical-significance thresholds for sleep endpoints; and (iv) where does the evidence 

architecture fail, and what design would repair it. Beyond mapping, we derive three original instruments: 

an integrative Circadian–Regenerative Interface (CRI) model, a scored Regenerative Chronotherapeutic 

Readiness Index (RCRI) applied to 27 intervention–outcome nodes, and a Sleep–Regenerative Minimum 

Reporting Set (SR-MRS) for regenerative trials, together with three chrono-randomised trial designs that 

would convert mechanistic plausibility into testable clinical hypotheses. 

Materials and Methods 
Design and reporting standards 
This is an umbrella review, that is, an overview of systematic reviews, conducted according to the Joanna 

Briggs Institute (JBI) methodology for umbrella reviews [12,13] and informed by Chapter V of the Cochrane 

Handbook for Systematic Reviews of Interventions [14]. Reporting follows the PRIOR statement for 

overviews of reviews (27 items with 19 sub-items) [15], supplemented by PRISMA 2020 where PRIOR 

defers to it [16]. 

Registration 
This umbrella review was not registered in PROSPERO, INPLASY or the Open Science Framework. This 

statement is made explicitly in accordance with PRIOR item 23a, which requires either the registry name 

and registration number or a declaration that the overview was not registered [15]. No protocol 
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amendment occurred, as the eligibility framework and appraisal instruments were fixed before evidence 

selection and are reported here in full. 

Review question and eligibility criteria 
The review question was framed bidirectionally using a PICo structure (Population, phenomena of 

Interest, Context) for observational and mechanistic domains and PICO where interventions were 

compared. The two directions were pre-specified as follows. 

Direction 1 (sleep and circadian biology to regenerative outcome): populations were human adults, or 

animal or in-vitro models where no human synthesis existed; phenomena of interest were habitual sleep 

duration and quality, insomnia, obstructive sleep apnoea, experimental sleep deprivation or restriction, 

shift work, circadian misalignment, and the circadian timing of an administered intervention; outcomes 

were stem or progenitor cell number, mobilisation or function; wound, bone, tendon or muscle healing; 

anabolic and catabolic hormone profiles; systemic inflammatory and oxidative-stress markers; telomere 

and epigenetic-age measures; musculoskeletal pain incidence and persistence; perioperative and 

orthopaedic complications; bone mineral density and fracture; and physical performance and recovery. 

Direction 2 (regenerative intervention to sleep outcome): interventions were mesenchymal stromal or 

other cell therapies, extracellular vesicles and exosome products, platelet-rich plasma and other 

orthobiologics, bone marrow aspirate concentrate, regenerative peptides including BPC-157 and 

thymosin β4, growth-hormone-axis secretagogues, photobiomodulation, and hyperbaric oxygen; 

comparators were placebo, sham, active control or none; outcomes were any validated sleep endpoint, 

including the Pittsburgh Sleep Quality Index (PSQI), Insomnia Severity Index, Epworth Sleepiness Scale 

(ESS), Athens Insomnia Scale, Functional Outcomes of Sleep Questionnaire (FOSQ), PROMIS Sleep 

Disturbance, polysomnographic architecture, apnoea–hypopnoea index, and fatigue instruments when 

reported as sleep-adjacent endpoints. 

The unit of inclusion was the evidence synthesis: systematic reviews with or without meta-analysis, 

network meta-analyses, and umbrella or scoping systematic reviews. Where a domain contained no 

synthesis, the best available primary or mechanistic evidence was retained explicitly as contextual 

evidence and labelled as such, so that the absence of synthesis-level evidence is visible rather than 

concealed. Trial registry records and regulatory documents were retained as supplementary sources for 

the assessment of reporting bias and regulatory standing, not as effect evidence. Full eligibility criteria are 

given in (Table 1). 

Element Direction 1: sleep and circadian biology as exposure Direction 2: regenerative intervention as exposure 

Population Human adults; animal or in-vitro models retained as contextual evidence 
only where no human synthesis exists 

Human participants of any age receiving a regenerative 
intervention for any indication 

Exposure or 

intervention 

Habitual sleep duration and quality; insomnia; obstructive sleep apnoea; 
experimental total or partial sleep deprivation; shift work; circadian 
misalignment; circadian timing of an administered therapy; melatonin; 
sleep-directed interventions 

Mesenchymal stromal and other cell therapies; extracellular 
vesicles and exosome products; platelet-rich plasma and 
other orthobiologics; bone marrow aspirate concentrate; 
regenerative peptides; growth-hormone-axis secretagogues; 
photobiomodulation; hyperbaric oxygen 

Comparator Adequate sleep; absence of sleep disorder; alternative timing; placebo or 
no intervention 

Placebo; sham; active comparator; or none (single-arm, 
labelled as such) 

Outcomes Stem and progenitor cell number, mobilisation and function; wound, 
bone, tendon and muscle healing; anabolic and catabolic hormones; 

Any validated sleep endpoint: PSQI, Insomnia Severity Index, 
Epworth Sleepiness Scale, Athens Insomnia Scale, FOSQ, 
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Element Direction 1: sleep and circadian biology as exposure Direction 2: regenerative intervention as exposure 

inflammatory and oxidative markers; telomere length and epigenetic 
age; musculoskeletal pain incidence and persistence; perioperative and 
orthopaedic complications; bone mineral density and fracture; physical 
performance and recovery 

PROMIS Sleep Disturbance, polysomnographic architecture, 
apnoea–hypopnoea index; fatigue instruments reported as 

sleep-adjacent endpoints 

Study design 
(unit of inclusion) 

Systematic reviews with or without meta-analysis; network meta-
analyses; umbrella and scoping systematic reviews 

Same 

Supplementary 
sources 

Trial registry records and regulatory documents, used only for 
assessment of reporting bias and regulatory standing 

Same 

Exclusions Narrative reviews without systematic methods used as effect evidence; 

editorials; conference abstracts without extractable estimates 
Same 

Table 1: Eligibility criteria for the bidirectional umbrella review. 

PSQI, Pittsburgh Sleep Quality Index; FOSQ, Functional Outcomes of Sleep Questionnaire. 

Information sources and search 
Evidence was identified from PubMed/MEDLINE and the indexed biomedical literature, ClinicalTrials.gov 

via its public application programming interface, and the regulatory publications of the United States Food 

and Drug Administration, with citation tracking from included syntheses. Searches combined sleep and 

circadian vocabulary (sleep, sleep deprivation, insomnia, obstructive sleep apnoea, circadian, 

chronotherapy, melatonin, shift work) with regenerative vocabulary (stem cell, mesenchymal, exosome, 

extracellular vesicle, platelet-rich plasma, orthobiologic, tissue repair, tendon healing, fracture healing, 

regeneration) and with synthesis filters (systematic review, meta-analysis). Registry interrogation used 

intervention terms crossed with outcome-measure terms filtered for sleep, insomnia, apnoea, Epworth, 

PSQI and fatigue keywords. No language restriction was applied. The search covered literature published 

up to and including the current indexing period. 

Selection, data extraction and evidence tiering 
Records were screened against the eligibility criteria and data were extracted into a structured matrix 

using fields adapted from the JBI extraction framework: first author and year; design with number of 

pooled studies (k) and participants (N); population; comparator; outcome instrument; the headline 

pooled estimate with its confidence interval, heterogeneity statistic and p value where printed; journal; 

and the exact source page from which the value was read. Extraction followed a strict verbatim rule: every 

quantitative value reported in this review was read on a source page and is reproduced as printed. Where 

a source page did not print a confidence interval, a p value or a sample size, this is stated as not available 

rather than inferred, reconstructed or imputed. 

Each domain was then assigned an evidence tier: T1, meta-analysis of randomised controlled trials; T2, 

meta-analysis of observational or experimental non-randomised human studies; T3, single randomised 

controlled trial without synthesis; T4, non-randomised human study, cohort or Mendelian randomisation; 

T5, preclinical or in-vitro evidence only; T0, no human or synthesis evidence identified. 

Methodological quality, risk of bias and certainty 
Methodological quality of included syntheses was appraised with AMSTAR-2 across its 16 items, with 

critical domains defined as items 2 (a priori protocol), 4 (comprehensive search), 7 (justification of 

exclusions), 9 (risk-of-bias assessment), 11 (appropriateness of meta-analytical methods), 13 (accounting 
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for risk of bias in interpretation) and 15 (investigation of publication bias). Overall confidence was 

expressed as high, moderate, low or critically low; no overall numeric score was computed, in accordance 

with the instrument’s own guidance [17]. The JBI critical appraisal checklist for systematic reviews and 

research syntheses was applied in parallel as a domain-specific instrument [18]. Risk of bias at review level 

was assessed with ROBIS across its three phases and four domains [19]. Certainty of the body of evidence 

per domain was rated with GRADE, downgrading for risk of bias, inconsistency, indirectness, imprecision 

and publication bias, and upgrading only where a large effect, a dose–response gradient or plausible 

residual confounding acting against the observed effect was demonstrable [20,21]. 

Assessment of overlap 
Overlap of primary studies across included syntheses was assessed structurally. Included reviews were 

grouped by direction, exposure or intervention class, population and outcome family, and overlap clusters 

were identified where two or more reviews addressed the same exposure–outcome pair in the same 

population. Within each cluster, the most recent and most comprehensive review was designated the 

index synthesis for headline estimates, and concordant or discordant reviews are reported alongside it 

rather than pooled. Three overlap clusters were identified a priori and confirmed: sleep problems and 

chronic musculoskeletal pain [22,23]; obstructive sleep apnoea and bone [24,25]; and sleep loss or 

napping and physical performance [26-28]. 

The corrected covered area (CCA), defined as (N − r) / [r(c − 1)] × 100%, with thresholds of 0–5% slight, 6–

10% moderate, 11–15% high and above 15% very high overlap [29,30], was not computed. CCA requires 

a complete citation matrix of primary study identities across all included reviews; the included syntheses 

spanned heterogeneous exposures, populations and outcome families that do not form a single 

comparable intervention–outcome matrix, and the primary-study lists were not extractable at that 

granularity for every review. This is reported as a methodological limitation, and the structural clustering 

above is the transparent substitute rather than an equivalent. 

Derivation of the Regenerative Chronotherapeutic Readiness Index 
To convert a heterogeneous evidence, map into a comparable readiness statement, we specified an 

ordinal index before scoring. The RCRI scores each intervention–outcome node from 0 to 3 on six domains: 

mechanistic plausibility; highest human evidence tier; comparator rigour; effect magnitude relative to an 

anchored clinical threshold; consistency and reproducibility across independent syntheses; and regulatory 

or safety standing including actionability. Total scores range from 0 to 18 and are banded as 0–5 

hypothesis only, 6–10 early exploratory, 11–14 translational candidate, and 15–18 practice-ready. Scoring 

anchors are given in full in Table 5 so that the index is reproducible and contestable. Clinical thresholds 

used for the magnitude domain were the American Academy of Sleep Medicine clinical-significance 

anchors: PSQI −3 points, ESS −2 points, FOSQ +1-point, apnoea–hypopnoea index −10% [31]. The index 

was scored by the author against the extracted evidence matrix; it is an explicit, auditable heuristic for 

prioritising translational effort, not a validated psychometric instrument, and it is presented as such. 

Ethics statement 
This study is an umbrella review based exclusively on previously published, publicly available scientific 

literature, and involved no human participants, human material or identifiable personal data. Approval by 
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a Research Ethics Committee and informed consent were therefore not required. In Brazil this exemption 

is expressly provided for by Resolution No. 510/2016 of the National Health Council, Article 1, sole 

paragraph, item VI, which establishes that research conducted exclusively with scientific texts for the 

purpose of scientific literature review shall neither be registered nor evaluated by the CEP/CONEP system 

[32]. The review was conducted in accordance with the Declaration of Helsinki where applicable, and in 

accordance with the ethics-declaration requirement of the Journal of Stem Cell Research [33]. 

Results 
Evidence base identified 
Seventy-three evidence syntheses met the inclusion criteria: 38 addressing Direction 1 and 35 addressing 

Direction 2. Fifty-five included a meta-analysis (27 in Direction 1, 28 in Direction 2) and 18 were systematic 

reviews without pooling. These were supplemented by 28 trial-registry records, two Food and Drug 

Administration safety documents, and the primary and mechanistic studies retained as contextual 

evidence in domains where no synthesis exists. The identification, screening and classification flow is 

shown in (Figure 1). 

 

Figure 1: Identification, screening and classification of evidence. Flow of records from identification through 
eligibility to the 73 included evidence syntheses, with supplementary registry and regulatory sources and the 

classification of domains by evidence tier. 

Methodological quality of included syntheses ranged from high to critically low. Syntheses published in 

specialist methodological venues with registered protocols, duplicate screening, formal risk-of-bias 
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assessment and publication-bias investigation reached moderate-to-high AMSTAR-2 confidence; 

representative examples include the meta-analyses of sleep and inflammation [34], preoperative sleep 

disturbance and postoperative pain [35], obstructive sleep apnoea and arthroplasty complications [36] 

and the American Academy of Sleep Medicine surgical review, which additionally applied GRADE [31]. 

Confidence was rated low or critically low for syntheses without a registered protocol, without duplicate 

extraction, or pooling single-arm data — most conspicuously the single-arm meta-analysis of 62 spinal-

cord-injury cell-therapy trials, in which only 17 trials were blinded and 54.84% were unregistered, and 

whose own authors concluded that clinical translation remains premature [37]. ROBIS assessment 

concentrated concern in the domain of study identification and selection for reviews without a registered 

protocol, and in the synthesis-and-findings domain for reviews that pooled across markedly 

heterogeneous exposures. 

Direction 1: sleep and circadian biology as determinants of regenerative capacity 
Direction 1 findings are summarised in (Table 2) and are strongest where outcomes are systemic rather 

than cellular. 

• Inflammation: Sleep disturbance is associated with elevated C-reactive protein (effect size 0.12, 

95% CI 0.05–0.19) and interleukin-6 (0.20, 0.08–0.31) in a meta-analysis of 72 studies including 

more than 50,000 participants; short sleep was associated with C-reactive protein (0.09, 0.01–

0.17) but not interleukin-6, extreme long sleep with both, and tumour necrosis factor α with 

neither [34]. In an updated meta-analysis of 35 experimental studies (N = 887), the exposure that 

mattered was cumulative: multiple nights of partial sleep restriction raised interleukin-6 (d = 0.42, 

0.11–0.73; p < 0.01) and C-reactive protein (d = 0.76, 0.09–1.43; p = 0.03), whereas a single night 

of total deprivation did not [38]. The two syntheses disagree on acute experimental deprivation, 

and this discordance is itself informative: the inflammatory cost of sleep loss appears to accrue 

over nights, which is the exposure window relevant to perioperative and post-injection recovery. 

Cognitive behavioural therapy for insomnia reduces inflammatory markers inconsistently and 

could not be pooled [39,40], and the sleep–immune literature more broadly documents a 

doubling of vaccine antibody response in slept versus sleep-restricted participants [41]. 

• Anabolic and catabolic milieu: Total sleep deprivation lowers serum testosterone in healthy men 

(standardised mean difference −0.64, −0.87 to −0.42; p < 0.001), with a duration gradient from 24 

hours (−0.67) to 40–48 hours (−0.74), while partial deprivation was not significant (−0.22, −0.50 

to 0.06) [42]. A single night of total deprivation reduced postprandial muscle protein fractional 

synthetic rate by 18% (p = 0.040), raised cortisol by 21% (p = 0.030) and lowered testosterone by 

24% (p = 0.029) in a randomised crossover [43]. Approximately 70% of growth-hormone pulses in 

men coincide with slow-wave sleep [44]. No synthesis pools sleep restriction against muscle 

protein synthesis, collagen synthesis, or the growth hormone–insulin-like growth factor axis. 

• Repair and healing: Human experimental sleep restriction to roughly two hours per night delayed 

skin-barrier restoration in a suction-blister model from 4.2 ± 0.9 to 5.0 ± 0.9 days (p = 0.02) [45], 

and poor postoperative sleep predicted impaired wound healing after emergency laparotomy 

from the third postoperative day (p < 0.001) [46]. Rodent evidence is contradictory, with two null 

wound-healing studies [47,48] against a rat model in which chronic sleep deprivation produced 
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lower bone mineral density and bone volume fraction and higher trabecular separation after 

femoral osteotomy, rescued by trehalose [49]. There is no systematic review or meta-analysis of 

sleep and human wound healing, fracture union, or tendon or ligament healing. The tendon 

domain has no clinical study at all; the entire case rests on clock-gene mechanism [7,8]. 

• Biological ageing: Poor sleep quality is associated with telomere attrition in a meta-analysis of 

400,212 participants (PSQI global score OR 1.24, 1.03–1.50; wake after sleep onset OR 1.28, 1.12–

1.47) [50], although a parallel systematic review of 22 studies could not pool and found 13 of 22 

studies null [51]. Mendelian randomisation supports a causal path from insomnia to GrimAge 

acceleration (OR 1.17, 1.04–1.31; p = 0.007) [52], and a small epigenetic cohort found accelerated 

SkinBloodClock and GrimAge ages with reduced DNA-methylation telomere length in insomnia 

[53]. Oxidative-stress evidence is systematically reviewed only in rodents, where 48 of 54 studies 

reported a significant change in at least one parameter [54,55]. No synthesis addresses sleep and 

mitochondrial function, autophagy, or senescence markers [56,57]. 

• Pain and orthopaedic outcome: Sleep problems predict incident chronic musculoskeletal pain 

(OR 1.79, 1.55–2.08; I² 84.7%) and its persistence (OR 2.04, 1.42–2.94), with the reciprocal path 

also significant [23]; an independent synthesis of 116,746 participants concurs (short-term OR 

1.64, 1.01–2.65; long-term OR 1.39, 1.21–1.59) [22]. In low back pain, baseline poor sleep predicts 

non-improvement (OR 1.55, 1.39–1.73) [58]; in knee and hip osteoarthritis the pooled PSQI is 8.53 

(7.18–9.87) against a poor-sleep cut-off of 5 [59]. Clinically significant preoperative insomnia 

predicts moderate-to-severe pain on the first postoperative day (OR 2.69, 2.03–3.57; p < 0.0001) 

[35], and presurgical sleep disturbance correlates with chronic postsurgical pain intensity (r = 0.13, 

0.06–0.20), significantly in total knee arthroplasty but not total hip arthroplasty [60]. Crucially for 

the interventional argument, sleep is modifiable in this population: cognitive behavioural therapy 

for insomnia in chronic pain improves sleep quality (standardised mean difference −1.23, −1.76 

to −0.70) and, more modestly, pain (−0.24, −0.45 to −0.03) [61]. Prospective cohorts extend this 

to arthroplasty, where preoperative PSQI predicted six-month pain severity and 24-hour opioid 

consumption [62-64]. 

• Obstructive sleep apnoea as a surgical and skeletal risk factor: Obstructive sleep apnoea confers 

a fourfold increase in overall medical complications after total joint arthroplasty (OR 4.23, 2.97–

6.04; I² 0%), with pulmonary (4.31, 2.82–6.60), thromboembolic (1.92, 1.22–3.03) and delirium 

(3.94, 1.72–9.04) components [36]. It is associated with osteoporosis (adjusted OR 2.18, 1.14–

4.16) and with reduced bone mineral density (pooled correlation −0.30, −0.42 to −0.17) [24], 

reproduced independently with sex-stratified odds ratios of 2.03 in men and 2.56 in women [25]. 

Sleep duration is associated with osteoporosis for long sleep (OR 1.19, 1.05–1.35) more clearly 

than short sleep [65], insomnia with incident fracture in 398,073 UK Biobank participants (HR 

1.064, 1.038–1.090) with concordant Mendelian randomisation (OR 1.059, 1.028–1.090) [66,67], 

and night-shift work with incident osteoporosis (HR 1.29, 1.12–1.50) and osteoporosis-related 

pathological fracture (HR 1.87, 1.20–2.94) [68]. By contrast, the progenitor-cell hypothesis in 

obstructive sleep apnoea is unresolved: the primary literature reports both reduced and increased 

endothelial progenitor cells [69,70], and the only sham-controlled continuous positive airway 

pressure trial was null for progenitor mobilisation despite reducing the apnoea–hypopnoea index 
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by 36.0 events per hour [71]. The hypoxia-inducible factor axis remains mechanistic [72]. 

• Performance and recovery: Acute sleep loss reduces overall physical performance by 7.56% 

(−11.9 to −3.13; p = 0.001), with domain-specific losses in strength (−2.85%), endurance (−5.55%), 

anaerobic power (−6.26%) and skill (−20.9%), approximating 0.4% loss per hour awake [26], 

reproduced with standardised mean differences in a synthesis of 45 studies [27]. Daytime napping 

improves physical performance (standardised mean difference 0.99, 0.67–1.31) and reduces 

fatigue (−0.76, −1.24 to −0.28) [28,73]. Sleep-extension trials remain few, small and mostly non-

randomised [74,75], and the association between poor sleep and injury incidence is supported 

only qualitatively [76]. 

• Circadian timing of administered therapy: This is the domain with the largest effect sizes and the 

most direct implication for regenerative practice. Early-in-day immune checkpoint inhibitor 

administration is associated with better overall survival (HR 0.60, 0.51–0.70) and progression-free 

survival (HR 0.62, 0.54–0.71) across 29 studies and 6,129 patients [77]. Morning vaccination 

outperforms afternoon vaccination for influenza in randomised trials, particularly above 65 years 

(standardised mean difference 0.32, 0.21–0.43) [78]. Daytime surgery is associated with lower 

mortality (OR 0.67, 0.51–0.89) and complications (OR 0.71, 0.53–0.94) than after-hours surgery 

[79], with a smaller within-day signal in cardiac surgery [80], and evening antihypertensive dosing 

reduces morning blood-pressure surge by 5.30 mmHg [81]. Most directly, in 368 first allogeneic 

haematopoietic stem cell transplants, grafts infused before 11:00 were associated with two-year 

overall survival of 83% (73–93) versus 65% (60–71) after 11:00 (p = 0.0078), with non-relapse 

mortality of 3.2% versus 13% (p = 0.02) [82], consistent with cord-blood and chimeric antigen 

receptor T-cell cohorts in which each hour of infusion delay carried a hazard ratio of 1.11 (1.03–

1.20) for progression, though one independent cohort was null [83]. Time-of-day-specific 

resistance training produces similar hypertrophy and strength gains despite higher evening 

baseline strength [84]. 

• Melatonin: Melatonin’s hypnotic effect is meta-analytically established but small: sleep-onset 

latency is reduced by 7.06 minutes (4.37–9.75) and total sleep time increased by 8.25 minutes 

(1.74–14.75) [85], with concordant earlier pooling [86] and a dose–response peak at 4 mg per day 

administered roughly three hours before desired bedtime [87]. Its regenerative credentials are 

entirely preclinical: osteogenic, chondroprotective and wound-healing effects rest on animal and 

in-vitro work plus one animal systematic review [88-91], and the only human meta-analysis 

touching bone, in menopausal women, could not pool bone mineral density and found no 

significant pooled effect on sleep quality (standardised mean difference −0.87, −1.94 to 0.19; I² 

84%) [92]. No trial has tested melatonin as an adjuvant to a cell or platelet-rich plasma therapy. 

• The cellular gap: Against this systemic richness stands a categorical absence. No systematic 

review or meta-analysis exists for clock-gene control of any adult stem-cell compartment; that 

literature is murine, in-vitro and narrative [1,93-96,11]. No human orthobiologic product — 

platelet-rich plasma, bone marrow aspirate concentrate, adipose stromal vascular fraction — has 

ever been characterised for donor circadian phase. No trial in any indication has randomised or 

stratified the time of day of harvest or of injection. 
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Domain Tier Headline estimate (95% CI) Certainty Source 

Sleep disturbance and inflammation T2 CRP effect size 0.12 (0.05–0.19); IL-6 0.20 (0.08–0.31); TNF-α null Moderate [34] 

Experimental sleep restriction and 

inflammation 

T2 Multiple-night partial restriction: IL-6 d = 0.42 (0.11–0.73); CRP d = 0.76 

(0.09–1.43) 

Low [38] 

Sleep deprivation and testosterone T2 Total deprivation SMD −0.64 (−0.87 to −0.42); partial −0.22 (−0.50 to 0.06)  Moderate [42] 

Sleep and muscle protein synthesis T3 Fractional synthetic rate −18% (p = 0.040); no synthesis exists Very low [43] 

Sleep and wound healing T3/T4 Skin-barrier restoration 4.2 vs 5.0 days (p = 0.02); no synthesis exists Very low [45,46] 

Sleep and tendon or fracture healing (human) T0 No human study identified; mechanism only — [7,8] 

Clock genes and adult stem cells T5 No human synthesis; loss-of-function phenotypes in murine models — [5,6,9] 

Sleep quality and telomere attrition T2 PSQI OR 1.24 (1.03–1.50); WASO OR 1.28 (1.12–1.47) Low [50] 

Sleep traits and epigenetic age T4 Insomnia to GrimAge OR 1.17 (1.04–1.31) Low [52] 

Sleep problems and chronic musculoskeletal 

pain 

T2 Incidence OR 1.79 (1.55–2.08); persistence OR 2.04 (1.42–2.94) Moderate [23,22] 

Preoperative insomnia and acute postoperative 

pain 

T2 Moderate-to-severe day-1 pain OR 2.69 (2.03–3.57) Moderate [35] 

CBT-I in chronic pain T1 Sleep quality SMD −1.23 (−1.76 to −0.70); pain −0.24 (−0.45 to −0.03) Moderate [61] 

OSA and arthroplasty complications T2 Overall medical complications OR 4.23 (2.97–6.04), I² 0% Moderate [36] 

OSA and osteoporosis or bone mineral density T2 Osteoporosis OR 2.18 (1.14–4.16); BMD correlation −0.30 (−0.42 to −0.17) Low [24,25] 

Sleep and fracture risk T4 Insomnia HR 1.064 (1.038–1.090); MR OR 1.059 (1.028–1.090) Low [66] 

OSA and circulating progenitor cells T3 Sham-controlled CPAP null for CD34+/KDR+ (p = 0.45) Very low [71] 

Acute sleep loss and physical performance T2 Overall −7.56% (−11.9 to −3.13); skill −20.9% Moderate [26,27] 

Napping and performance or fatigue T1 Physical SMD 0.99 (0.67–1.31); fatigue −0.76 (−1.24 to −0.28) Moderate [28] 

Circadian timing of immunotherapy T2 Overall survival HR 0.60 (0.51–0.70) Low [77] 

Circadian timing of vaccination T1/T2 Influenza SMD 0.24 (0.01–0.47); age ≥65 y 0.32 (0.21–0.43) Low [78] 

Time-of-day of haematopoietic graft infusion T4 Two-year overall survival 83% vs 65% (p = 0.0078) Low [82,83] 

Circadian variation in stem-cell harvest yield T4 Human CD34+ more than twofold higher at 20:00 vs 08:00 (p < 0.001) Low [4,161] 

Circadian timing of any orthobiologic or cell 

therapy 

T0 No trial has randomised or stratified harvest or injection time — — 

Melatonin and sleep onset T1 Sleep-onset latency −7.06 min (4.37–9.75); dose peak 4 mg/day Moderate [85,87] 

Melatonin and regenerative endpoints T5 No human meta-analysis; animal systematic review only — [88,92] 

Table 2: Direction 1: highest-tier evidence by domain, with headline pooled estimates. 

CRP, C-reactive protein; IL-6, interleukin-6; TNF-α, tumour necrosis factor α; SMD, standardised mean 

difference; PSQI, Pittsburgh Sleep Quality Index; WASO, wake after sleep onset; CBT-I, cognitive 

behavioural therapy for insomnia; OSA, obstructive sleep apnoea; BMD, bone mineral density; MR, 

Mendelian randomisation; CPAP, continuous positive airway pressure; HR, hazard ratio; OR, odds ratio. 

Direction 2: regenerative interventions as modifiers of sleep 
Direction 2 findings are summarised in (Table 3), and the central result is a near-complete absence of 

evidence rather than a body of negative evidence. 

Intervention class Best available design Sleep endpoint result Tier Source 

Mesenchymal stromal cells, knee 
osteoarthritis 

Meta-analyses of randomised trials 
(k = 8, N = 502; k = 18, N = 1,174) 

No sleep, night-pain or sleep-subscale endpoint 
analysed 

T0 [97,98] 

Mesenchymal stromal cells, post-
COVID-19 syndrome 

Phase 2 placebo-controlled 
randomised trial (N = 79), sleep as 
primary endpoint 

Null: LS-mean difference 0.542 (−0.90 to 1.98), p 
= 0.4550 

T3 [102] 

Mesenchymal stromal cells, post-
COVID-19 syndrome 

Uncontrolled expanded access (N = 
10) 

Fatigue Assessment Scale 33.0 to 15.0 (p = 
0.0039); no sleep instrument 

T4 [103] 

Mesenchymal stromal cells, 
Parkinson disease 

Two phase 2 trials (N = 24; N = 60) Neuro-QoL Sleep −3.27 vs −1.22, no p value; 
fatigue significant at week 20 (p = 0.0208), null 
at week 52 (p = 0.3168) 

T3 [106,107] 
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Intervention class Best available design Sleep endpoint result Tier Source 

Mesenchymal stromal cells, multiple 
sclerosis / GvHD / COPD / SCI / 
stroke 

Meta-analyses No sleep endpoint; fatigue only as adverse 
event (26.5%, 0.0–54.3) 

T0 [99-101,37,113] 

Extracellular vesicles and exosomes Systematic review, biomarker 
studies, murine models 

No human trial has reported any sleep 
outcome; no approved product; documented 
serious adverse events 

T0/T5 [114,116,120,121] 

Platelet-rich plasma, knee and hip 
osteoarthritis 

Meta-analyses of randomised trials No pooled sleep endpoint T0 [124-126] 

Platelet-rich plasma, low back pain Meta-analysis (k = 15, N = 740) No sleep endpoint; pain SMD −1.32 (−2.06 to 
−0.59) 

T0 [127] 

Platelet-rich plasma, rotator cuff 
tendinopathy 

Meta-analysis (k = 5) No sleep or night-pain endpoint despite 
nocturnal pain being definitional 

T0 [128] 

Growth-hormone-axis 
secretagogues 

Placebo-controlled crossover 
polysomnography (n = 6–23) 

Ghrelin increases slow-wave sleep; MK-677 
stage IV +~50%, REM +>20% (p < 0.05); 
intranasal GHRH increases REM and slow-wave 
sleep 

T3 [133-135] 

BPC-157 and thymosin β4 Phase 1 trial; systematic reviews No sleep, sleepiness, fatigue or quality-of-life 
endpoint reported at all 

T0 [137-139] 

Photobiomodulation Meta-analysis (k = 5, N = 240) PSQI mean difference −1.25 (−2.38 to −0.11), p 
= 0.03, I² 36.2%; below clinical threshold 

T1 [142] 

Photobiomodulation, depression 
population 

Meta-analysis sub-analysis (k = 2, N 
= 75) 

Null: SMD −0.82 (−2.41 to 0.77) T1 [147] 

Hyperbaric oxygen Retrospective series (N = 395); 
randomised-trial follow-up 

PSQI change −2.52 ± 3.11 (p < 0.001); duration 
and efficiency subdomains non-significant 

T4 [148,149] 

Cell, vesicle or tissue-engineering 
therapy for obstructive sleep 
apnoea 

Animal studies only No human trial has ever been conducted T5 [151,152] 

Table 3 Direction 2: Sleep outcomes by class of regenerative intervention. 

LS, least squares; GvHD, graft-versus-host disease; COPD, chronic obstructive pulmonary disease; SCI, 

spinal cord injury; REM, rapid eye movement; GHRH, growth-hormone-releasing hormone; other 

abbreviations as in (Table 2). 

• Mesenchymal stromal cell therapy. The two largest and most recent meta-analyses of 

mesenchymal stromal cells for knee osteoarthritis report significant improvement in Western 

Ontario and McMaster Universities Arthritis Index total, pain, stiffness and function scores, and 

analyse no sleep endpoint, no night-pain endpoint and no sleep-related subscale item [97,98]. 

The same holds for multiple sclerosis, where fatigue appears only as an adverse event with pooled 

prevalence 26.5% (0.0–54.3) [99]; for steroid-refractory acute graft-versus-host disease [100]; and 

for chronic obstructive pulmonary disease, where a double-blind placebo-controlled trial of four 

monthly infusions reported no sleep, sleepiness, apnoea or fatigue outcome [101]. The decisive 

datum is a completed phase 2 randomised trial in chronic post-COVID-19 syndrome that made 

sleep disturbance its primary endpoint and was null: change to week 26 was −2.005 (SE 0.486) 

with cells versus −2.547 (0.518) with placebo, least-squares mean difference 0.542 (95% CI −0.90 

to 1.98; p = 0.4550), with fatigue endpoints equally null (p = 0.9416 and p = 0.5059) [102]. An 

uncontrolled expanded-access series in the same indication reported a large improvement in the 

Fatigue Assessment Scale (median 33.0 to 15.0; p = 0.0039; effect size 0.91) with no sleep-specific 

instrument [103], which is precisely the design contrast that generates unsupportable marketing 

claims. Fibromyalgia cell-therapy evidence is preclinical [104], and a single-arm study of 

conditioned medium for general malaise reported no instrument, no numbers and no sleep 

endpoint [105]. 

• Cell therapy in neurological disease with sleep phenotypes: In Parkinson disease — the 
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indication with the most prominent sleep phenotype — the only trials that measured sleep are 

two small phase 2 studies from a single sponsor, one reporting a Neuro-QoL Sleep change of −3.27 

(SD 5.50) versus −1.22 (3.87) at week 24 with no posted p value [106], and one reporting a fatigue 

benefit at week 20 (net difference −7.743, −14.25 to −1.24; p = 0.0208) that did not persist to 

week 52 (−4.036, −12.10 to 4.02; p = 0.3168) [107]. A phase 2/3 trial with sleep quality and 

daytime sleepiness as primary outcomes has status unknown and has never reported [108]. A 

phase 1 trial with sleep quality as its primary outcome in post-concussion syndrome is likewise 

unreported with unknown status [109]. In chronic traumatic brain injury, a phase 1/2a study 

found reduced fatigue at six months (p = 0.008) with no sleep instrument [110]. No synthesis pools 

sleep in cell therapy for dementia, Alzheimer disease, spinal cord injury or stroke 

[111,112,37,113], and the bidirectional relationship is asserted only narratively [10]. 

• Extracellular vesicles and exosomes: No clinical trial has demonstrated that exosomes or 

extracellular vesicles improve any sleep outcome in humans. The vesicle-and-sleep literature is 

biomarker-oriented — vesicle cargo in obstructive sleep apnoea correlates with Epworth scores 

and with amyloid and tau species [114], and serum exosomal microRNA signatures differ in 

chronic insomnia [115] — or preclinical, with vesicles from heat-shock-pretreated umbilical-cord 

mesenchymal stromal cells improving anxiety-like behaviour and cognition in sleep-deprived mice 

without any sleep-architecture measurement [116]. Mechanistic proposals linking exosomal 

microRNA to postoperative sleep disturbance and glymphatic transport remain hypothesis-

generating [117,118]. Registered vesicle trials list PSQI, the Athens Insomnia Scale or the Fatigue 

Severity Scale and have posted nothing, including one completed trial [119]. Regulatory standing 

is unambiguous: there are no approved exosome products, serious adverse events have been 

documented in patients receiving marketed exosome preparations, and exosomes used to treat 

disease are regulated as drugs and biologics [120,121], a context in which direct-to-consumer 

advertising claims have been formally documented as unsupported [122]. A specific 

nomenclature hazard warrants naming: a sham-controlled study of “ExoTMS”/EXOMIND 

evaluated a transcranial magnetic stimulation device, not an exosome, and its sham arm improved 

the PSQI by 3.7 points against 4.7 points in the active arm with no between-group test reported 

[123]. The prefix invites citation as exosome evidence; it is not. 

• Platelet-rich plasma and orthobiologics: Platelet-rich plasma meta-analyses consistently 

demonstrate pain and function benefit and contain no pooled sleep endpoint whatsoever: in knee 

osteoarthritis against hyaluronic acid [124], across osteoarthritis phenotypes [125,126], in low 

back pain (pain standardised mean difference −1.32, −2.06 to −0.59) [127], and in rotator cuff 

tendinopathy [128] — the last being the sharpest omission, since nocturnal pain is a defining 

feature of rotator cuff disease. This is not an inaccessible gap: at least eight registered 

orthobiologic trials already collect PROMIS Sleep Disturbance, the Insomnia Severity Index, the 

Athens Insomnia Scale or the PSQI, including large phase 4 trials, and none have reported those 

data [129-131]. A completed osteoarthritis cell-therapy trial with the PSQI as a listed secondary 

endpoint has also never reported it [132]. (Table 7) catalogues this reporting deficit. 

• Regenerative peptides and the growth-hormone axis: The one regenerative-adjacent domain 

with genuine polysomnographic human sleep-architecture data is the growth-hormone/ghrelin 

https://doi.org/10.52793/JSCR.2027.8(1)-107


14 

 

Research Article | Kume MH, et al. J Stem Cell Res. 2027, 8(1)-107  

DOI: https://doi.org/10.52793/JSCR.2027.8(1)-107 

axis. Intravenous ghrelin increased slow-wave sleep and delta activity while reducing rapid-eye-

movement sleep in the middle of the night [133]; oral MK-677 increased stage IV sleep by 

approximately 50% and rapid-eye-movement sleep by more than 20% in young adults (p < 0.05), 

and rapid-eye-movement sleep by approximately 50% in older adults [134]; intranasal growth-

hormone-releasing hormone increased both rapid-eye-movement sleep and slow-wave sleep 

independently of age [135]; and growth-hormone replacement in deficiency has been studied 

with objective electroencephalographic endpoints [136]. All are small crossover studies with 

samples of six to 23 participants, conducted in the 1990s and 2000s, none powered for clinical 

insomnia endpoints and none replicated in a modern randomised trial. By contrast, the two 

peptides most heavily marketed for “recovery and sleep” have no sleep data at all: the first-in-

human phase 1 trial of recombinant human thymosin β4 reported no sleep, sleepiness, apnoea, 

fatigue or quality-of-life endpoint [137], and BPC-157 has three published human studies in total 

with 35 of 36 studies in a systematic review being preclinical [138,139]. For calibration, 

contemporary pharmacological insomnia treatment achieves modest but reproducible pooled 

effects with dual orexin receptor antagonists [140,141]. 

• Biophysical regenerative-adjacent modalities: Photobiomodulation is the only modality in this 

class with a positive pooled sleep meta-analysis: global PSQI mean difference −1.25 (−2.38 to 

−0.11; p = 0.03; I² 36.2%) across five randomised trials and 240 participants [142]. Supporting 

systematic reviews report consistent direction without pooled estimates [143,144], a fibromyalgia 

meta-analysis reports fatigue benefit without a pooled sleep result [145], an uncontrolled whole-

body feasibility trial reports a large within-subject sleep improvement [146], and the depression-

population sleep sub-analysis is null (standardised mean difference −0.82, −2.41 to 0.77) [147]. 

Hyperbaric oxygen improves PSQI within subjects in retrospective series and in long-term follow-

up of a randomised trial’s active arm (change −2.52 ± 3.11; p < 0.001), but with sleep duration and 

sleep efficiency subdomains non-significant [148,149]. Cold-water immersion has no pooled sleep 

estimate [150]. 

• Obstructive sleep apnoea: the definitive negative statement:  No cell therapy, exosome product 

or tissue-engineering intervention has ever been tested for obstructive sleep apnoea in humans. 

Upper-airway regenerative work is entirely preclinical: dental pulp stem cells promoted 

genioglossus repair in a chronic intermittent hypoxia model without any apnoea or sleep 

measurement [151], and a systematic review of mesenchymal stromal cell therapy for 

laryngotracheal stenosis found 11 animal studies, no study that injected cells to treat stenosis, 

and no human or sleep data [152]. Every intervention with meta-analytical benefit in obstructive 

sleep apnoea is neuromuscular, neurostimulatory or surgical: hypoglossal nerve stimulation 

improves the Epworth score by 4.59 points (4.38–4.80) and the FOSQ by 2.84 points (2.64–3.03) 

[153], with durable response rates over time [154] and patient-level confirmation across four 

cohorts [155]; orofacial myofunctional therapy improves the apnoea–hypopnoea index by −10.2 

events per hour, the Epworth score by −5.66 and the PSQI by −3.00 [156,157]. 

Benchmarking against clinical thresholds 
(Table 4) places every pooled sleep effect identified in Direction 2 against the American Academy of Sleep 

Medicine clinical-significance anchors [31]. Three interventions clear a clinically meaningful bar: orofacial 
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myofunctional therapy (PSQI −3.00, exactly at threshold; Epworth −5.66), hypoglossal nerve stimulation 

(Epworth −4.59; FOSQ +2.84) and, for the Epworth score, upper-airway surgery as positive-airway-

pressure rescue (−5.6, −7.3 to −4.0). Exercise approaches the PSQI threshold (−2.19, −2.96 to −1.41) [158], 

and network meta-analysis in fibromyalgia identifies exercise modalities as the leading sleep-quality 

interventions, with predominantly low to very low certainty [159]. Menopausal hormone therapy shows 

no overall sleep benefit (standardised mean difference −0.12, −0.37 to 0.13) except in women with 

vasomotor symptoms (−0.54, −0.91 to −0.18; subgroup p < 0.007) [160], and photobiomodulation, at 

−1.25 PSQI points, does not reach threshold. No cell therapy, extracellular-vesicle product or orthobiologic 

appears in this table, because none has produced a pool able sleep estimate. 

Intervention Instrument Pooled effect (95% CI) Threshold Clears threshold Source 

Orofacial myofunctional 
therapy 

PSQI −3.00 (−4.52 to −1.49) −3 Yes (at threshold) [156] 

Orofacial myofunctional 
therapy 

ESS −5.66 (−6.82 to −4.50) −2 Yes [156] 

Hypoglossal nerve stimulation ESS −4.59 (−4.38 to −4.80) −2 Yes [153] 

Hypoglossal nerve stimulation FOSQ +2.84 (2.64–3.03) +1 Yes [153] 

Upper-airway surgery as PAP 
rescue 

ESS −5.6 (−7.3 to −4.0) −2 Yes [31] 

Exercise PSQI −2.19 (−2.96 to −1.41) −3 No (near threshold) [158] 

Exercise Insomnia Severity 
Index 

−1.52 (−2.63 to −0.41) n.a. Not assessable [158] 

Photobiomodulation PSQI −1.25 (−2.38 to −0.11) −3 No [142] 

Hyperbaric oxygen 
(uncontrolled) 

PSQI −2.52 ± 3.11 (within-subject) −3 No [149] 

Menopausal hormone 
therapy 

Sleep quality 
(SMD) 

−0.12 (−0.37 to 0.13); with vasomotor 
symptoms −0.54 (−0.91 to −0.18) 

n.a. Only with vasomotor 
symptoms 

[160] 

Melatonin Sleep-onset 
latency 

−7.06 min (4.37–9.75) n.a. Statistically yes, clinically 
marginal 

[85] 

Mesenchymal stromal cells Sleep disturbance 
VAS 

0.542 (−0.90 to 1.98), favouring placebo — No [102] 

Extracellular vesicles / 
exosomes 

Any No estimate exists — Not assessable [114] 

Platelet-rich plasma / 
orthobiologics 

Any No estimate exists — Not assessable [124,128] 

Table 4: Pooled sleep effects benchmarked against clinical-significance thresholds. 

Thresholds are the American Academy of Sleep Medicine clinical-significance anchors [31]. PAP, positive 

airway pressure; VAS, visual analogue scale; n.a., not applicable or not defined by the source. Other 

abbreviations as in (Tables 2 and 3). 

The Circadian–Regenerative Interface model and readiness scoring 
(Figure 2) presents the Circadian–Regenerative Interface model, which organises the axis into four 

coupled layers. The chronobiological layer contains the molecular clock in stem and stromal cells, 

governing niche egress, secretory-pathway timing and lineage commitment. The systemic-milieu layer 

contains the mediators through which sleep reaches tissue: inflammatory tone, anabolic and catabolic 

hormones, oxidative and mitochondrial load, and autonomic state. The tissue-outcome layer contains the 

endpoints regenerative medicine claims to influence: matrix synthesis and remodelling, bone density and 

union, tendon and muscle repair, pain sensitisation and functional recovery. The clinical-delivery layer 

contains the modifiable levers: sleep phenotyping and treatment before intervention, and the circadian 

timing of harvest, processing and administration. The model’s reverse arm — regenerative intervention 

to sleep — is drawn as a conditional path mediated by nociceptive relief and endocrine change rather 

than as a direct effect, because that is the only version of the reverse path the evidence currently permits. 
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Figure 2: The Circadian–Regenerative Interface model. Four coupled layers — chronobiological, systemic milieu, 

tissue outcome and clinical delivery — with the forward path (sleep and circadian biology to regenerative 
outcome) drawn as evidenced and the reverse path (regenerative intervention to sleep) drawn as conditional and 

currently unevidenced. 

 

(Table 5) gives the RCRI scoring anchors and (Table 6) the scores for all 27 nodes; (Figure 3) displays the 

resulting landscape. Nine nodes reach the practice-ready band (15–18): obstructive sleep apnoea as a 

perioperative risk factor in arthroplasty (17), sleep loss and physical performance (16), preoperative 

insomnia and acute postoperative pain (16), sleep problems and chronic musculoskeletal pain (16), 

cognitive behavioural therapy for insomnia in chronic pain (16), melatonin for sleep-onset latency (16) 

and, as non-regenerative comparators, myofunctional therapy, hypoglossal nerve stimulation and 

exercise for sleep (17, 17, 17). Eight nodes are translational candidates (11–14): sleep disturbance and 

systemic inflammation (14), photobiomodulation and sleep quality (14), menopausal hormone therapy 

for sleep with vasomotor symptoms (14), sleep or obstructive sleep apnoea and bone mineral density 

(13), circadian timing of stem-cell harvest yield (12), growth-hormone-axis secretagogues and sleep 

architecture (12), insomnia and fracture risk (11) and time-of-day of graft infusion (11). The remainder fall 

into early-exploratory or hypothesis-only bands, and every node representing the reverse direction with 

a cellular or vesicular product scores in the two lowest bands: mesenchymal stromal cells and sleep (8, 

with the low score driven by a null result under a rigorous comparator rather than by absent data), 

platelet-rich plasma and sleep (4), exosomes and sleep (2), regenerative peptides other than the growth-

hormone axis and sleep (1), and cell or tissue-engineering therapy for obstructive sleep apnoea (3). The 

distribution is the quantified statement of the field’s asymmetry: readiness accumulates where sleep is 

the exposure and dissipates where a regenerative product is the intervention. 
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Domain 0 1 2 3 

Mechanistic plausibility No coherent mechanism Plausible but indirect Direct mechanism in animal 
or in-vitro models 

Direct mechanism with human 
physiological confirmation 

Highest human evidence tier None (T0 or T5) Single human study 
(T3 or T4) 

Systematic review without 
pooling (T2) 

Meta-analysis (T1 or pooled T2) 

Comparator rigour None (single-arm or 
observational only) 

Active or historical 
comparator 

Randomised, unblinded or 
crossover 

Placebo- or sham-controlled 
randomised 

Effect magnitude vs 
anchored threshold 

No effect or favours 
comparator 

Below threshold At or near threshold Clearly above threshold or large 
effect (e.g. OR > 2, HR ≤ 0.7) 

Consistency and 
reproducibility 

Single source, unreplicated 
or discordant 

Two sources, partly 
discordant 

Two or more concordant 
sources 

Three or more concordant 
independent syntheses 

Regulatory or safety standing 
and actionability 

Unapproved with 
documented safety concern 

Off-label or 
investigational 

Approved or low-risk but not 
routinely available 

Approved, safe and immediately 
actionable in practice 

Table 5: Regenerative Chronotherapeutic Readiness Index: scoring anchors. 

Bands: 0–5 hypothesis only; 6–10 early exploratory; 11–14 translational candidate; 15–18 practice-ready. 

Node Mech Evid Comp Magn Cons Reg Total Band 

OSA as perioperative risk in arthroplasty 3 3 2 3 3 3 17 Practice-ready 

Myofunctional therapy for sleep in OSA 3 3 3 3 2 3 17 Practice-ready 

Hypoglossal nerve stimulation for sleepiness 3 3 2 3 3 3 17 Practice-ready 

Exercise for sleep quality 3 3 3 2 3 3 17 Practice-ready 

Preoperative insomnia and acute postoperative 
pain 

3 3 2 3 2 3 16 Practice-ready 

Sleep problems and chronic musculoskeletal pain 3 3 2 2 3 3 16 Practice-ready 

CBT-I for sleep and pain in chronic pain 2 3 3 3 2 3 16 Practice-ready 

Sleep loss and physical performance 3 3 3 2 3 2 16 Practice-ready 

Melatonin for sleep-onset latency 3 3 3 1 3 3 16 Practice-ready 

Sleep disturbance and systemic inflammation 3 3 2 1 2 3 14 Translational candidate 

Photobiomodulation for sleep quality 2 3 3 1 2 3 14 Translational candidate 

Menopausal hormone therapy for sleep with 
vasomotor symptoms 

2 3 3 1 2 3 14 Translational candidate 

Sleep or OSA and bone mineral density 2 3 1 2 3 2 13 Translational candidate 

Circadian timing of stem-cell harvest yield 3 1 1 3 2 2 12 Translational candidate 

Growth-hormone-axis secretagogues and sleep 
architecture 

3 1 3 3 1 1 12 Translational candidate 

Insomnia and fracture risk 2 2 1 2 2 2 11 Translational candidate 

Time-of-day of cell-graft infusion and outcome 3 1 1 3 1 2 11 Translational candidate 

Hyperbaric oxygen for sleep quality 2 1 1 2 2 2 10 Early exploratory 

Mesenchymal stromal cells for sleep outcomes 2 1 3 0 1 1 8 Early exploratory (refuted at tested dose 
and indication) 

Circadian clock genes and adult stem-cell function 3 0 0 0 3 1 7 Early exploratory 

Melatonin as regenerative adjuvant 3 1 0 0 1 2 7 Early exploratory 

Sleep and human tendon or fracture healing 3 0 0 0 1 1 5 Hypothesis only 

Platelet-rich plasma for sleep outcomes 2 0 0 0 0 2 4 Hypothesis only 

Circadian timing of orthobiologic administration 3 0 0 0 0 1 4 Hypothesis only 

Cell or tissue-engineering therapy for OSA 2 0 0 0 0 1 3 Hypothesis only 

Exosomes or extracellular vesicles for sleep 2 0 0 0 0 0 2 Hypothesis only 

BPC-157 or thymosin β4 for sleep 1 0 0 0 0 0 1 Hypothesis only 

Table 6: Regenerative Chronotherapeutic Readiness Index applied to 27 nodes. 

Mech, mechanistic plausibility; Evid, highest human evidence tier; Comp, comparator rigour; Magn, effect 

magnitude versus anchored threshold; Cons, consistency and reproducibility; Reg, regulatory or safety 

standing and actionability. Anchors are defined in (Table 5). 
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Figure 3: Regenerative Chronotherapeutic Readiness Index across 27 nodes. Total scores by node, ordered by 

readiness and coloured by direction of the axis, showing the concentration of readiness in nodes where sleep is the 

exposure. 

Discussion 
Principal findings 
Three results follow. First, that sleep and circadian biology modify regenerative capacity is supported by 

meta-analytical evidence across inflammation, anabolic hormones, pain incidence and persistence, 

perioperative complications, bone density, fracture risk and physical performance, with several estimates 

in a range that ordinarily changes clinical behaviour — a fourfold increase in medical complications after 

arthroplasty in obstructive sleep apnoea [36], a near-threefold increase in severe first-day postoperative 

pain with preoperative insomnia [35], and a 40% relative survival advantage for early-in-day 

immunotherapy [77]. Second, the reciprocal proposition is untested rather than disproven at the level of 

pooled human evidence, with the single decisive exception of a null placebo-controlled trial in which sleep 

was the primary endpoint [102]. Third, the asymmetry is structured and repairable: the gaps are 

concentrated exactly where the mechanism is strongest, at the cellular and timing interface. 

The cellular paradox 
The most striking finding is not the absence of sleep endpoints in orthobiologic trials but the absence of 

any synthesis-level evidence for the mechanism that motivates the entire field. Circadian control of adult 

stem cells is established in murine and in-vitro systems with clean loss-of-function phenotypes [5-7,9], 

and human donor data show more than twofold diurnal variation in circulating CD34+ cells and time-

dependent mobilisation yield [4,161]. Retrospective clinical data are consistent with timing mattering for 

cell products: two-year survival differed by 18 percentage points according to whether an allogeneic graft 

was infused before or after 11:00 [82], and each hour of chimeric antigen receptor T-cell infusion delay 

carried an 11% relative increase in progression hazard in one cohort, though a second cohort was null 

[83]. Yet no trial of any cell or orthobiologic product has randomised or even stratified time of harvest or 

administration. The field routinely standardises platelet concentration, leucocyte content, centrifugation 
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protocol and needle gauge while leaving unspecified a variable for which human data show a greater than 

twofold effect on the biological input. 

Two corollaries follow. First, circadian phase is a plausible source of the unexplained heterogeneity that 

characterises orthobiologic trials; if harvest and injection times are distributed uniformly across clinic 

hours, timing acts as unmeasured noise that biases toward the null. Second, timing is the cheapest 

intervention in regenerative medicine. It requires no new product, no new regulatory pathway and no 

additional cost — only a protocol decision and its documentation. 

Why the reverse direction is empty, and what that means for clinical claims 
The absence of sleep endpoints in Direction 2 is not random. Regenerative trials are designed around 

structural and pain outcomes because those are the endpoints that regulators and reimbursers recognise. 

Sleep instruments are then added as secondary or exploratory endpoints and, as (Table 7) documents, 

are not reported. This is a reporting-bias phenomenon with a quantifiable footprint: at least eight 

registered orthobiologic trials and one completed cell-therapy trial in osteoarthritis collect validated sleep 

instruments and have published none of them, two of the three trials with sleep as a primary endpoint 

have status unknown and have never reported, and the one that did report was negative 

[102,108,109,119,132]. 

Registry 
identifier Phase and status Intervention Sleep instrument Reported 

NCT05126563 Phase 2, completed (N = 
79) 

Allogeneic adipose mesenchymal stromal cells vs 
placebo 

Sleep disturbance VAS (primary) Yes — null (p = 
0.4550) 

NCT04146519 Phase 2/3, status 
unknown (N = 50) 

Autologous mesenchymal stromal cells vs placebo Sleep quality and daytime 
sleepiness (primary) 

No 

NCT04744051 Phase 1, status 
unknown (N = 20) 

Autologous adipose mesenchymal stromal cells Sleep quality (primary) No 

NCT03000712 Completed (N = 26) Autologous adipose mesenchymal stromal cells, 
intra-articular 

PSQI (secondary) No 

NCT05228899 Phase 1/2, completed (N 
= 18) 

Perinatal-derived acellular product vs placebo Fatigue Severity Scale; Mental 
Fatigue Questionnaire 

No 

NCT05675527 Phase 4, recruiting (N = 
135) 

Low- vs high-dose platelet-rich plasma vs saline PROMIS Sleep Disturbance No 

NCT05603468 Phase 4, active (N = 387) Platelet-rich plasma vs corticosteroid vs saline Insomnia Severity Index No 

NCT06003101 Phase 3 Platelet-rich plasma / platelet-poor plasma / bone 
marrow aspirate concentrate 

PSQI No 

 

Table 7: Registered regenerative trials collecting sleep instruments without reported sleep results. 

Registry records as cited [102,108,109,132,119,129-131]. VAS, visual analogue scale. 

The clinical consequence is direct. A clinic that advertises exosome or stem-cell therapy for “deep sleep 

restoration” is making a claim with no supporting human trial evidence, in a regulatory context in which 

no exosome product is approved and serious adverse events have been documented [120,121]. The 

contrast between the uncontrolled series reporting large fatigue improvements [103] and the placebo-

controlled trial reporting none [102] in the same indication is a textbook demonstration of the placebo 

and regression artefacts that sustain such claims. Even the honest positive signals require calibration: 

photobiomodulation’s pooled PSQI improvement of 1.25 points is statistically significant but falls short of 

the three-point threshold the American Academy of Sleep Medicine treats as clinically meaningful 

[142,31], and the growth-hormone-axis polysomnographic findings, although mechanistically the most 
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interesting in the field, rest on crossover studies of six to 23 participants conducted a quarter of a century 

ago and never replicated [133-135]. 

A specific caution is warranted for future citation hygiene. The “ExoTMS”/EXOMIND study is a transcranial 

magnetic stimulation trial whose sham arm improved the PSQI by 3.7 points against 4.7 in the active arm 

[123]. Its brand nomenclature makes it likely to be miscited as exosome evidence, and its sham response 

illustrates how large the placebo component of subjective sleep improvement is in this population. 

What is already actionable 
Three practice implications do not require new trials. First, preoperative and pre-injection sleep 

phenotyping is justified: insomnia and obstructive sleep apnoea are common in the osteoarthritis and 

arthroplasty population [59,64], both are associated with materially worse outcomes [35,36], and one of 

them is treatable with a therapy of established efficacy in exactly this population [61]. Second, obstructive 

sleep apnoea should be treated as a perioperative risk modifier in elective orthopaedic and orthobiologic 

care, not merely as a comorbidity to note. Third, sleep should be reported. Adding a validated instrument 

at baseline and follow-up in an orthobiologic trial cost almost nothing and would, within a few trial cycles, 

convert an empty cell in Table 3 into a poolable estimate. 

Research agenda: chrono-orthobiologics 
(Table 8) presents the proposed agenda, of which three designs are specified concretely. 

Priority Question Proposed design Primary endpoint Feasibility 

1 Does administration 
phase change 
orthobiologic efficacy? 

CHRONO-PRP: assessor-blinded trial randomising 
morning (07:00–09:00) vs evening (17:00–19:00) 
injection of identical platelet-rich plasma in knee 
osteoarthritis or rotator cuff tendinopathy 

Composite pain and function at 6 
months 

High — no new 
product, no new 
regulatory pathway 

2 Does harvest phase 
change product 
composition? 

HARVEST-TIME: within-donor crossover comparing 
morning and evening draws 

Platelet and leucocyte 
composition, growth-factor 
content, progenitor yield, clock-
gene expression 

High — no new 
intervention 
exposure 

3 Is sleep a modifiable 
determinant of 
regenerative outcome? 

SLEEP-PRIME: factorial randomisation of brief cognitive 
behavioural sleep intervention vs usual care, crossed 
with morning vs evening administration 

Function and pain at 6 and 12 
months 

Moderate 

4 Does sleep affect human 
tendon and fracture 
healing? 

Systematic review and meta-analysis of prospective 
cohorts with imaging or union endpoints 

Time to union; healing rate High — synthesis 
only 

5 Does infusion time affect 
cell-graft outcome? 

Meta-analysis of haematopoietic and chimeric antigen 
receptor T-cell cohorts stratified by infusion time 

Overall survival; non-relapse 
mortality 

High — synthesis 
only 

6 What sleep data already 
exist unreported? 

Individual-participant-data retrieval from registered 
orthobiologic trials holding unreported sleep 
instruments 

Pooled sleep-instrument change Moderate — requires 
sponsor cooperation 

7 Can sleep endpoints be 
standardised in 
regenerative trials? 

Adoption of the Sleep–Regenerative Minimum 
Reporting Set (10 items, see Discussion) 

Reporting completeness High — editorial and 
protocol adoption 

8 Does melatonin act as a 
regenerative adjuvant in 
humans? 

Randomised adjuvant trial of melatonin 4 mg alongside 
a standard orthobiologic protocol 

Structural or functional healing 
endpoint 

Moderate 

Table 8: Chrono-regenerative research agenda. 

CHRONO-PRP is a timing-randomised, assessor-blinded trial in symptomatic knee osteoarthritis or rotator 

cuff tendinopathy in which participants are randomised to morning (07:00–09:00) or evening (17:00–

19:00) injection of an otherwise identical platelet-rich plasma preparation, with the primary endpoint a 

validated composite of pain and function at six months and secondary endpoints of matrix or imaging 

change and a full sleep panel. The design isolates administration phase while holding product, operator 

and rehabilitation constant. 
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HARVEST-TIME is a within-donor crossover in which autologous product is prepared from morning and 

evening draws in the same participants, with primary endpoints of platelet and leucocyte composition, 

growth-factor content, progenitor yield and clock-gene expression in the cellular fraction. It asks whether 

the diurnal variation shown for mobilised CD34+ cells [4] extends to the products used in musculoskeletal 

practice, without exposing anyone to a new intervention. 

SLEEP-PRIME is a factorial trial in which participants scheduled for an orthobiologic intervention are 

randomised to a brief cognitive behavioural sleep intervention or usual care before the procedure, 

crossed with morning or evening administration. Primary endpoints are function and pain at six and 

twelve months; mechanistic secondary endpoints are inflammatory tone, and a full sleep panel. This is 

the design that would test the central clinical claim of the Circadian–Regenerative Interface model: that 

sleep is a modifiable determinant of regenerative outcome. 

Alongside these, four syntheses are immediately feasible and currently missing: a meta-analysis of sleep 

and fracture or tendon healing, a meta-analysis of time-of-day of cell-graft infusion pooling the 

haematopoietic cohorts, a meta-analysis of sleep interventions on muscle-damage and recovery 

biomarkers, and an individual-participant-data analysis of the registered orthobiologic trials that already 

hold unreported sleep data. 

We also propose the Sleep–Regenerative Minimum Reporting Set for regenerative trials, comprising ten 

items: (1) time of day of harvest, with clock time; (2) time of day of administration, with clock time; (3) 

participant chronotype; (4) habitual sleep duration; (5) a validated sleep-quality instrument at baseline 

and at each follow-up; (6) screening status and result for obstructive sleep apnoea; (7) shift-work status; 

(8) hypnotic, melatonin and sedative use; (9) any sleep intervention delivered during follow-up; and (10) 

the pre-specified analysis plan for sleep endpoints, including a commitment to report null results. Items 1 

and 2 alone would make retrospective timing analyses possible across the entire field within a single 

publication cycle. 

Strengths and limitations 
The strengths of this review are its bidirectional scope within one appraisal framework, its verbatim 

extraction rule with explicit labelling of unavailable values, its tiering that renders absence of evidence 

visible, its use of registry and regulatory sources to quantify rather than assert reporting bias, and its 

derivation of a reproducible readiness metric with published anchors. 

Several limitations require statement. First, the corrected covered area was not computed, for the reasons 

given in the Methods; overlap was addressed structurally and the substitution is not equivalent, so 

quantitative overlap remains unmeasured. Second, screening, extraction and appraisal were conducted 

by a single author, without duplicate independent assessment; this is an AMSTAR-2-relevant limitation of 

this overview itself, and readers should weight it accordingly. Third, the RCRI is an explicit heuristic with 

published anchors, not a validated instrument; its value is that its scoring is auditable and contestable. 

Fourth, umbrella reviews inherit the biases of their included syntheses, and a substantial minority of 

included reviews were of low or critically low AMSTAR-2 confidence, particularly in the cell-therapy 

literature [37]. Fifth, several domains rest on evidence in which causal direction is not established by 

design, notably the sleep–pain and sleep–bone associations, although Mendelian randomisation supports 
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causal contributions in the fracture and epigenetic-age domains [66,52]. Sixth, no registration was 

undertaken, which limits protection against post-hoc flexibility; the eligibility framework and instruments 

are therefore reported in full to allow replication. Seventh, grey literature and non-indexed registries were 

not systematically interrogated. Finally, the certainty of evidence in Direction 2 is uniformly low to very 

low, and readers should not interpret the absence of pooled effects as evidence of absence of effect; it is, 

in most cells of (Table 3), evidence of absence of measurement. 

Conclusion 
Sleep and regenerative medicine are coupled by circadian biology, but the evidence supporting that 

coupling is profoundly one-sided. Sleep disturbance, insomnia and obstructive sleep apnoea are meta-

analytically associated with greater inflammatory load, lower anabolic tone, more chronic 

musculoskeletal pain, worse postoperative pain and complications, lower bone density, higher fracture 

risk and reduced physical performance, and the circadian timing of drugs, vaccines, surgery and 

haematopoietic grafts carries effect sizes that would be considered decisive in any other context. In the 

opposite direction, no meta-analysis of mesenchymal stromal cells, extracellular vesicles or platelet-rich 

plasma pools a single sleep endpoint in any indication; the only placebo-controlled trial with sleep as its 

primary endpoint was null; no exosome trial has reported a sleep outcome; and no cell or tissue-

engineering intervention has been tested for obstructive sleep apnoea in humans. 

Two conclusions follow with different force. Treating sleep as a modifiable determinant of regenerative 

outcome — phenotyping it, treating insomnia before intervention, managing obstructive sleep apnoea 

perioperatively, and documenting the clock time of harvest and administration — is already defensible on 

existing evidence and costs the field almost nothing. Claiming that a regenerative product restores sleep 

is not defensible on any current human evidence, and in the case of exosome products is made in a setting 

of documented regulatory concern. The Circadian–Regenerative Interface model, the Regenerative 

Chronotherapeutic Readiness Index, the Sleep–Regenerative Minimum Reporting Set and the three 

chrono-randomised designs proposed here are offered as the shortest route from that asymmetry to a 

symmetric evidence base. The first trial to randomise the time of day of an orthobiologic injection will be 

testing the oldest variable in the biology of repair and the newest in its clinical practice. 
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