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Objective: To identify and synthesize studies examining the strain on the vertebral artery (VA) during cervical
spinal manipulation therapy (cSMT). Additionally, we compared VA strains induced by ¢SMT with passive range
of motion (ROM) across different cervical spine levels and VA segments.

Design: A systematic review and meta-analysis were conducted following PRISMA guidelines and registered with
PROSPERO (CRD42024591457).

Literature search: The search was performed in May 2025 across SCOPUS, PubMed, MEDLINE, Web of Science,
LILACS, SciELO, and the Index to Chiropractic Literature.

Study selection criteria: Studies that focused on VA strain during cSMT and passive ROM. Risk of bias was assessed
using the Anatomical Quality Assessment (AQUA) Tool.

Data synthesis: Data extraction included descriptive, methodological, VA strain, and interventional details. Meta-
analysis was performed for studies comparing VA strain between cSMT and ROM.

Results: ix studies met the inclusion criteria, with four providing data for meta-analysis. ¢cSMT consistently
produced lower VA strain (up to 3.8 %) compared to passive ROM (up to 12.5 %) in the V3 segment (C0-C2).
Meta-analysis revealed greater strain during ROM compared to cSMT, particularly during rotation (standardized
mean difference [SMD] = 1.05).

Conclusion: This systematic review and meta-analysis provide consistent evidence that cSMT induces less strain
on the VA, particularly within the V3 segment, compared to passive cervical ROM. Although the evidence comes
from studies conducted in human cadaveric specimens, the robustness of the methodologies and the consistency
of findings across studies contribute to the growing body of biomechanical evidence supporting the relative
safety of cSMT with respect to VA strain.

1. Introduction non-invasive management strategies, encompassing manual therapies,

targeted exercise programs, ergonomic modifications, and patient edu-

Neck pain constitutes a highly prevalent musculoskeletal condition,
currently affecting over 200 million individuals worldwide, and ranks
among the foremost contributors to global disability (GBD 2021 Neck
Pain Collaborators, 2024; Kazeminasab et al., 2022; Safiri et al., 2020).
Its etiology is inherently multifactorial, arising from the complex
interplay of biological, psychological, and environmental determinants.
Beyond the immediate impact on individual well-being, neck pain im-
poses a significant societal and economic burden (Kazeminasab et al.,
2022; Mazaheri-Tehrani et al., 2023; Meng et al., 2025). In light of this
complexity, contemporary clinical guidelines advocate for multimodal,

cation as core components of first-line care (Coté et al., 2016).

Within this paradigm, cervical spinal manipulative therapy (cSMT)
has garnered increasing attention due to its demonstrated clinical effi-
cacy in the management of both acute and chronic neck pain. Recent
systematic reviews and meta-analyses have reported moderate to large
therapeutic effect sizes, reinforcing the role of ¢SMT as a valuable
adjunct within multidisciplinary pain management frameworks (Chaibi
et al., 2021; Liu et al., 2023). However, despite its therapeutic benefits,
c¢SMT has been associated with vertebral artery dissection (VAD), which
may culminate in vertebrobasilar stroke (Whedon et al., 2015; Whedon
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et al., 2022).

VAD constitutes a leading cause of ischemic stroke in young and
middle-aged adults, accounting for approximately 20 % of ischemic
strokes in individuals under 45 years of age. Epidemiological data esti-
mate the annual incidence of VAD to be between 1 and 1.5 cases per
100,000 population, with a higher prevalence in males and a substantial
proportion occurring spontaneously, while roughly a quarter of cases
are associated with trauma or mechanical stress (Amran et al., 2024).

To contextualize it, a precise anatomical overview of the vertebral
artery and its relationship to the cervical spine is warranted. The
vertebral artery (VA), a bilateral vessel typically originating from the
subclavian arteries, plays a central role in the posterior cerebral circu-
lation, supplying critical regions including the brainstem, cerebellum,
and upper spinal cord. Its anatomical course is classically delineated into
four segments: the V1 (preforaminal) segment, extending from its sub-
clavian origin to the transverse foramen of the C6 vertebra; the V2
(foraminal) segment, ascending vertically through the transverse
foramina of C6 to C2; the V3 (atlantoaxial or suboccipital) segment,
which arcs laterally and dorsally around the atlas (C1) before perfo-
rating the atlanto-occipital membrane and dura mater; and the V4
(intracranial) segment, which traverses the subarachnoid space and
converges with its contralateral counterpart to form the basilar artery
(Peeters et al., 2024) (Fig. 1).

Owing to its intimate anatomical course along the cervical vertebrae,
the VA is uniquely susceptible to biomechanical stresses induced by
cervical motion (Symons et al., 2002). In this sense, it has been hy-
pothesized that cSMT may impose excessive elongation or tensile strain
upon the vertebral arteries, especially when cervical movements extend
beyond physiological limits, thereby predisposing the vessel to intimal
disruption or mural injury that may culminate in arterial dissection
(Haynes et al., 2012). However, it is widely acknowledged that the
cervical arteries possess the capacity to withstand substantial head and
neck movements without sustaining injurious strain. Nonetheless,
elongations of the cervical arteries exceeding those encountered within
the physiological range of motion may precipitate vascular injury
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Fig. 1. Anatomical definition of the VA segments V1 through V4 and approx-
imate placement of piezoelectric crystal markers used for strain measurements.
Adapted from Piper et al. (2014).
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(Paulus and Thaler, 2016). Despite this, existing evidence suggests a
considerable margin of safety before such deleterious effects manifest
(Symons et al., 2002).

From this perspective, the primary objective of this review was to
identify, and provide a synthesis of existing studies and their method-
ologies exploring the strain caused on the VA during ¢SMT. In addition,
this study sought to compare and report the strain impose on the VA
between ¢SMT and passive range of motion (ROM) across different
cervical spine levels and VA segments.

2. Methods

This systematic review was registered with PROSPERO (Interna-
tional Prospective Register of Systematic Reviews) under registration
number CRD42024591457 and was conducted in accordance with the
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (REF: doi: https://doi.org/10.1136/bmj.n71).

To ensure methodological robustness two-independent reviewers
(CF and FCKD) conducted a three-stage strategy to systematically
identify eligible studies, apply the pre-defined inclusion and exclusion
criteria, risk of bias scale, extract the data, synthesize and conduct a
meta-analysis of the eligible studies. Initially, a systematic search
strategy was developed, tried on PubMed and adapted to the other da-
tabases (SCOPUS, PubMed, MEDLINE, Web of Science, LILACS, SciELO,
and the Index to Chiropractic Literature) utilizing combinations of
MeSH terms — “mechanical stress,” “vertebral artery,” “spinal manip-
ulation,” and “strain” — both individually and collectively, to maximize
the sensitivity and breadth of the results retrieved. Each database was
searched from date of inception to May 2025, with results limited to the
English language.

In addition to database searches, we conducted backward and for-
ward citation tracking to improve the comprehensiveness of the litera-
ture search. The reference lists of all included studies were manually
reviewed to identify additional relevant articles. We also used Google
Scholar to identify studies that cited the included articles (“Cited by”
function), and screened those results for potentially eligible studies.

» <

2.1. Inclusion criteria

Studies eligible for inclusion in this study were original studies
written in English that reported direct measurement of VA strain during
ROM and ¢SMT in humans. Exclusion criteria were applied and included
literature reviews, letters to the editor, single-case studies, studies with
incomplete data or a lack of full-text access, duplicate publications,
animal studies, imaging studies, and those that failed to report direct
measurement of mechanical stress or strain in the human VA during
ROM and ¢SMT.

2.2. Screening of titles and abstracts

The initial screening of titles and abstracts was conducted indepen-
dently by two reviewers using a standardized pre-piloted Excel spread-
sheet, sorting for possibly relevant, irrelevant, and duplicate citations.
Full texts of potentially eligible studies were then retrieved and assessed
against the predefined inclusion criteria. In cases of disagreement
regarding study selection, consensus was reached through discussion; if
necessary, a third reviewer (WH) was consulted.

2.3. Risk of bias

To enhance the methodological quality of the present review, the
Anatomical Quality Assessment (AQUA) Tool for the Quality Assessment
of Anatomical Studies Included in Meta-Analyses and Systematic Re-
views was applied to the included studies (Henry et al., 2017). Devel-
oped specifically for assessing the quality of anatomical studies, AQUA
comprises five appraising questions in each of its five domains, totalling
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twenty questions, with classifications as low, high, and unclear risk of
bias. An example of the five domains is: 1) study objective and subjective
characteristics; 2) study design; 3) methodology, experimental assay
characterization; 4) descriptive anatomical characterization; 5) report-
ing of results (Henry et al., 2017). Its application was particularly
appropriate given the focus of the present review in summarizing the
evidence of vertebral artery strain in human cadavers during cSMT.

2.4. Certainty of evidence

A formal assessment of the certainty of evidence, such as using the
GRADE approach, was not conducted in this review. The GRADE system
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and similar frameworks are primarily designed for systematic reviews of
clinical studies, particularly randomized controlled trials, and are not
validated for use in experimental cadaveric studies. Currently, there is
no widely accepted or standardized method for grading the certainty of
evidence in this type of research. Therefore, while considerations such as
risk of bias and consistency across studies were qualitatively addressed
in the interpretation of the findings, no formal certainty rating was
applied.

2.5. Data extraction

Data extraction was likewise conducted independently by two

SCOPUS (n = 36)
PubMed (n =34)
MEDLINE (n = 32)

LILACS (n = 0)
SCIELO (n = 0)

Studies from databases/registers (n = 114)
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Fig. 2. PRISMA flow diagram illustrating the selection process for studies included in this research.
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reviewers. Extracted variables included authorship, year of publication,
sample characteristics, study methods, intervention details and me-
chanical strain on VA segments during ROM and ¢cSMT. Where data were
missing or ambiguities arose, an attempt was made to contact the study
authors to obtain clarifications, thus ensuring the inclusion of the most
complete and accurate datasets available.

2.6. Meta-analysis

The outcome of interest was the mechanical strain imposed in at least
one VA segment (V1-V4) during cSMT compared to VA strain observed
during at least one of the cervical ROM flexion, extension, lateral
flexion, rotation and combined movements, flexion-rotation and
extension-rotation, with the latter four performed in both ipsilateral and
contralateral side.

Quantitative data, including mean values and standard deviations
(SDs), were extracted from each study for meta-analytic synthesis. When
SDs were not reported, they were estimated using the method proposed
by Wan et al. (2014), based on available range values. A random-effects
model was used to pool effect sizes, thereby accounting for between-
study heterogeneity. Statistical significance was determined at a p-
value <0.05, with heterogeneity between studies assessed using Tau?,
Chi-square, and I? statistics. Forest plots were generated to visually
present the estimated pooled VA strain percentage change from neutral,
between ¢cSMT and ROM. The meta-analysis was performed using the
Cochrane Collaboration’s Review Manager (RevMan) software, version
5.4.

3. Results

The electronic search yielded a total of 114 citations. The number of
articles found, screened, excluded, or included articles were reported in
the Preferred Reporting Items for Systematic reviews and Meta-Analyses
flow chart shown in Fig. 2. Six studies fulfilled the inclusion criteria and
were included in the narrative synthesis: Symons et al. (2002), Wuest
et al. (2010), Herzog et al. (2012), Piper et al. (2014), Gorrell et al.
(2022) and Fagundes and Herzog (2024) (TABLE 1). Four of these
studies, provided sufficient comparative data to estimate the overall
effect size of the VA strain during cSMT and cervical spine ROM in at
least one VA segment.

Risk of Bias Within the Included Studies:

Three studies published between 2014 and 2024 - Piper et al. (2014)
Gorrell et al. (2022) and Fagundes and Herzog (2024) — were found to
have a low risk of bias. In contrast, two studies were classified as un-
clear, and one study as high risk of bias (supplemental table 2). The
potential bias in the anatomical description determined the unclear risk
of bias classification in both Wuest et al. (2010) and Herzog et al. (2012)
while anatomical description and methodology characterization do-
mains determined the high risk “+” (standard deviation) of bias classi-
fication in the Symons et al. (2002).

3.1. Descriptive results

3.1.1. Methodological similarities between studies
Since all six included studies had a consistent methodological

Table 1
Summary of the key characteristics of the studies included in the analysis.
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foundation, the analysis begins with a detailed description of these
shared experimental procedures to establish a common analytical
framework. Following this methodological overview, each study was
examined individually to highlight its distinct principal findings.

In all included studies, an anatomist carefully exposed the antero-
lateral aspect of the VA along the cervical spine. A small incision was
made to implant piezoelectric ultrasonographic crystals on the VA
(Sonometrics Corporation, London, ON, Canada). These crystals, func-
tioning as transmitters and receivers, allowed for accurate strain mea-
surement. Strain was calculated based on the difference in time required
for an ultrasound signal to travel from a transmitter to a receiver crystal
in ROM and ¢SMT, using the formula: Strain = (L, — Lj) / Ly, where Ly
represents the length of the VA segments with the head and neck in the
neutral anatomical position and L; the instantaneous length of the VA
¢SMT or range of motion testing (Symons et al., 2002).

3.2. Study-specific summaries

3.2.1. Symons et al., 2002

Two pairs of ultrasonic crystals were sutured to the VA at the C0-C1
and C6-subclavian artery (SA) levels (four crystals per artery) in five
unembalmed human cadaveric specimens. The VA was subjected to
ROM (extension, flexion, rotation, lateral bending, and extension with
rotation) and cSMT, followed by mechanical failure testing. The greatest
strain during movement was observed at the CO-Cl level in the
contralateral VA, occurring during passive ROM rotation (12.5 %) and
passive ROM extension with rotation testing (11.8 %). During ¢SMT,
peak strain was 10.7 % in the ipsilateral VA. Failure strain thresholds
were determined ex-vivo as 153 % at the CO-C1 and 162 % at the C6-SA
levels.

3.2.2. Wuest et al., 2010

Eight pairs of crystals were implanted from above C1 to below C6,
covering each intervertebral level, in a single unembalmed human
cadaveric specimen. ROM and two variants of cSMT — with and without
rotational components —were evaluated. The highest strain during
passive ROM was observed at the C4-C5 level (13 %) during passive
ROM left rotation, followed by 8.5 % at the C2-C3 level. ¢SMT incor-
porating lateral flexion and rotation induced a peak strain of 3.1 % at
C4-C5. The average force applied during cSMT was 121 N, with a peak
mean force of 236.5 N.

3.2.3. Herzog et al., 2012

Nine cadavers were used in this study and the sonomicrometry
crystals were sutured from the foramen magnum to the subclavian ar-
tery in cadavers 6-9 and to the upper and lower VA loops in cadavers
1-5. The cervical spine was divided into V1-V4 anatomical segments
and the greatest strain occurred in the V3 segment during ROM (12.2 %)
and in V1 during cSMT (6.2 %), followed by V3 (3.8 %).

3.2.4. Piper et al., 2014

In the study conducted by Piper et al. (2014), three fresh, unem-
balmed female cadaveric specimens were used, in which a total of 24
piezoelectric ultrasonic crystals were surgically implanted—eight per
specimen, with four positioned along each VA. These crystals were

Author and year Country Study design Sample (n) Type of intervention Clinician Main outcome

Symons et al. (2002) Canada Cadaveric experimental 5 ROM and c¢SMT 1 Chiropractor Strain on the VA
Wuest et al. (2010) Canada Cadaveric experimental 1 ROM and cSMT 2 Chiropractors Strain on the VA
Herzog et al. (2012) Canada Cadaveric experimental 9 ROM and cSMT 4 Chiropractors Strain on the VA
Piper et al. (2014) Canada Cadaveric experimental 3 ROM and c¢SMT 4 Chiropractors Strain on the VA
Gorrell et al. (2022) Canada Cadaveric experimental 3 cSMT 3 Chiropractors Strain on the VA
Fagundes and Herzog (2024) Canada Cadaveric experimental 3 ROM and cSMT 4 Chiropractors Strain on the VA
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strategically positioned from CO to C4. During ROM testing, the greatest
strains were observed during contralateral rotation, reaching up to 6 %
at the CO—C1 level, 4 % at C1-C2, and 3 % at C2—C3. In contrast, cSMT
elicited lower strain magnitudes, with maximum values of 5 % at C0-C1,
4 % at C1-C2, and 2 % at C2-C3.

3.2.5. Gorrell et al., 2022

Eight crystals were placed from CO to the SA in three unembalmed
human cadaveric specimens. Two ¢cSMT techniques, rotation and lateral
flexion, were performed at each cervical level. For ipsilateral thrusts, the
highest V3 strain occurred at C3 (4.5 %) with ¢SMT rotation and at C1
(2.6 %) with ¢SMT lateral flexion. For contralateral thrusts, the
maximum V3 strain was 2.2 % at C3 with ¢SMT rotation and 2.0 % at C1
with ¢SMT lateral flexion.

3.2.6. Fagundes and Herzog, 2024

Four crystals were implanted from CO to C4 in three unembalmed
human cadaveric specimen. Strain was measured during ROM and three
c¢SMT phases (neutral to pre-manipulative, thrust phase, and post-
manipulative). ROM testing yielded the highest strains at CO-C1 (6.9
%) during ipsilateral flexion-rotation, followed by 4.3 % at C1-C2 dur-
ing contralateral rotation. During ¢SMT, maximum strain was 1.3 %
(C0-C1), 0.1 % (C1-C2), and 1.0 % (C2-C3). The highest mean strain
during the thrust phase was 1.1 % at CO-C1 on the contralateral VA.

3.3. Vertebral artery strain across cervical segments during passive ROM
and cSMT

With regard to the strain on the VA, it can be stated that there was
variation according to the cervical level investigated, type of movement
and laterality (ipsilateral vs. contralateral). Among all segments, CO-C1
consistently had the greatest strains during passive rotational move-
ments, particularly on the contralateral side. Symons et al. (2002) re-
ported a peak strain of 12.5 % =+ 10.1, while Piper et al. (2014) and
Fagundes and Herzog (2024) observed values of 6 % and 5.3 % =+ 1.6,
during ROM testing respectively. Similarly, during combined ROM
extension-rotation testing, strain values reached 11.8 % + 8.6 (Symons
et al., 2002) and 6.0 % + 3.5 (Fagundes and Herzog, 2024), resulting in
the greatest elongations of the upper cervical VA during multiplanar
ROM testing.

In the context of ¢SMT, the ipsilateral VA at the C0-C1 level
exhibited the greatest strain, with Symons et al. (2002) reporting 10.7 %
+ 5.5. However, more recent findings indicate a significant reduction in
VA elongations during ¢cSMT. Fagundes and Herzog (2024) recorded a
peak strain of 1.3 % during the thrust phase of any cSMT.

At the C1-C2 segment, the highest strains during ROM testing were
again observed during contralateral rotation, with Piper et al. (2014)
and Fagundes and Herzog (2024) reporting values of 4 % and 4.3 % +
0.5, respectively. When cSMT was applied at the C1-C2 level, strain was
also observed, with contralateral VA values ranging from 2.5 % (Piper
etal, 2014) to —1.0 % =+ 0.6 (Fagundes and Herzog, 2024).

In the C2-C3 region, maximal strain during ROM was recorded
during contralateral flexion-rotation (3.7 % + 1.8) and extension-
rotation (1.7 % =+ 5.8) (Fagundes and Herzog, 2024). Strain during
cSMT at this level remained minimal, with values not exceeding 1.0 %.

Specific attention was given to the V3 segment (C0-C2), which
represents a highly mobile portion of the VA. Herzog et al. (2012) re-
ported the highest strain values during passive ROM testing, peaking at
12.2 %. However, more recent studies revealed substantially lower
values: 2.6 % (Fagundes and Herzog, 2024) and 1.8 % (Piper et al.,
2014). During c¢SMT involving cervical rotation, Gorrell et al. (2022)
and Fagundes and Herzog (2024) reported contralateral VA strain values
of 1.4 % and — 1.1 %, respectively.
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3.4. Meta-analysis

Only four of the six studies included in this systematic review pro-
vided comparative data on strain in the V3 segment of the VA during
ROM and cSMT. These studies were conducted by Symons et al. (2002),
Herzog et al. (2012), Piper et al. (2014), and Fagundes and Herzog
(2024).

Our meta-analysis compares strain in the contralateral V3 segment of
the vertebral artery (VA) during range-of-motion (ROM) rotation testing
versus cervical spinal manipulative therapy (cSMT).

In the forest plot (Fig. 3), positive standardized mean difference
(SMD) values, shown to the right of the vertical line, indicate that ROM
testing produces higher strain than cSMT. Negative values, shown to the
left, would indicate greater strain during cSMT.

The pooled analysis revealed that ROM rotation testing results in
significantly greater strain than ¢cSMT (SMD = 1.05; 95 % CI: 0.22 to
1.88; P = 0.01), suggesting that cSMT imposes less mechanical stress on
the V3 segment of the VA than movements occurring during normal
head and neck rotation.

Individual study results varied:

e Piper et al. (2014) found a small, non-significant difference (SMD =
0.27; 95 % CI: —1.35 to 1.89), indicating minimal difference in strain
between interventions.

e Symons et al. (2002) and Herzog et al. (2012) reported significantly
higher strain during ROM rotation testing, with SMDs of 0.73 and
1.44, respectively.

e Fagundes and Herzog (2024) observed the largest effect (SMD =
4.15; 95 % CI: 0.17 to 8.46), although the wide confidence interval
suggests substantial within-sample variability.

Heterogeneity across studies was low (I = 17 %), reflecting meth-
odological consistency and strengthening the reliability of the pooled
estimates. Collectively, these findings support the conclusion that cSMT
produces significantly smaller elongations of the V3 segment of the VA
compared to ROM rotation testing.

In a second meta-analysis, strains in the V3 segment during com-
bined extension-rotation movements were compared to those during
cSMT.

The pooled results again demonstrated significantly greater me-
chanical strain during passive ROM testing than during ¢cSMT (SMD =
0.87; 95 % CI: 0.19 to 1.54; P = 0.01) (Fig. 4).

In the forest plot (Fig. 4), the direction of the SMD interpretation
remains the same: positive values (to the right of the vertical line) favor
¢SMT, indicating that ROM produced greater strain; negative values (to
the left) would favor ROM, indicating greater strain during cSMT.

Most studies, including Symons et al. (2002), Herzog et al. (2012),
and Fagundes and Herzog (2024), reported moderate to large effect sizes
in favor of cSMT (i.e., less strain during cSMT).

e Piper et al. (2014) reported a small, non-significant negative effect
(SMD = —0.05; 95 % CI: —1.65 to 0.55), suggesting no meaningful
difference.

e Symons et al. (2002) and Fagundes and Herzog (2024) showed
moderate positive effects (SMDs of 0.74 and 0.67, respectively).

e Herzog et al. (2012) reported a large and significant effect (SMD =
1.44; 95 % CI: 0.37 to 2.50) in favor of cSMT.

No heterogeneity was detected (IZ = 0 %), indicating strong consis-
tency across the included studies.

The meta-analyses were limited to strain data on the V3 segment
during contralateral rotation and/or extension, as these were the only
outcomes consistently reported across studies. All included studies
analyzed the same anatomical segment (V3), used comparable move-
ment types, and provided numerical data in a compatible format (e.g.,
means and standard deviations).
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"R

Greater V3 strain
during Rot-ROM

Greater V3 strain
during cSMT

Fig. 3. Forest plot comparing vertebral artery (VA) strain in the V3 segment during cervical range-of-motion (ROM) rotation testing versus cervical spinal
manipulative therapy (cSMT). Each black square represents the point estimate of the standardized mean difference (SMD) for an individual study, reflecting the
magnitude and direction of the difference in VA strain between ROM and ¢SMT. The size of each square is proportional to the study’s weight in the meta-analysis. The
horizontal lines represent the 95 % confidence intervals (error bars) for each estimate, indicating the precision of the data. The diamond at the bottom represents the
summary effect size (pooled SMD) across studies, with its width corresponding to the 95 % CI of the combined result. SMD values to the right of the vertical line
(positive) indicate greater strain during ROM rotation testing compared to cSMT, while values to the left (negative) would indicate greater strain during cSMT. The

vertical line at 0.00 represents no difference between interventions.

ContraV3_ExtRot  Contra V3_SMT
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Fagundes & Herzog2024 175 24 3 02 1 3 153%  0.67[1.05 240 2024 — 1

Total (95% CI) 20 20 100.0% 0.87 [0.19, 1.54] ) ) - )
Heterogeneity: Tau?= 0.00; Chi*= 2.44, df = 3 (P = 0.49); F= 0% -4 -2 0 2 4

Test for overall effect: Z= 2.52 (P = 0.01)

Greater V3 strain
during ExtRot-ROM

Greater V3 strain
during cSMT

Fig. 4. Forest plot comparing vertebral artery (VA) strain in the V3 segment during combined extension-rotation range-of-motion (ROM) testing versus cervical
spinal manipulative therapy (cSMT). Each black square shows the point estimate of the standardized mean difference (SMD) for each study, with horizontal lines
indicating the 95 % confidence intervals. The size of each square reflects the relative weight of the study in the meta-analysis. The diamond at the bottom shows the
summary (pooled) SMD, with the width indicating the 95 % CI. Positive SMD values (right side of the plot) indicate greater VA strain during ROM testing than during
¢SMT, favoring cSMT as the less stressful intervention. Negative values (left side) would indicate greater strain during cSMT. The vertical line at 0.00 denotes no

difference between the two conditions.

Taken together, these findings reinforce that cervical spinal manip-
ulative therapy, when performed under controlled conditions, results in
lower strain on the V3 segment of the vertebral artery than passive
range-of-motion testing involving rotation or combined exten-
sion-rotation movements.

3.5. Reporting and publication bias

Due to the limited number of studies included in the meta-analysis,
formal statistical tests to assess publication bias (e.g., funnel plots or
Egger’s regression) were not conducted, in line with PRISMA 2020
guidelines. Instead, we reviewed potential sources of bias by examining
study funding and searching trial registries for unpublished studies.

Several of the included studies received funding from chiropractic
organizations, such as the Canadian Chiropractic Research Foundation
and the Alberta College and Association of Chiropractors. While these
sources reflect a professional interest in the topic, no study reported
funding from commercial or industry sponsors. The included studies
employed consistent and methodologically sound approaches. Addi-
tionally, no relevant unpublished studies were identified in the registries
searched (Open Science Framework (OSF) and International Prospective
Register of Systematic Reviews (PROSPERO)). Taken together, these
findings suggest a low risk of reporting or publication bias.

4. Discussion

The findings of this systematic review and meta-analysis reinforce
existing evidence that the magnitude of strain imposed on the VA during
passive cervical ROM testing is substantially greater than that observed
during the application of cSMT. These results are consistent with prior

biomechanical investigations using fresh, unembalmed human cadavers
in conjunction with high-precision methodologies—most notably, real-
time strain measurements via piezoelectric ultrasonographic crystals
(Fagundes and Herzog, 2024; Piper et al., 2014). The study of Fagundes
and Herzog (2024) demonstrated that cSMT produces peak strain values
of less than 1.3 % within the V3 segment of the VA, whereas passive
movements such as contralateral cervical rotation and combined
extension-rotation elicited strains exceeding 12 % (Symons et al., 2002).

Notably, the V3 segment of the VA — extending from CO to
C2—consistently demonstrated the highest levels of strain during pas-
sive contralateral cervical rotation and combined extension-rotation.
Owing to its anatomical course through the transverse foramina of the
upper cervical spine and its substantial mobility, this segment has been
postulated as particularly vulnerable to vascular stress. For instance,
Symons et al. (2002) reported peak strain values of 12.5 % + 10.1
during contralateral rotation and 11.8 % =+ 8.6 during extension with
rotation at the CO-C1 level. Similarly, Piper et al. (2014) reported strain
values of up to 6 % at the C0-C1 level during contralateral rotation, with
corresponding values of 4 % at C1-C2 and 3 % at C2-C3. In contrast, the
application of ¢cSMT consistently resulted in markedly lower strain
values. Fagundes and Herzog (2024) found peak strain during the thrust
phase of ¢SMT was only 1.3 % at C0-C1 and 0.1 % at C1-C2. Likewise,
Herzog et al. (2012) reported maximum cSMT-induced strain in the V3
segment at 3.8 %, which is still significantly smaller than values
observed during passive ROM testing. These comparative findings sug-
gest that psysiological head movements impose considerably more
strain on the VA than ¢cSMT performed using typical clinical procedures
by trained clinicians. However, these findings derive from cadaveric
models that lack physiological factors such as blood pressure, vascular
tone, and hypertension, which may influence strain responses and
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susceptibility to injury in living humans.

It is essential to acknowledge the high methodological rigor of the
biomechanical studies included in this analysis, which lends substantial
robustness and credibility to the findings presented. The use of fresh,
unembalmed human cadaveric specimens—an approach that preserves
the native mechanical and structural properties of biological tissues, in
contrast to embalmed bodies—represents a gold standard for anatomical
and biomechanical research (Freedman et al., 2022). When combined
with the application of piezoelectric ultrasonic crystals, this methodol-
ogy enabled the acquisition of real-time, high-precision data on VA
strain, accurately replicating physiological cervical motion conditions.
Nonetheless, the potential interaction between vascular risk factors,
such as hypertension, and mechanical strain cannot be captured in these
models, and thus the findings should be generalized to clinical pop-
ulations with caution.

4.1. Limitations

Although our literature search included multiple databases and
incorporated backward and forward citation tracking to enhance
comprehensiveness, we did not collaborate with a professional librarian
or information specialist during the search strategy development. This
may have limited the search sensitivity and completeness. Future re-
views could benefit from involving a librarian to optimize search stra-
tegies and ensure the most exhaustive retrieval of relevant studies.

It is important to recognize that all cadavers used in this study were
structurally intact and did not present pathology in the vertebral ar-
teries. This imposes a limitation on the generalizability of these results to
clinical populations with underlying VA compromise. Furthermore,
there were only six studies that satisfied the inclusion criteria, and only
four studies that were appropriate for the meta-analysis. Additionally,
due to the technical and methodological complexity of these studies, all
studies included in this review were performed by one research group,
although the primary investigators were different for the different
studies. However, this limitation highlights the need for more studies in
this area to further elucidate the underlying mechanisms and safety
concerns.

4.2. Clinical implications

The findings of this systematic review and meta-analysis demon-
strate that cSMT induces significantly less strain on the VA compared to
passive cervical ROM, particularly within the vulnerable V3 segment
(CO-C2). This suggests that, as cSMT imposes less mechanical load on
the VA than passive cervical ROM, the biomechanical risk of VAD may
be correspondingly lower, given that, biomechanically, VAD is believed
to result from strain exceeding the vessel’s physiological tolerance.
Nonetheless, rigorous clinical evaluation remains essential prior to
administering ¢cSMT, as additional risk factors, most notably the pres-
ence of vascular comorbidities, must be carefully considered to ensure
patient safety.

5. Conclusion

These findings provide robust biomechanical evidence that cSMT,
when performed under controlled conditions, induces markedly lower
vertebral artery (VA) strain—particularly within the V3 segment—than
physiological cervical movements such as contralateral rotation and
combined extension-rotation. The methodological rigor of the included
studies, notably the use of fresh, unembalmed human cadaveric speci-
mens and high-precision, real-time strain measurement via piezoelectric
ultrasonic crystals, lends considerable internal validity to these results.
However, as these studies were conducted in cadavers without physio-
logical factors such as blood pressure or vascular pathology, caution is
warranted when generalizing to living populations, especially those
with vascular risk factors. Other mechanisms of vertebral artery injury,
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including embolic causes unrelated to mechanical strain, are beyond the
scope of this review. Therefore, while the data support the biome-
chanical safety of c¢SMT, clinical application should proceed with
appropriate screening and judgment. Within an evidence-informed
framework, ¢SMT can be considered biomechanically safe for man-
aging neck pain when used judiciously.
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