
Introduction
Over the last several decades, the annual number of spinal fu-
sion surgeries has rapidly increased due to the combination 
of an aging population, technological advances, and expand-
ing indications for fusion [1]. The most prevalent indications 
are spondylolisthesis, scoliosis, degenerative disc disease, 
and spinal stenosis; although the volume of surgical inter-
vention for spinal stenosis is declining [2]. Despite its prom-
ising results, complications, including non-union, wound in-
fection, and implant failure, are reported in 13.3 to 18.7% 
of patients undergoing posterior, anterior, or transforaminal 
lumbar interbody fusion [3]. Multiple factors influence the 
formation of a solid bony union. Systemic host factors in-
clude smoking status, nutritional status, growth hormone 
levels, inflammatory state, and mechanical stress [4,5]. Sur-
gical site factors include the choice of bone graft material, the 
number of fusion levels, and biomechanical properties of the 
fusion construct [6]. 

The rising number of spinal fusions is associated with a rise 
in the number of pseudarthroses. Therefore, improving re-
covery after spinal fusion surgery presents a significant chal-
lenge for both patients and surgeons. Interventions such as 
preoperative education, multimodal analgesia, prevention of 
postoperative nausea and vomiting, and antimicrobial pro-
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phylaxis have been adopted to minimize complications and 
reduce postoperative pain. Studies have also evaluated the 
benefits of alternative therapies in spinal fusion. Increasing 
evidence demonstrates the efficacy of acupuncture alone or 
as an adjunct to pharmaceutical therapies for pain manage-
ment after spinal surgery. Adequate pain control in the post-
operative period allows for early patient mobilization, which 
promotes proper fusion [5]. Sufficient and correct loading of 
the joint prevents matrix reabsorption and pseudoarthrosis 
[5]. Furthermore, optimizing nutritional status prior to sur-
gery has been shown to prevent postoperative complications 
and reduce disability after surgery [7]. 

This review provides an overview of the pathophysiology of 
healing after spinal fusion surgery and a discussion of the 
current research on complementary approaches, including 
acupuncture, nutritional augmentation, and exercise, that 
can be integrated into rehabilitation programs to improve 
recovery after spinal fusion surgery.

Pathophysiology
Spinal fusion involves decompressing the nerve root and 
immobilizing the vertebral joint to alleviate pain caused by 
instability and traction upon the joint capsule [8]. While 
temporary support is achieved by placing an implant in the 
intervertebral disc space, permanent support requires the 
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formation of a solid osseous union of the adjacent vertebrae 
and implant.

For fusion to succeed, osteoprogenitor cells must mature 
into osteoblasts that permeate the fusion matrix (allograft, 
autograft, or biomatrix) and deposit bone. Graft incorpora-
tion follows a similar process as fracture healing and can be 
divided into five overlapping stages: inflammation, vascular-
ization, osteoinduction, osteoconduction, and remodeling, 
as shown in Figure 1 [9,10].

The inflammatory cascade is initiated by surgical trauma 
and comprises the first 14 days of the postoperative period 
[11].  The infiltration of immune cells, pro-inflammatory cy-
tokines (IL-1, IL-6, CRP, TNF, RANKL), transforming growth 
factors-β (Bone Morphogenetic Protein-2 (BMP2)), and 
angiogenic factors is responsible for enhancing extracel-
lular matrix synthesis, angiogenesis, and infection control   
[10,12]. The inflammatory response peaks on postoperative 
day 1 after spinal instrumentation surgery, though the body 
simultaneously mounts an anti-inflammatory response 
[12]. Nevertheless, there seems to be a necessary level of in-
flammation present during early bone healing as lower rates 
of fusion are observed among patients treated with anti-in-
flammatory medications such as NSAIDs, COX-2 inhibitors, 
and steroids [10,13,14]. 

Next is the vascularization phase, where vascular endothe-
lial growth factor (VEGF), platelet-derived growth factor 
(PDGF), and epidermal growth factor (EGF) promote con-
tinued vascular proliferation. This provides access for os-
teoprogenitor cells and nutrients to supply the distal matrix. 
The initial stages of healing are susceptible to nicotine as it 
causes vasoconstriction and endothelial damage leading to 
delayed revascularization of bone grafts, the formation of 
zones of necrosis, and a significantly elevated pseudoarthro-
sis rate [15,16]. 

Osteoinduction begins 2 to 3 weeks after transplantation as 
stem cells differentiate into osteoblasts and form a callus. 
This process is largely determined by local host and graft 
factors, especially BMP-2 [5]. Osteoconduction occurs as 
osteoblasts grow into the fusion matrix and synthesize new 

Figure 1: Graft incorporation occurs in five stages. The inflam-
matory phase begins immediately after surgical intervention, 
followed by the vascularization phase. After 2-3 weeks, osteo-
induction begins, followed by osteoconduction. Osteoinduction 
and osteoconduction can occur simultaneously as stem cells 
differentiate into osteoblasts that grow into the fusion matrix. 
Remodeling occurs during the final stage as osteoblast and os-
teoclast activity lead to a fully mineralized bone matrix.   

bone. The osteoinductive and osteoconductive properties of 
implant materials are topics of ongoing research aiming to 
manipulate the bone healing process. The remodeling phase 
begins as osteoblast activity fills the matrix with new bone 
while osteoclast activity resorbs the graft. The outcome is a 
fully loadable reconstructed osseous union of two vertebrae. 

Successful fusion is clinically assessed by radiographic find-
ings and patient-reported outcomes. Assuming that patho-
logical motion and reduced mechanical integrity of the spine 
cause pain and disability, patients achieving a solid osseous 
union would be expected to have better clinical outcomes 
than those who do not. On this basis, recent guidelines make 
a Grade B recommendation that improving radiographical 
fusion can improve clinical outcomes after lumbar arthrod-
esis for degenerative disease [17]. However, studies consid-
ered in this guideline provide evidence against a correlation 
between radiographic fusion and clinical outcomes [18-20]. 
Therefore, clinical suspicion and patient-reported symp-
toms should be considered independently of radiographs to 
detect pseudoarthrosis. 

In a comprehensive review evaluating outcome measures of 
treatments for chronic low back pain, Chapman et al. em-
phasize the utility of outcome measures that prioritize pain, 
function, and quality of life [21]. Postoperative pain is asso-
ciated with decreased patient satisfaction, delayed postop-
erative ambulation, and increased morbidity and mortality 
[22]. In a recent review of 179 surgical procedures, spinal 
procedures were associated with a higher level of postop-
erative pain than other surgical procedures. The second 
and third highest ranking pain scores on the first postop-
erative day are lumbar fusion of one to two segments and 
lumbar fusion of three or more segments, respectively [23].
This study concluded that pain treatment after major spinal 
surgery is insufficient as epidural anesthesia was not used 
for this population, and mean opioid doses were lower than 
the patient-controlled analgesia group [23]. These findings 
suggest that pain is a significant clinical measure requiring 
greater attention in postoperative patient care.

Pain intensity has implications beyond the immediate post-
operative period. In a study of 260 patients undergoing a sur-
gical laminectomy with or without fusion for spinal stenosis, 
changes in pain intensity at one visit were predictive of im-
provements in physical function and reductions in disability 
at the following visit for the first year after surgery [24]. Be-
yond that, some patients experience persistent postopera-
tive pain syndrome (PPP), also termed failed back surgery 
syndrome, which comprises chronic back and leg pain that 
persists despite surgical intervention [25]. Patients experi-
encing PPP following lumbar surgery report a lower health-
related quality of life, decreased function, increased work 
disability, and higher annual medication costs compared to 
patients experiencing other common pain syndromes, such 
as rheumatoid arthritis, osteoarthritis, fibromyalgia, and 
complex regional pain syndrome [25]. Patients with PPP 
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also have significantly higher healthcare usage, primarily 
due to a higher average cost of pain medications. They are 
also twice as likely to have two or more inpatient hospital 
stays in the first two years after surgery [26]. Therefore, ef-
fective pain control in the perioperative period is necessary 
for improving surgical outcomes.

Overall, successful fusion depends on specific microscop-
ic changes at the cellular level in addition to macroscopic 
changes such as correct loading of the joint, radiographic 
changes, and pain reduction. Complementary approaches, 
including acupuncture, nutritional augmentation, and exer-
cise, can be integrated into rehabilitation programs to im-
prove recovery after spinal fusion surgery.

Acupuncture
Acupuncture has been a major therapeutic method in the 
Far East for thousands of years. Traditional Chinese Medi-
cine, including acupuncture, is based on the concept of a vi-
tal force, called Qi, that travels through channels in the body 
called meridians. When there is an interruption of flow or 
an imbalance of Qi, disease can occur. Stimulation of acu-
points located along the network of meridians is believed to 
have a therapeutic effect by restoring Yin-Yang balance [27]. 
Acupuncture research has markedly increased as it gained 
popularity in the western world and is now widely used for 
pain management and the treatment of conditions includ-
ing stroke, nausea, vomiting and mental health management 
[28].

Mechanisms of Acupuncture Analgesia
To evaluate the role of acupuncture in improving recovery 
post-spinal fusion surgery, it is important to assess the pur-
ported mechanisms by which it causes pain relief. An early 
and popular theory to explain acupuncture analgesia pos-
its that acupuncture promotes the release of endogenous 
opioids from lymphocytes, monocytes/macrophages, and 
granulocytes [29] and increases the opioid receptor affin-
ity and number [30]. Following acupuncture treatment, 
the expression of opioid peptides, including endomorphin 
(µ-opioid agonist), dynorphin (κ-opioid agonist), enkepha-
lin and β-endorphin (µ- and δ-opioid agonists), is upregu-
lated. The binding of opioid peptides to their receptors on 
central neurons induces antinociception [30]. In 2010, Ta-
guchi et al. investigated whether endogenous peripheral 
opioid receptors participated in electroacupuncture anal-
gesia in a rat model for inflammatory pain. Before under-
going treatment with acupuncture, each rat was injected 
with a selective or nonselective opioid receptor antagonist. 
The results demonstrated a dosage-dependent blockade of 
acupuncture-induced inhibition of mechanical hyperalgesia 
[31,32]. Taguchi et al. concluded that electroacupuncture ac-
tivates peripheral µ, κ, and δ receptors to induce analgesia.

Acupuncture is also suggested to act by modulating the in-
flammatory response through mechanical stimulation of the 

hypothalamic-pituitary-adrenal (HPA) axis and autonomic 
pathways [33]. Activation of the HPA axis promotes the re-
lease of glucocorticoids from the adrenal glands leading to 
transactivation of anti-inflammatory cytokines, IL-4 and IL-
10, as well as blockade of pro-inflammatory transcription 
factors, NF-kB (Nuclear factor kappaB) and AP-1(activator 
protein-1) [33]. Vagal stimulation is achieved at various 
acupoints and has been found to attenuate serum concen-
trations of NF-kB, in addition to inflammatory cytokines 
IL-6 and IL-1b [33]. Specifically, electroacupuncture at the 
ST36 acupoint in a neuropathic surgery mouse model up-
regulated serum IgG concentration, promoting neurologi-
cal recovery and inhibiting spinal glial cell activation [34].  
Electroacupuncture (EA) at ST36 also restored the level 
of vitamin D precursor in this mouse model [35]. Another 
proposed anti-inflammatory mechanism is acupuncture-
induced microtrauma. Local detection of damage by A- and 
δ- and C- fibers activates the neuro-immune reflex to release 
vasoactive substances and triggers the local inflammatory-
anti-inflammatory response. Adenosine is also released in 
response to microtrauma and acts on A1 receptors in sen-
sory afferents of ascending nerve tracts to produce antino-
ciceptive properties [27,29]. Acupuncture is suggested to 
dampen the transmission of noxious input at the spinal level 
by interfering with the activity of serotonin, norepineph-
rine, glutamate, substance P γ-aminobutyric acid (GABA), 
dopamine receptors and various signaling molecules [29].

As illustrated in Figure 2, acupuncture acts through various 
proposed pathways to produce analgesic and anti-inflam-
matory effects. Mainly, it relies on the release of endogenous 
opioids, inflammatory mediators, and local microtrauma. 

Figure 2: Acupuncture yields direct analgesic effects by acting 
on endogenous opioid receptors or interfering with the trans-
mission of noxious stimuli by other neurotransmitters. The 
mechanical stimulation at acupoints acts through intermedi-
ate mechanisms at the HPA axis and vagus nerve to indirectly 
promote anti-inflammatory effects. Local microtrauma from 
acupuncture needles activates the neuro-immune reflex, which 
modulates the immune response. A reduction in inflammation 
can lead to pain relief and vice versa. 5-HT, serotonin; NE, nor-
epinephrine; GABA, γ-aminobutyric acid; SP, substance P; NF-
kB, nuclear factor kappaB; AP-1, activator protein-1.
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Current research is exploring new targets potentially in-
volved in acupuncture analgesia. In 2021, Wang et al. inves-
tigated changes in the level of endocannabinoid receptor 1 
(CB1) following electro acupuncture in the incisional pain 
rate model [36]. Their findings revealed that the expression 
of CB1 was upregulated after EA stimulation, providing evi-
dence for its role in pain relief [36]. Another study investi-
gated whether EA stimulation protects the motor endplate 
and enhances recovery in rats with spinal cord injuries [37]. 
Their findings concluded that EA treatment in rats upregu-
lated the expression of synaptic differentiation marker Tuj-
1 while suppressing the inflammatory response [37]. EA 
also reduced muscular atrophy in rats while limiting the 
formation of glial scars and recovering motor function [37]. 
In addition, Zhang et al. demonstrate that EA promotes the 
growth of new neurons while inhibiting astrocyte activation, 
favoring overall spinal cord repair. Despite the wide range 
of proposed mechanisms of acupuncture action, pain reduc-
tion and inflammatory modulation remain the main targets. 
As more studies evaluate the role of acupuncture in modern 
medicine, it is important to recognize that the physiological 
activity of acupuncture therapy can vary, as seen with differ-
ent animal models. 

Clinical Applications
Perioperative acupuncture provides clinically significant 
benefits for patients. It helps to reduce preoperative anxiety, 
postoperative nausea and vomiting, consumption of anes-
thetics and analgesics, and hemodynamic instability. 

Preoperative care
Preoperative anxiety is linked to sustained anxiety after sur-
gery, increased postoperative sensitivity to pain, suppressed 
immune system, increased postoperative infection, and pro-
longed recovery time [38].  In a 2014 meta-analysis of ran-
domized controlled trials (RCTs), Bae et al. demonstrated 
that acupuncture could decrease preoperative anxiety com-
pared to non-treatment and sham treatment conditions. 
This relationship held true for all types of acupuncture, in-
cluding acupuncture needles, acupressure balls or beads, 
electroacupuncture, auricular acupoints, and body acupoint 
stimulation. The acupoints used to decrease preoperative 
anxiety were the third eye (Yin-Tang) and the relaxation au-
ricular point [39].  In a 2021 meta-analysis, Tong et al. also 
concluded that acupuncture therapy could decrease anxiety 
assessment scores in patients with preoperative anxiety; 
however, they reported that the evidence is of moderate 
to low quality and that further research is necessary to as-
sess the reliability of these results [40]. Acupuncture could 
also improve a patient’s preoperative condition by stabiliz-
ing blood pressure and blood sugar levels and lowering the 
risk of intraoperative anesthesia, thus reducing the risk of 
postoperative complications and supporting proper recov-
ery [38].

Intraoperative/Postoperative care

Spinal fusion surgery has been rated as one of the most 
painful procedures regardless of the number of levels fused 
[23]. Poorly controlled pain limits patient mobility which 
may ultimately increase the risk of complications including, 
deep vein thrombosis, pulmonary embolus, and pneumonia 
[41]. Successful pain management in the perioperative pe-
riod can improve surgical outcomes, reduce hospital length 
of stay (LOS), and decrease the development of chronic 
pain conditions such as PPP [41]. Opioid analgesics are the 
most widely used agent for postoperative pain control. De-
spite being the first-line analgesic therapy in this setting, its 
overuse is associated with significant adverse effects rang-
ing from nausea, vomiting, and bowel dysfunction to som-
nolence and respiratory depression. Although multimodal 
pain management protocols suggesting the addition of 
NSAIDs, acetaminophen, anticonvulsants, muscle relaxants, 
and neuraxial blockade demonstrated improved pain man-
agement with less reliance on opioids, there remains a con-
cern for adverse effects on bone fusion, liver toxicity, and the 
central nervous system [41]. Acupuncture provides an ad-
ditional mode of analgesia with minimal adverse outcomes 
and similar effects of reduced opioid demands.

A systematic review on the effectiveness of acupuncture 
and acupuncture-related techniques (EA or transcutane-
ous electric acupoint stimulation (TEAS)) for treating acute 
postoperative pain identified thirteen RCTs with a total of 
682 patients. All trials had two groups to compare acupunc-
ture to control therapy. Although the location and timing of 
treatment relative to surgery varied among studies, patients 
treated with acupuncture or related techniques experienced 
less pain and used fewer opioid analgesics on the first day 
after surgery compared to the control group (p<0.001). 
Further subgroup analysis concluded that conventional acu-
puncture and TEAS were associated with less postoperative 
pain on the first day after surgery, while EA had similar ef-
fects as the control group. Additionally, TEAS had a greater 
association with reduced opioid analgesic use compared to 
other acupuncture techniques and control treatments [42]. 

More recently, a 2022 systematic review of 12 RCTs with 
904 patients assessed the effect of acupuncture combined 
with patient-controlled analgesia (PCA) on acute postopera-
tive pain and opioid use reduction after back surgery. The 
results showed that acupuncture with PCA was associated 
with lower visual analog scale (VAS) scores for pain and less 
postoperative opiate analgesia compared to sham acupunc-
ture with PCA or PCA alone. Moreover, acupuncture with PCA 
reduced the incidence of overall PCA-related complications, 
compared to PCA alone, further demonstrating the benefits 
of acupuncture in back surgery [43]. Also, in 2022, Chen et 
al. published a retrospective study evaluating acupuncture 
as adjuvant therapy for pain control after surgery for degen-
erative lumbar disease. The study analyzed 96 patients re-
ceiving acupuncture, PCA, or routine analgesics in addition 
to regular acetaminophen/ibuprofen. On postoperative day 
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6, patients in the acupuncture group had significantly lower 
VAS scores than the other two groups (p=0.047). However, 
there was no statistical difference on postoperative days 1 
and 2 [44]. In addition, a significantly greater number of pa-
tients treated with acupuncture reported complete or much 
improvement of their back pain after surgery than patients 
in the PCA or routine analgesics groups [44]. Therefore, 
these results highlight that as a conservative mode of an-
algesia, acupuncture may offer similar or better outcomes 
than pharmacologic treatments with a considerably lower 
risk of side effects. Another similarly constructed study 
retrospectively evaluated the effectiveness of acupuncture 
for treating postoperative pain in patients with degenera-
tive lumbar disease [45]. In this study, acupuncture had a 
greater acute analgesic effect than standard oral pain reliev-
ers, a comparable effect to PCA, and prevented rebound pain 
during the monitoring period [45]. Subgroup analysis of pa-
tients receiving preoperative acupuncture or not revealed 
that those who received preoperative acupuncture inter-
vention experienced stronger analgesic effects on the third 
postoperative day and less rebound pain during their recov-
ery [45]. Despite its limitations of a small sample size and 
the subjective perception of difference, this study suggests 
the potential overall superiority of acupuncture compared 
to standard treatment options and introduces how factors 
such as treatment timing can influence patient outcomes.   

While most studies evaluate the role of acupuncture in acute 
pain reduction after back surgery, very few trials have as-
sessed the effectiveness of acupuncture for non-acute pain 
after back surgery. Heo et al. conducted a pilot RCT in 2018 
on 40 patients with at least 3 weeks of postoperative lower 
back pain who were allocated to receive either usual care 
(UC, drug therapy, physiotherapy, and education) alone or 
UC in conjunction with EA. Both groups received eight treat-
ments over 4 weeks. At 4 and 8 weeks after treatment, out-
comes of back pain intensity, back pain-related disability, 
and quality of life were measured using the VAS score, Os-
westry disability index (ODI), and EuroQol Five Dimensions 
(EQ-5D) questionnaire, respectively. Although there were no 
statistically significant differences in the VAS score and EQ-
5D between the two treatment groups at 8 weeks, there was 
a statistically significant decrease in ODI after 8 weeks in the 
EA plus UC group compared to UC alone [46]. Though the 
findings of this RCT are limited by its nature as a pilot study, 
the improvement in disability scores is promising and merit 
further trials to determine the extent of long-term benefits.

Postoperative nausea and vomiting (PONV) present a bar-
rier to early discharge after spine surgery. Since opioid med-
ications contribute to PONV, an emphasis is placed on mini-
mizing their administration and, instead, using non-opioid 
analgesia to limit these side effects [47]. To help combat 
the incidence of PONV, acupuncture and acupressure have 
been investigated as alternatives to current pharmacologic 
treatments. In a single-blinded, sham-controlled study of 

127 patients, patients receiving auricular acupressure from 
returning to the ward until postoperative day 2 had a signifi-
cantly reduced severity of PONV during the first 72 hours af-
ter surgery [48]. A 2015 Cochrane Systematic Review of 59 
RCTs with 7667 patients found that stimulation at the PC6 
acupoint was as effective as antiemetic prophylaxis at pre-
venting PONV and reducing the need for rescue antiemetics, 
compared to sham treatment [49]. 

As summarized in Table 1, acupuncture and similar tech-
niques can improve postoperative pain and reduce opioid 
use in the perioperative setting. Several studies demonstrat-
ed the ability of acupuncture to achieve greater pain con-
trol than other methods without the side effects of opioids, 
NSAIDs, or PCA. Acupuncture was also found to be safe, with 
no or minimal recognized adverse effects [50,51]. 

Table 1: A summary of the clinical benefits of acupuncture ther-
apy in the preoperative and postoperative/intraoperative settings

Preoperative Postoperative/Intraoperative
Reduces anxiety 
Stabilizes blood pressure

Reduces acute pain 
Decreases opioid demand

Stabilizes blood glucose Reduces PCA-related complications
Reduces disability
Prevents/reduces PONV

In the past 10 years, there appears to be a greater number 
of studies evaluating the use of acupuncture for the manage-
ment of postoperative pain after surgery. Due to variations 
in pain control regimens and limited generalizability of the 
findings, acupuncture will remain an attractive option for 
postoperative pain management but requires rigorous con-
trolled, prospective studies to definitively establish safety 
and superiority over conventional methods. 

Nutritional Augmentation
Preclinical Nutritional Augmentation
Malnutrition has been shown to significantly increase com-
plications, mortality rates, and LOS in patients recovering 
following lumbar spinal fusion [52]. Malnutrition has also 
been linked to an increased risk of developing surgical site 
infections following surgery, and malnutrition has been 
correlated with patients requiring multiple surgical inter-
ventions [53,54]. As a preventative measure for improving 
postoperative outcomes, nutritional supplementation is rec-
ommended for malnourished patients before surgery, espe-
cially since it is an independent risk factor for infection and 
wound complications following spinal fusion [55]. 

Vitamin D is a secosteroid hormone necessary for calcium 
and phosphate absorption. In the musculoskeletal system, 
the activity of vitamin D is responsible for bone mineraliza-
tion and is positively associated with bone mineral density. 
Prolonged and severe vitamin D deficiency leads to rick-
ets in children and osteomalacia in adults [56]. Vitamin D 
deficiency also exacerbates osteopenia, osteoporosis, and 
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fractures in adults and is a risk factor for cancers, autoim-
mune diseases, hypertension, and infectious disease [57]. 
Although vitamin D has been extensively studied for its role 
in overall bone health, there is conflicting data regarding 
vitamin D supplementation during bone repair and post-
traumatic bone turnover [58]. In rat models undergoing 
posterolateral inter-transverse process spinal fusion, those 
fed a hyper-vitamin D diet preoperatively had improved 
quantitative measures of femoral biomechanics and geom-
etry, including femoral strength, stiffness, density, and corti-
cal thickness. Although the spinal fusion rate and stiffness 
did not correlate to the above changes in femoral character-
istics, this study describes a significant positive relationship 
between spinal stiffness to femur max load [59]. Interest-
ingly, this study also observed a decrease in serum vitamin D 
levels during fusion healing. Therefore, they concluded that 
dietary vitamin D above normal level improves bone health 
in a rat posterolateral spinal fusion model [59]. An overview 
of the benefits of Vitamin D on bone health is shown in Fig-
ure 3.

Vitamin E is an antioxidant stress agent that affects the bone 
remodeling process and has shown preventative effects on 
bone loss in osteopenic women through anti-resorptive ac-
tivity [60]. The Vitamin E isomer, α-tocopherol, has been 
found to prevent osteoporosis and improve bone fracture 
healing by purportedly increasing the activity of antioxidant 
enzymes. These enzymes neutralize excess free radicals re-
leased during the early phase of fracture healing in osteopo-
rotic bone [61,62]. 

Figure 3: Vitamin D is converted into its active form of 1,25- 
dihydroxycholecalciferol (1,25(OH)2D). It benefits bone health 
by improving calcium absorption, promoting bone mineraliza-
tion, supporting muscle function, modulating inflammation, 
reducing the risk of fall-related injuries, and prevents osteopo-
rosis.

As mentioned in the above discussion of bone healing, os-
teogenic cells need to travel to the fracture or fusion site to 
begin remodeling and repair. Stimulation of osteoblast mi-
gration at this stage could be a promising strategy for en-

hancing osteoanabolic functions. δ-tocotrienol is a form of 
Vitamin E that stimulates the migration of both MC3T3-E1 
osteoblast-like cells and primary human bone marrow mes-
enchymal stem cells (BMSC). The δ-tocotrienol-promoted 
migration of MC3T3-E1 cells depends on Akt phosphory-
lation and activation of the Wnt/β-catenin signaling path-
way[63].In the study by Casati et al., treatment of BMSCs 
with δ-tocotrienol increased β-catenin transcriptional ac-
tivity and, when inhibited, reduced wound healing activ-
ity of δ-tocotrienol and MC3T3-E1 cells. The δ-tocotrienol 
treatment also increased the expression of β-catenin target 
genes, osteocalcin, and BMP-2, involved in osteoblastic dif-
ferentiation and migration [63,64]. 

Red yeast rice is produced by the fermentation of myce-
lia of Monascus purpureus and has shown potential as an 
agent for bone formation [65]. Red yeast rice promotes the 
proliferation of osteoblasts and increases the expression of 
alkaline phosphatase (ALP), a glycoprotein related to osteo-
blastic function. It is suspected to act via the BMP-2/Smad 
signaling pathway by increasing the BMP content of mes-
enchymal stem cells, inducing their differentiation into os-
teoblasts. Additionally, red yeast rice-induced improvement 
of bone mineral density may be related to the promotion of 
bone matrix mineralization by osteoblasts [66]. 

Clinical Nutrition Augmentation
Malnutrition in patients undergoing elective spinal fusion 
surgery could prolong inflammation, impede wound heal-
ing, and increase the risk of surgical site infection [7,67]. 
Considering the morbidity and mortality associated with 
these complications, nutritional status is critical follow-
ing spinal fusion. To assess the nutritional status, serologic 
parameters such as total lymphocyte count, albumin level, 
prealbumin level, and transferrin levels can be used. Preop-
erative hypoalbuminemia has been shown to increase mor-
bidity, readmissions, reoperations, and mortality following 
spine surgery [7,68,69], preoperative albumin levels of less 
than 20mg/dl was shown as a predictor for developing post-
operative infection [70]. and future research is needed to 
help elucidate the predictive value of preoperative transfer-
rin levels on postoperative complications[71]. 

Preoperative nutrition assessment and optimization of nu-
tritional parameters, including blood glucose, serum albu-
min, and body weight, may reduce the risk of perioperative 
complications [72]. Poor wound healing resulting from dia-
betes showed significantly higher postoperative infection 
rates, a 5-fold increase compared to preoperative nondia-
betic patients [7]. For obese patients, spinal fusion opera-
tive times are longer, occur with greater blood loss, and have 
more postoperative complications [73-76]. Hypoalbumin-
emia can present in obese patients due to inadequate pro-
tein intake despite excessive calorie consumption, serving 
as a significant risk factor for delayed wound healing. Addi-
tionally, increased distance from the skin to the lamina and 
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thickness of subcutaneous tissue significantly raised surgi-
cal site infection rates [77]. 

Diagnosing malnutrition prior to surgery is vital as it influ-
ences postoperative patient outcomes [78]. For instance, 
determining albumin, transferrin, and lymphocyte counts 
prior to spinal fusion can identify potential adverse events 
[78]. Low levels of these parameters have an increased risk 
of surgical site infections, LOS, postoperative complications, 
and mortality [55,78]. Interventions before surgery can be 
taken to reduce the likelihood of complications. One study 
found that a powder containing protein, carbohydrates, and 
other nutritional elements was linked to a shorter LOS, im-
proved management of electrolyte imbalances, and higher 
albumin levels following surgery [67]. Additionally, oral 
nutritional supplements are associated with improved out-
comes compared to the standard clinical care [79]. 

Preoperative consumption of more than 2 units of alcohol 
increases the risk of adverse events following spinal surgery 
[80]. Deep vein thrombosis, delirium, bleeding, cardiopul-
monary complications, and infections are some complica-
tions associated with alcohol consumption following spinal 
surgery [78]. Some studies investigated the efficacy of alco-
hol cessation interventions 1-2 months prior to surgery and 
found that it reduces the incidence of postoperative compli-
cations but not mortality [81]. Interventions focusing on be-
havior changes, vitamins, benzodiazepines, and disulfiram 
are also suggested to reduce the risks following surgery [78]. 

About one-third of patients undergoing elective surgery 
have preoperative anemia associated with higher complica-
tion and readmission rates. Preoperative anemia in patients 
undergoing elective spine surgery significantly increases 
the risk of transfusions, LOS, and poorer outcomes at 30 
days [82,83]. Therefore, screening for and treating anemia 
before and after elective spine surgery can be expected to 
improve outcomes. A 2017 international consensus state-
ment recommends managing iron deficiency with oral iron 
in the 6-8 weeks before surgery [84]. Although evidence 
supports interventions such as oral iron supplements, iron 
infusions, or erythropoietin for anemic patients undergo-
ing spine surgery, there remains a debate over the target 
hemoglobin needed for meaningful improvements in out-
comes[78]. Therefore, the current guidelines recommend 
using minimally invasive techniques to minimize blood loss 
and consulting hematology for further guidance [78].

In one RCT, researchers investigated the impacts of a new 
multimodal nutritional management (MNM) protocol con-
sisting of nutritional powders for patients following spi-
nal fusion [67]. The study found that their specific powder 
regimen reduced the total amount of albumin infused and 
increased the postoperative albumin level [67]. Addition-
ally, the incidence of wound drainage declined, accelerating 
wound healing and reducing the risk of infection [67]. The 
MNM protocol decreased the occurrence of hypokalemia, 

hyponatremia, and hypocalcemia [67]. Overall, the study 
found that a nutritional intervention reduced the risk of 
electrolyte disorders, wound drainage, and LOS while re-
maining safe and effective for patients [67]. 

Vitamin D deficiency is associated with muscle weakness, 
inflammation, diminished citrate synthase activity and cal-
cium binding in bone, and reduced content of PGC-1α in 
skeletal muscle of patients with low back pain. There also 
is an association between vitamin D deficiency and spine 
morbidities [85]. Vitamin D supplementation has also been 
shown to further improve the effects of early rehabilitation 
following spine fusion by reducing muscle atrophy of the 
muscles responsible for lumbar spine stabilization [86]. In 
one study, the prevalence of vitamin D deficiency amongst 
patients requiring decompression surgery was 76.5% [87]. 
Maintaining 25-hydroxy vitamin D levels in the serum pre 
and postoperatively was necessary to enhance the long-
term functional outcomes of the spine [87]. Adequate levels 
of vitamin D have been shown to yield stiffer spinal fusions, 
bone volume, and density compared to inadequate levels 
[88]. 

Protein supplementation reduces post-fracture bone loss, 
increases muscle strength, and reduces medical complica-
tions and rehabilitation hospital stay [89]. Maintaining ad-
equate protein intake improves the fusion of vertebrae by 
various mechanisms, such as optimizing IGF-1 levels, in-
creasing intestinal calcium absorption, transporting phos-
phorus, providing structural bone matrix, and improving 
muscle strength [90]. Atrophy of the paraspinal muscles can 
cause weakness following posterior spinal fusion surgery, 
leading to pain and dysfunction postoperatively. One study 
assessed the effect of protein supplementation for four 
weeks and found that it led to the significant enlargement 
of the cross-sectional area of multifidus and psoas muscles 
compared to the placebo group. In addition, less atrophy 
was observed in the erector spinae and quadratus lumbo-
rum muscles, and protein consumption was negatively cor-
related with pain [91]. 

The approach to achieving successful spinal fusion is mul-
tifaceted. As a result, the healthcare team should optimize 
surgical outcomes through personalized preoperative, in-
traoperative, and postoperative interventions based on the 
individual patient status and diagnosis. Diet modifications 
are a practical and effective way of improving postoperative 
spinal fusion complications, and further research on this 
topic could be promising. 

Exercise and Rehabilitation:
Rehabilitation programs tailored to specific exercises are of-
ten needed in patients following spinal fusion surgery [92]. 
These programs include generalized cardiovascular exer-
cises, motor control, and stability training, soft-tissue mo-
bilization, neural mobilization, and patient education, each 
with various outcomes and benefits [93]. 
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After surgery, patients often experience chronic lower back 
pain, so therapies that improve health without increasing 
pain are recommended [92]. For instance, cardiovascu-
lar exercise that improves aerobic functions has beneficial 
health impacts without negatively affecting lower back pain 
postoperatively [94]. By focusing on cardiovascular exercis-
es, such as walking, patients can decrease their pain while 
increasing function, both preoperatively and postoperative-
ly [95,96]. Preoperatively, cardiovascular exercise has been 
shown to decrease the LOS following surgery and enhance 
overall health [93]. In patients with an impaired walking 
tolerance, using recumbent bikes increases cardiovascular 
health before the procedure [93]. Early interventions that 
highlight the importance of mobility have reduced the LOS 
postoperatively, the incidence of adverse events, and back 
pain [93]. 

Studies have demonstrated that lumbar extensor function 
and density are adversely affected following spinal fusion 
[97,98]. Muscle atrophy following surgery is a concern; 
therefore, emphasis is placed on strengthening trunk exten-
sors [99,100]. Proper neuromuscular reeducation ensures 
efficient and effective muscle movement to promote muscle 
healing and to adapt to the new restricted range of motions 
[93]. One study found that core strengthening exercises are 
also beneficial to the spine postoperatively by decreasing 
ODI scores [100]. Certain loading exercises (lifting, bend-
ing, transfers) have improved neuromuscular reeducation 
events like timing for muscle activation [93]. Increasing core 
strength through spine control exercises can be achieved 
through postoperative rehabilitation and has been shown to 
decrease disability scores [93]. 

Soft-tissue mobilization is frequently employed following 
spinal fusion surgery to reduce pain and inflammation by 
reestablishing lymphatic drainage, relaxing muscles, and 
improving blood circulation [93]. Additionally, massage 
therapy relieves patient anxiety and tension [101,102]. Af-
ter spinal fusion, it is important to maximize flexibility and 
reduce pain [103]. In a study investigating the efficacy of 
massage therapy following lumbar fusion, Keller found that 
pain levels decreased following the intervention [93]. How-
ever, the intervention only demonstrated short-term results 
as patients reported pain recurrence one week later, before 
the subsequent massage therapy. Despite the lack of long-
term pain reduction, massage therapy remains a beneficial 
supplementary mode of pain management without adverse 
effects [103]. Additionally, soft-tissue mobilization may be 
particularly useful in patients with anxiety or distress dur-
ing recovery or in those with swelling and pain at the inci-
sion site [93]. 

Pain after spinal fusion can be attributed to nerve root at-
tachment to the scar tissue around the decompressed sac 
[93]. Multiple studies have explored whether neural mobili-
zation should be used to prevent nerve root adherence and 
improve overall outcomes. Neural mobilization includes us-

ing both passive movements and active exercises to increase 
the mobility of the lumbosacral nerve roots [104]. However, 
the efficacy of neural mobilization has been disputed. In 
one study, researchers compared standard rehabilitation 
techniques to standard care plus neural mobilization for 12 
months [104]. They investigated whether pain improved 
with this technique and found no additional benefits to neu-
ral mobilization compared to the standard care group [104]. 
Another study also found that standard care plus neural 
mobilization yields similar pain improvement and disability 
levels as standard care alone[105]. However, neural mobili-
zation techniques are deemed safe for patients after spinal 
fusion and could still decrease nerve adherence to scar tis-
sue and improve range of motion. 

Patient education is crucial in rehabilitation efforts, as it 
lowers anxiety and improves overall patient outcomes and 
satisfaction. Providers should focus on building rapport 
with the patient preoperatively and establishing realistic 
expectations [93]. Improving patient education and under-
standing has been shown to decrease complications and 
LOS[106]. This allows patients to begin early interventions, 
such as cardiovascular exercises before surgery [93]. 

Although physical exercises are associated with various 
benefits, a 2022 systematic review of eight studies found 
that cognitive therapy during physical rehabilitation yields 
more positive outcomes compared to exercise alone[107]. 
The relationship can be best explained by the fear-avoid-
ance model in which physical and psychological symptoms 
interact and affect one another. Catastrophizing and kinesio-
phobia are believed to increase pain and decrease the physi-
cal function of patients [107]. A 2013 RCT of 130 patients 
undergoing lumbar fusion found that cognitive therapy 
was superior to physical rehabilitation alone in managing 
kinesiophobia and catastrophizing [92]. Therapy allowed 
patients to reduce catastrophic thoughts and address fear-
avoidance beliefs, resulting in successful improvements in 
quality of life following spinal fusion surgery [92]. Use of 
cognitive therapy is recommended by seeking out qualified 
personnel who are trained in managing chronic pain and 
spinal disorders [92]. Another longitudinal study published 
in 2022 notes that patients undergoing spinal fusion often 
report postoperative pain and poor walking outcomes up 
to 6 months after the surgery [108]. Factors contributing 
to poor outcomes included preoperative leg weakness and 
an elevated BMI [108]. Additionally, patients who reported 
symptoms of depression also had poorer outcomes when 
compared to those without [108]. Understanding factors 
which influence postoperative outcomes is crucial in devel-
oping the postoperative management of patients undergo-
ing spinal fusion surgeries.

One study found that exercise positively impacts disability 
and pain management 6 months following the procedure 
but remains unclear about long-term benefits [109]. There-
fore, an approach that combines cognitive therapy and re-
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habilitation can improve overall symptoms of pain, quality 
of life, and satisfaction, especially because a combined ap-
proach addresses the role of mental health in postoperative 
outcomes. In addition to patient education, interventions 
such as cardiovascular exercise, stability training, and soft-
tissue mobilization have yielded positive outcomes in vari-
ous studies and should be considered for the perioperative 
management of patients undergoing spinal fusion surgery. 

Conclusion
The attainment of proper fusion is complex and influenced 
by a multitude of clinical factors. There is increasing evi-
dence supporting the use of acupuncture therapy for man-
aging preoperative anxiety, postoperative pain, and post-
operative nausea and vomiting, though clinical trials with 
larger sample sizes and longer follow-ups are necessary to 
guide further clinical recommendations and its adoption 
in multimodal analgesia. Other supportive measures for 
improved recovery after spinal fusion are nutritional inter-
ventions, optimization of nutrition parameters, cognitive 
therapy, physical mobility, and strength training. Although 
no evidence is available for the effectiveness of combina-
tion therapies, the low side effect profile and relative safety 
of these alternative interventions allow tailored treatment 
regimens based on individual patient needs.
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