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Dosage Effects of Extracor poreal Shockwave Therapy in Early Hip Necrosis
Abstract:

Background: This study investigated the effects of differensaiges of
extracorporeal shockwave therapy (ESWT) in eartg@secrosis of the femoral head
(ONFH).

Materials and Methods. Thirty-three patients (42 hips) were randomly deddnto
three groups. Group A (10 patients with 16 hipseireed 2000 impulses of ESWT at
24 Kv to the affected hip. Group B (11 patientswilitt hips) and Group C (12 patients
with 12 hips) received 4000 and 6000 impulses aVESespectively. The evaluations
included clinical assessment, radiographs, dynaowoatrast-enhanced MRI for
microcirculation (K?" and plasma volume (Vp), and blood tests for bidea
analysis (NO3, VEGF, BMP-2, osteocalcin, TMFL-6. substance P, CGRP; DKK-1
and IGF).

Results: Significant differences of pain and Harris hipr&sowere noticed between
Group A and C in 6 months after ESWT (all P<0.0%)e pain score decreased, but
not Harris hip score improved over the observatime period from 6 to 24 months.
Total hip arthroplasty was performed in 3 patigatips) in Group A, but none in
Groups B and C. Group C showed significant chaimgesrum biomarkers for
angiogenesis, osteogenesis, anti-inflammation, {h@eshold and tissue regeneration
between one week and one month after treatmer®€&ll05). However, no
significant changes in the infarction volume in gaatudies were noted in all groups
(all P > 0.05). The post-treatment®and Vp in the peri-necrotic areas of Group B
and C were significantly greater than pre-treatnaeé (both P<0.05).

Conclusions: High dosage ESWT is more effective in early stagg=8. The
systemic beneficial effects of ESWT may ultimatehhance angiogenesis with

improvement of microcirculation of the peri-necoadireas, that in turn, can improve



subchondral bone remodeling and prevent femoral bebapse.
Keywords. ESWTdosage, hip necrosis, angiogenesis, osteogenesis,

anti-inflammation, pain threshold, tissue regenerat



I ntroduction

The etiology of osteonecrosis of the femoral h€aNKH) is multi-factorial, and
the treatment is disease stage dependent [1]. de@m@mpression with or without
bone grafting for symptomatic early stage ONFH, &tdl hip replacement for late
stage of the disease are considered the gold stin[#a 3]. However, the results of
core decompression are inconsistent despite of gesdts reported in selective
series, and many patients eventually undergo lacement surgery [4-11].
Therefore, an effective non-invasive method ofttresnt is imperative and attractive
for patients with early ONFH.

Prior studies reported extracorporeal shockwaveafye(ESWT) had superior
results over core decompression and non-vascutbbiaee graft in early stage of
ONFH [12-20]. Other study demonstrated the regdimeraffects of ONFH after
ESWT [21]. Additional study reported the dosageeatefent effects of ESWT in bone
healing [22]. However, the dosage selections of ESMWONFH are poorly
understood. In prior study, the selections of ES¥g$ages were empirical or
manufacturer recommendations, and the optimal dokad not been scientifically
validated [23]. The incidence of ESWT device radateorbidity such as ecchymosis
was reported as high as 30% when the current pbi®ased [24]. The new trend in
the device design tends to reduce the voltageramdase the number of impulse that
produces better efficacy and safety [24]. To owt lk@owledge, there has been no
study reporting the optimal dosage of ESWT in e@iNFH. The purpose of this
study was to investigate the local and systemicesfof different ESWT dosages in

early ONFH.

Materials and M ethods:

The Institutional Review Board of our institutioppaoved this prospective



clinical trial, and all patients signed the inforn@nsent prior to participation in the
study. The inclusion criteria included the age atignt greater than 18 years old and
the ONFH in stage I, stage Il or stage lll-a acoagdo ARCO classification at initial
presentation [25]. The exclusion criteria inclughadients with late stages of the
disease (stages lll-b, lll-c or stage 1V), patiamsler 18 years of age, patients with
cardiac arrhythmia or pacemaker, patients on imreuppressant drugs, patients with
infection or advanced arthritis, patients with agdagathy, chronic renal failure,
pregnancy and poor compliant patients.

Thirty-three patients with 42 hips were recruitadhis study and were randomly
divided into three groups. The randomization wasgoeed using computer
generated stickers with A, B or C. Group A consisie10 patients with 16 hips.
Group B consisted of 11 patients with 14 hips anou@ C 12 patients with 12 hips.
There were no significant demographic differenceage, gender, duration and
severity of the disease among the three groupsd&hmgraphic characteristics of
the patients are summarized in Table 1.

Shockwave application:

ESWT was performed under either general or spinestesia. Both legs were
properly positioned on fracture table. Under C-amd MRI guidance, the junctional
zone between normal bone and necrotic bone witid@rfémoral head was delineated.
Within the junctional zone, four points approximgte.0 cm apart were chosen under
C-arm imaging control and the corresponding locetivere marked on the skin in
the groin area. Patients in Group A were designasddw dosage group and received
2000 impulses of ESWT at 24 Kv (equivalent to 0.510mnf energy flux density) to
the affected hip. Patients in Group B were desigpghas medium dosage group and
received 4000 impulses of ESWT at 24 Kv to thecéeé hip. Patients in Group C

were designated as high dosage group and reced@igpulses of ESWT at 24 Kv



to the affected hip. ESWT was applied in one sisgigsion.

The evaluation parameters included clinical assesssnradiographs, MR
images and blood tests. The primary end-pointasitimber of hip that required
replacement surgery during the course of treatnidm.secondary end-point is the
improvement in hip pain and function after treatmand the third end point includes
the changes on image studies and blood test results
Clinical assessment:

After ESWT, patients walked on crutches with péstiaight bearing on the
affected limb for 4 to 6 weeks or until hip pairbsided. Patients were allowed to do
range of motion and muscle strengthening exereisdeslerated. Pain score and
Harris hip score of each patient were documentéardéreatment and at 6, 12 and
24 months after ESWT.

Blood tests:

Ten milliliters of peripheral venous blood were abed for the measurements of
serum nitrate (NO3) and vascular endothelial graatiior (VEGF) for angiogenesis,
bone morphogenetic protein 2 (BMP-2) and osteoedtni osteogenesis, tumor
necrosis factor-alpha (TNé&) and interleukin 6 (IL-6) for anti-inflammatory tokines,
substance P and calcitonin-gene related peptid&R@&r pain threshold, and
dickkopf-related protein 1 (DKK-1) and insulin-likgowth factor (IGF) for tissue
regeneration before treatment, and at 1 week, dn@6 months after treatment.
Imaging study:

Before ESWT treatment, radiographs and MR imaghiBI] of the affected hips
were preformed in each patient and the stagingNtfFl®was recorded according to
ARCO classification [25]. The necrotic areas of éeal heads on MRI were
estimated on a high-resolution monitor (Barco visiGD 521MK I, Kortrijk,

Belgium) via the PACS system (Centricity Workstatigersion 3.0, General Electric



Medical Systems, Milwaukee, Wis.). The percentagh® infarcted femoral head
volume (IFHV) was measured by the infarcted fembesd volume divided by total
femoral head volume. The radiographs and MRI wepeated at 6 months after
ESWT. Bone marrow edema around the necrotic regi@ne graded on MRI as
follows: grade 0: no bone marrow edema; grade t:r@erotic; grade 2: edema
extending to femoral head; grade 3: edema exteridifgmoral neck and grade 4:
edema extending to intertrochanteric region.

Dynamic contrast enhancement MR image (DCE-MR#) m®ninvasive
guantitative technique that can be used to meafiacteristics of tissue
microvasculation and is a promising biomarker cdatt for assessing antiangiogenic
treatment [26]. DCE-MR uses two-dimensional T1-wiiegl fast low-angle shot
sequence to assess the microcirculation of theectisp tissue [27]. DCE-MRI is the
acquisition of serial MR images before, during aftér the administration of an
intravenous contrast agent to measure perfusi@sev@ermeability, and the volume
of the extravascular-extracellular space (EES)agal kinetics of contrast wash-in
and wash-out to characterize the tissues or tuf@8tsUsing this technique,
microcirculatory quantitative parameters includihg volume transfer constant
(K" of contrast agent across the capillary wall dreddlasma volume per unit
volume of tissue (Vp), can be measured. TH&¥epresents the endothelial
permeability and surface area of the tissue micratation. Some authors have
proved good correlation of thé"®*with microvessel density and level of vascular
endothelial growth factor [27]. However, the ¥gn represent the percentage of
plasma volume in the tissue. DCE-MRI may be feadiblevaluate the
microcirculation of necrotic and peri-necrotic tiss in patients with ONFH.
DCE-MRI was carried out for each affected femoeddh before and 6 months after

treatment respectively. Axial sections were perfedrto evaluate the necrotic and



perinecrotic areas of ONFH in the DCE-MRI studysBRarocessing of all DCE-MRI
data was analyzed by using a commercial softwanig(kbiStars; Apollo Medical
Imaging, Melbourne, Australia). All interested netax and peri-necrotic regions of
the femoral heads at each section were selectedattaifor calculation. The
available areas 1cm away from the necrotic bordéne femoral heads or necks were
selected as peri-necrotic areas of interest. THEKnd Vp were automatically
calculated from the fitted curve pixel by pixel. &y, the means of the two
parameters of pixels within drawn regions of insémgere recorded.
Satistical analysis:

A power analysis revealed that for a power of 9% 0.05, a sample size of
12 hips in each group was required to achieve fstgmice with a mean difference 1.5,
standard deviation difference 0.6 on pain scorabnths after treatment. The paired
samples of serum biomarker levels, ad@"@nd Vp in DCE-MRI in each group
before treatment and after ESWT were analyzed HgdXtbon Signed Ranks tests. All
paired samples of ®" and Vp in the peri-necrotic areas of the femoeslds were
compared to the corresponding necrotic areas detheral heads by Wilcoxon
Signed Ranks tests. The Kruskal-Wallis tests wdopged to test the differences of
pain score, Harris scores, serum biomarkers le¥&f,and Vp between the three
groups at each time point. If the Kruskal-Wallistseeshowed significant differences,
and then the Mann-Whitney tests with Bonferronrection were employed for further
analysis. The McNemar's tests were adopted to aadhe differences in grades of
bone marrow edema of affected femur on MRI in egroup. The P value <0.05 was

considered statistically significant.

Results:

Pain score and Harris hip score are summarizedyirlFa. Pain score was



significant decrease in Group C compared with Gryup6, 12 and 24 months after
treatment (P=0.037, 0.013 and < 0.001 respectivBlghetheless, Harris hip score
showed significant improvement in Group C relatvé&roup A only in 6 months
after treatment (P=0.017) but not in 12 and 24 im&nthree patients with 4 hips in
Group A underwent total hip arthroplasty (THA) dwgithe course of treatment
because of increasing pain. MRI of the hip waspestormed in these 4 hips at 6
months after treatment. No THA was performed inupr8 and Group C.

Two patients in Group B and one patient in Grouge@eloped local redness and
mild ecchymosis at the treatment sites that reslobp®ntaneously. There was no
neurovascular or systemic complication. There wadavice related problem.

The serum NO3 and VEGF levels are summarized inlFly Significant
increases of NO3 were observed at 1 month after EBMGroup B (P=0.011) and
Group C (P=0.012) relative to Group A. The VEGFresgions in Group C also
showed significant increase in one week after E®RA0.008). The VEGF level in
Group C was significantly elevated relative to Grduin one week after ESWT
(P=0.013).

The serum BMP-2 and osteocalcin levels are sumethiiz Fig. 2-a. Significant
increases of BMP-2 and osteocalcin were observ&tanip B and Group C in one
week to one month after ESWT (all P<0.05). Theasdkein levels in Group B and
Group C were significantly elevated relative to @\ in one month after ESWT
(P=0.004 and 0.012).

The serum TNFe: and IL-6 levels are summarized in Fig. 2-b. Gr@ughowed
significant reductions in serum TNEFand IL-6 inflammatory biomarkers cytokine in
one week after ESWT (both P=0.030). Significanthyér IL-6 level in Group C than
Group Awas also noted in one week after ESWT (PE®).

The serum substance P and CGRP levels are sumnhariEey. 3-a. Group C



showed significant reduction of substance P and E@Rels in one week after
ESWT as compared with before treatment (P=0.003z02B).

The serum DKK-1 and IGF levels are summarized gn &ib. Significant
decreases of DKK-1 were noted in one week after E&8WGroup B (P=0.019) and
Group C (P=0.035). Group C also showed significearease of DKK1 (P=0.01)
compared to Group A in one week after ESWT. Sigaiit increase IGF level in
Group C was noted in one month after ESWT (P=0.0&fidup C also showed
significant increase of IGF (P=0.012) relative taw@ A in one month after ESWT.

The size, IFHV and stage of the avascular lesioradiographs and MRI are
summarized in Table 2. The size, IFHV and stagh@iesions on radiographs and
MRI showed no significant differences before andrareatment in all groups (all
P>0.05). However, bone marrow edema on MRI wasfggntly reduced 6 months
after ESWT in Group C (P=0.039).

The results of microcirculatory DCE-MRI before tia@nt and 6 months after
ESWT are summarized in Fig. 4. AIf€ and Vp in the peri-necrotic areas of the
femoral heads in all three groups were signifigagteater than those in the necrotic
areas of the femoral heads before treatment andnéhs after ESWT (all P <0.05).
There were no significant differences dffkand Vp in the necrotic areas between
pre-treatment and 6 months after ESWT among tleethroups (all P> 0.05). The
K""and Vp in the peri-necrotic areas in Group B amoup C at 6 months after
ESWT were significantly greater than those befoeatment (both P<0.05), but no
significant difference was noted in Group A. Grdipnd Group C revealed
significantly greater K" and Vp in the peri-necrotic areas than Group Adhitins

after ESWT (both P<0.05).
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Discussions

The study was tailored to compare the effects fiérdint ESWT dosages in
ONFH and no control group was included in this gtiitbwever, our previous study
compared ESWT with core decompression for earlyes@NFH showed ESWT
group had significantly better results than theead#compression group [16]. Other
prior studies also showed ESWT effectively impropath and function of the hip
with early ONFH [13, 16, 18-20]. The reduction @b pain correlated with the
improvement of hip function for activities of daiying including work capacity.
The results of the current study are compatibler toetter than other reports
[16,20,21]. High dosage ESWT was more effective loav dosage and the
beneficial effects of ESWT in early stage ONFH appdo be dosage-dependent.

The effects of ESWT on ONFH can be mechanical @obical or both. The
interaction between biological and mechanical merdma of ESWT remains
controversial. Prior studies showed ESWT promdtesrigrowth of
neovascularization associated with-and up-regulaifaangiogenetic growth factors
and tissue regeneration [29-31]. It appears thaVE&ay imply both biological and
mechanical mechanisms that produce the therapseftgicts with neo-angiogenesis
and tissue regeneration in hips with early ONFH.

Under normal circumstance, a decrease in pain ssasually associated with
an increase in Harris hip score. In this studypificant decrease of pain score was
noted in Group C compared with Group A from 6 ton2dnths after treatment but
Harris hip score only revealed significant improwsrhin 6 months after treatment.
The explanations are attributed to the complexitiarris hip scores including pain,
function (limp, support, distance walked), acteti(stairs, shoes and socks, sitting
and public transportation), deformity, and rangenotion which may affect the hip

function during the observational period.
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Our study revealed significant increases of seriomarkers including
angiogenesis (NO3 and VEGF), osteogenesis (BMRd2ateocalcin) and
regeneration (IGF) within one week to one montkratie application of high dosage
ESWT. At the same time, significant decreasesfianmmatory cytokines (TNfe-
and IL-6), pain threshold (substance P and CGRe®}iasue regeneration inhibitor
(DKK-1) were also noted within one week to one nhoafter ESWT especially in
high dosage Group C. Therefore, it appears thét tagage ESWT is associated with
systemic changes in serum biomarkers for angioggeresteogenesis,
anti-inflammation, pain threshold, and tissue regation in one week to one month
after shockwave treatment. It appears that ESWWsetdoth local and systemic
effects in early hip necrosis.

In our study, medium ESWT dosage (Group B) diddeshonstrate significant
differences with high ESWT dosage (Group C) inrsalum biomarker levels and
dynamic contrast-enhanced MRI study in microcirtata(K"™" and plasma volume
(Vp). Nonetheless, Group B delineated significab#yter effects only in some serum
biomarkers (osteocalcin, BMP2 and DKK-1)"?Rand Vp. It seemed that Group C
showed best therapeutic effects in the study.

Despite clinical success of ESWT in early ONFH,¢hanges on the lesion size
and the stage of the disease on radiographs ordfi& ESWT are ambiguous. The
ischemic lesions in avascular necrotic femoral reggukar to be indolent in nature on
radiographs and MRI examinations. Our study dermatest the K*" and Vp in the
peri-necrotic areas were significantly greater ttfese in the necrotic areas before
treatment and 6 months after ESWT. Post-infarateattive changes with increased
vascularity in the peri-necrotic areas might lemelevation of K*"and Vp. The
higher dosage groups also revealed significandyated K and Vp in the

peri-necrotic areas of femoral heads 6 months B8N T. Nonetheless, no
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significant change of ¥"and Vp were noted in the necrotic areas 6 monties af
ESWT. Therefore, high dosage ESWT could signifigegbhance the permeability
and microcirculation in the peri-necrotic arease3énfindings correlated with the
angiogenesis promoting therapeutic effect of ESWihe peri-necrotic areas. The
ischemic lesion of ONFH is similar to a well-heakszr tissue, which may preclude
the revascularization inside the necrotic area,samth lesions revealed no changes
after ESWT. However, the positive effects of ESW@& supported by clinical
assessments and the positive expressions of amgisigeosteogenesis,
anti-inflammation, pain threshold and tissue regatn@n in blood tests. At present,
the key of success appears to rely on the impromenfeangiogenesis and tissue
proliferation in the peri-necrotic bones that imyes subchondral bone remodeling
and prevents femoral head collapse.

There are limitations in this study. The main fimgs of this study revealed high
dosage ESWT was more effective than low dosage EBVE&@rly ONFH. These
findings are supported by clinical assessmentpperal blood tests and
microcirculatory assessment of DCE-MRI. Howeveerghis no device that can
correlate the outcome of treatment with direct measent of intra-osseous pressure
before and after treatment. In this study, ESWT grasn in one single session only.
The difference between single session versus neikgssions treatments is unknown

when ESWT is utilized in hips with early ONFH.

Conclusion:

High dosage ESWT is more effective than low dosaggarly stage ONFH.
Application of ESWT was associated with systemiarades in angiogenesis,
osteogenesis, anti-inflammation, pain thresholdtessdie regeneration. High dosage

ESWT enhances the angiogenesis with the improveofgrermeability and



microcirculation of the peri-necrotic areas of famoral head that may improve

subchondral bone remodeling and prevent femoral hebapse.
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Legends

Fig. 1-a shows pain score and Harris hip scorerbdgfeatment (PRE) and in 6, 12
and 24 months after treatment. Fig. 1-b shows saiitnate (NO3) and VEGF levels
before treatment (PRE) and in 1 week, 1, 3 and Bthsoafter treatment. Group A: 10
patients with 16 hips, Group B: 11 patients withhigs and Group C: 12 patients with
12 hips. The P value <0.05 is considered statistisagnificant. *Significant
difference as assessed by Wilcoxon Signed Rankg#egnificant difference as
analyzed using the Mann-Whitney tests with Bonfercmrrection.

Fig. 2-a shows serum BMP-2 and osteocalcin leasld,Fig. 2-b shows serum TNfF-
and IL-6 levels before treatment (PRE) and in 1ky&e 3 and 6 months after
treatment. Group A: 10 patients with 16 hips, Gr8ud1 patients with 14 hips and
Group C: 12 patients with 12 hips. The P value S@sCconsidered statistically
significant. *Significant difference as assessedblgoxon Signed Ranks test.
#Significant difference as analyzed using the M#vimtney tests with Bonferroni
correction.

Fig. 3-a shows serum substance P and CGRP lewvel$;ig. 3-b shows serum DKK-1
and IGF levels before treatment (PRE) and at 1 wkek and 6 months after
treatment. Group A: 10 patients with 16 hips, Gr8ud1 patients with 14 hips and
Group C: 12 patients with 12 hips. The P value 5@sCconsidered statistically
significant. *Significant difference as assessedblgcoxon Signed Ranks test.
#Significant difference as analyzed using the M#vimtney tests with Bonferroni
correction.

Fig. 4 shows microcirculatory dynamic contrast-erdeal MR imagine before
treatment (PRE) and 6 months after treatment. ditigel samples of ®"and Vp in the
peri-necrotic areas were significantly greater tth@ncorresponding necrotic areas of

the femoral heads in all three groups (all P <0.@sdup A: 10 patients with 16 hips,
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Group B: 11 patients with 14 hips and Group C: agmts with 12 hips. The P value
<0.05 is considered statistically significant®k volume transfer constant. Vp: plasma
volume per unit volume of tissue. *Significant éifénce as assessed by Wilcoxon
Signed Ranks test. #Significant difference as amaysing the Mann-Whitney tests

with Bonferroni correction.



Table 1. Patient Demographic Characteristics.

Group A Group B Group C dlot

Number of patients / hips 10/16 11/14 12/12 3/82
Ave. age (years)

Mean+SD 46.1+6.2 40.5+9.3 39.4+10.2 41.8+9.1

(Range) (35-55) (29-60) (18-52) (18-60)
Gender M/ F) 4/2 10/4 8/4 32/10
Side of lesion

Right / Left 9/7 717 5/7 21/21

Bilateral hips 6 3 0 9
Patients with opposite THA 2 2 5 9
Duration of symptoms (months)

Mean+SD 10.8+9.9 8.1+48.8 8.7+5.8] 9.318.4

(Range) (1-36) (1-36) (2-24) (1-36)
Patients/Hips with stage | lesion 1/1 3/3 212 5/ 6
Patients/Hips with stage Il lesion 6/10 6/8 /&8 20/ 26
Patients/Hips with stage Ill lesion 3/5 2/3 2/ 7110
Medical history

Steroid intake 2 3 4 9

Alcoholic abuse 6 5 6 17

Negative 2 3 2 7
Length of follow-up (months)

Mean + SD 33.8+£7.6 30.0£7.1 30.74£8.0 31.4+£7.5

(Range) (18-45) (18-44) (18-45) (18-45)

THA: total hip arthroplasty.



Table 2. The radiographs and MR imaging in patieuntis early osteonecrosis of femoral

head.
Group A Group B Group C P-valué
(N =14) (N =14) (N =11)
Radiographs
Size of lesion (%)
Before treatment 35.1+9.4 36.2+8.6 30.5+13.1  0.153
6 months After treatment 34.2+5.9 36.6+7.7 30.2+7.3 0.057
P-valué 0.972 0.861 0.965
MRI
IFHV of lesion (%)
Before treatment 20.8+18.7 23.0+14.1 22.3+15.7  0.775
6 months After treatment 19.3+19.0 22.5+16.4 18.9+12.5 0.612
P-valué 0.480 0.834 0.028
Stage of Lesion [ T | I\ v L v
Before treatment 1 10 5 O 38 30 2 8 2 0 0.753
6 months After treatment* 1 8 3 2 37 40 2 7 2 0 0736
Grade of bone marrowedema 0 | I 1l on n v [ | [\
Before treatment 327 22 423 1 4 316 0 2 0841
6 months After treatment 3 3 6 0 2 4 7 2 1 0 8 2 1 0 0 0.039
P-valué 0.854 0.137 0.032

IFHV: infracted femoral head volume. *: Three patgewith 4 hips in group A underwent hip
arthroplasty in 3 months and one patient with lihigroup C withdrew in 3 months.
P-valué: Compared by Kruskal-Wallis tests. If the Kruskekllis test showed significant difference,
and then the Mann-Whitney test with Bonferroni eotion is employed for further analysis.

P-valué: Compared by Wilcoxon Signed Ranks test.

P-valué: analyzed by McNemar's test.
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Fig.1-b
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Fig.3-a
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Fig. 3-b
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Highlights

High dosage of extracorporeal shockwave therapy is more effective in early osteonecrosis of
the femoral head. The systemic beneficial effects may significantly improve serum
angiogenesis, osteogenesis, anti-inflammation, pain threshold and tissue regeneration
biomarkers within one month after treatment. Ultimately, the therapy can enhance
microcirculation of perinecrotic areas and prevent femoral head collapse.
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