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A B S T R A C T

We examined bone mineral density (BMD) measurements made by dual-energy-xray-absorptiometry (DEXA)
taken from 100 patients (♂46/♀54, 66�6yr) who previously underwent single total-knee arthroplasty (TKA) to
determine if automated software-based artifact detection (ASAD) adequately removes implant artifact from the
DXA image before analysis and if potential inaccuracies could be overcome through manual artifact correction
(MAC). We also sought to determine if software-based inaccuracies would result in fracture risk misclassification
(Low-BMD/Osteopenia¼ Young-Adult T-Score<�1). Select Results: When using ASAD, limbs with implants had
higher BMD (þ12.0 � 1.7%, p < 0.001) compared to control limbs resulting in a 2.5 � 0.2% overestimation of
total-body BMD (single implant). Consequently, the prevalence of osteopenia in 95% of patients who would have
been observed to have low leg BMD (18/19 patients) and 80% of those found to have low total-body BMD (4/5
patients) would have gone un-diagnosed. This overestimation was eliminated when using MAC. These results
reveal a potential issue with ASAD for total-body DEXA scans in TKA patients and highlight the importance of
careful review and MAC in those with joint replacements before making diagnostic decisions.
Introduction

Osteopenia and osteoporosis are important modifiable health factors in
older adults. With a reported 10.3% prevalence of osteoporosis and 43.9%
prevalence of osteopenia, it is estimated that in 2010, 10.2million adults had
osteoporosis and 43.4 million adults had low bone mass.1 Dual-energy-xray
absorptiometry (DEXA) allows accurate diagnosis of osteoporosis, estimation
of fracture risk.2 TheWorld Health Organization has established DEXA as the
best densitometric technique for assessing bone mineral density (BMD) in
postmenopausal women and based the definitions of osteopenia and osteo-
porosis on its results.3 While site-specific scans of the spine, forearm, and
femur have classically been used in clinic for such diagnoses,4 total-body
DEXA scans have grown in popularity in wellness centers and clinics due
to the utility of a single short duration (~5–10min) scan that simultaneously
provides information on BMD and regional body composition and soft tissue
distribution.5 In these instances, those observed to have low BMD via total
scan measures can be referred for a clinical follow-up site-specific scan to
confirm diagnosis of osteopenia or osteoporosis.

In the same population group that osteoporosis and osteopenia present
(older adults), patients are also most likely to receive total joint re-
placements. Most patients who receive a total hip (THA) and knee
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arthroplasty (TKA) are between 65 and 85 years of age.6 Current total THA
and TKA volume in the United States is approximately one million/year,
and is expected to grow to ~1.5 million/year by the year 2030.7 For those
receiving total-body DEXA scans to track body composition and BMD,
automated software-based artifact detection (ASAD) is relied upon by ra-
diologists to remove image artifact of non-tissue origin. However, there is
little (if any) information reported on the efficacy of ASAD artifact removal
that may have a significant impact on DEXA measures and interpretation.
This is of particular importance for total-body scans whereby measurement
error associatedwith joint implantsmay result inmis-classification of those
who may be at an elevated fracture risk. Therefore, the purpose of this
study was to examine total-body BMDmeasurements taken via DEXA from
older patients with a single primary TKA implants to determine if ASAD
adequately removes implant artifact from the DXA image before analysis
and if potential inaccuracies could be overcome through manual artifact
correction (MAC). We hypothesized that ASAD would remove some, but
not all, implant artifact resulting in an overestimation of BMD.

Material and methods

The procedures to follow were approved by our organization's insti-
tutional review board for research involving human subjects and all
ethodist Hospital, 6445 Main Street, Outpatient Center, Suite 2500, Houston, TX,
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Abbreviations

BMD Bone Mineral Density (g/cm2)
DEXA Dual-Energy-Xray-Absorptiometry
MAC Manual Artifact Correction
ASAD Automated software-based artifact detection
THA Total Hip Arthroplasty
TKA Total Knee Arthroplasty
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participants provided informed consent for their data to be used for
research purposes prior to any measures being taken.

Study sample

One hundred older adults (m¼ 46, 65�6yr, 177.1� 7.1 cm,
99.6� 21.0 kg, BMI 31.6� 5.6 kgm2 jf¼ 54, 66�6yr, 163.6� 7.9 cm,
84.3� 20.4 kg, BMI 31.3� 6.4 kgm2) who previously underwent pri-
mary TKA for a single limb within the past year from a single hospital
location in Houston, Texas consented to have their BMD assessed.

Outcome measures

On the day of measurement, total-body and regional BMD was
assessed using a total-body DEXA scan (iDXA, GE®, Boston Massachu-
setts, USA). Scans were then analyzed by a trained technician using
enCORE.v16 software (GE®) and standardized procedures from the
manufacturer. To determine the regional effect of TKA implants on BMD
analysis of the legs by DEXA, BMD was recorded individually for the
CONTROL (no implant) and TKA (with implant) limbs. To determine the
effect of the TKA implants on total-body measures, total-body BMD was
analyzed cumulatively as well as on the non-TKA side only. Total and
regional T-scores were calculated for all measures using a general pop-
ulation normative data base8,9 defined as the difference between study
participant BMD and the mean BMD of a young population reference
group, divided by the population standard deviation.10 T-scores were
then interpreted as follows: >-1, normal; �1 to �2.5, osteopenia; <-2.5,
osteoporosis.10 Within the analysis software, implant materials were
automatically detected and removed as artifact via ASAD. To examine the
effectiveness of ASAD for removing implant artifact from the analysis,
additional measures were taken and scored when artifact was manually
removed from the images by the technician (Manual artifact correction,
MAC, Fig. 1). This procedure was performed within the analysis software
Fig. 1. Image showing the DEXA control image with no implant present, autom
remaining), and manual artifact correction (MAC – requiring manual editing of scan
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using a brush/eraser-like tool to edit what is referred to in the software as
“point-typing” by removing remaining implant hardware not automati-
cally excluded via ASAD (Fig. 1). DuringMAC, the technician took care to
only remove (paint out) remaining implant hardware (and not bone)
from the image.
Statistical analysis

All data were analyzed using SPSS (V.23, IBM Statistics®, Armonk,
New York, USA). A mixed-model ANOVA was used to compare BMD and
T-scores between the control limb, the TKA limb following ASAD, and the
TKA limb following MAC. The same procedure was then performed
comparing total-body BMD following ASAD, total-body following MAC,
and BMD assessed from the non-TKA side only. All detected significant
interactions were followed by a Tukey's post hoc test for pairwise com-
parisons. For all significant comparisons, effect size was calculated using
either a Cohen's d (t-test) or Phi (Chi-square) statistic and was interpreted
as follows: 0–0.1 (negligible, N); 0.1–0.3 (small, S); 0.3–0.5 (moderate,
M); 0.5–0.7 (large, L); >0.7 (very large, VL).11 Chi-square analysis was
also used to determine the effect of TKA implants on BMD risk classifi-
cation frequencies for both regional and total bodymeasures. Type I error
was set as α¼ 0.05 for all analyses.

Results

Results of our analysis are presented in Fig. 2(A-F).
Limbs containing TKA implants were found to have significantly

higher BMD [12.0� 1.7% difference, p< 0.001, ES 7.24(VL)] when
analyzed following ASAD compared to control limbs that did not have
an implant (Fig. 2A). This resulted, on average, in a 2.5� 0.2% over-
estimation of total body BMD [for a single implant, Fig. 2D, p< 0.001,
ES 1.76(VL)] relative to the contralateral side. When analyzing legs, 19
of the 100 patients (19%) were found to have low BMD falling into the
osteopenic (T-score< -1) or osteoporotic (T-score< -2.5) categories
(Fig. 2B and C). This was masked in the TKA limb whereby only 1 of 100
(1%) patients were observed to have a T-score below�1 indicating that
the implant resulted in an overestimation of BMD. With regards to the
impact of a single knee implant on the total-body analysis when ASAD
was used (Fig. 2E and F), only 1 of 100 (1%) patients were observed to
be osteopenic whereas 5 of 100 patients (5%) were observed to be
osteopenic when analyzing the non-TKA side only. MAC was found to
successfully ameliorate the overestimation of BMD and under-
classification of osteopenia for both regional and total-body measures
(Fig. 2A–F).
ated artifact detection and removal (showing undetected implant hardware
image to remove remaining artifact).



Fig. 2. Impact of knee implant on DEXA measures. Data are presented as means� 95CI for bone mineral density (BMD, g/cm2) of the legs and total body (A & D) with
corresponding T-scores calculated for each measure (C & E). Regional limb comparison (A & B): CONTROL, limb with no implant present; TKA, limb with TKA implant
assessed using standard iDXA software analysis; TKA-MAC, limb with TKA implant following manual artifact correction. Total body comparison (D & E) Total body,
total body BMD with implant included assessed suing standard iDXA software analysis; Non-TKA Side Only, BMD assessed from the lateral side of the body with no
implant; Total Body – MAC, total body BMD analyzed following manual artifact removal. Individual patient data are shown for those classified as normal, osteopenic
(T<�1), or osteoporotic (T<�2.5) regionally (E) and for the total body across each analysis comparison (F).
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Discussion

In the present study, we determined that standard artifact removal via
ASAD typically used in total body DEXA analysis results in over-
estimation of BMD in older adults with total knee implants that may
result in misclassification of bone health and risk for low BMD, osteo-
penia, and osteoporosis. These findings are of clinical importance for
those (physicians, radiologists, wellness professionals) who treat or
evaluate total-body DEXA results from patients with joint implants. Pa-
tients who are misclassified as having a normal BMD when they in fact
have an at-risk or overtly osteopenic BMD may, as a result, not receive
appropriate interventions to prevent progression such as vitamin D and
calcium supplementation, light physical activity, and in some cases,
bisphosphonate or other medical treatment.12 Consequently, this occur-
rence may unknowingly also contribute to a continued elevated risk for
fragility fractures in those with joint replacements.13

Fragility fractures are an increasingly burdensome problem within
our aging population. Current cost in treating the immediate fracture
amounts to $14 billion per year in the United States alone.14 That is not
including the eventual medical sequela that can result from sustaining a
fragility fracture. Identification and treatment of patients having osteo-
porosis and being at risk for fragility fractures with appropriate medical
intervention (i.e. bisphosphonates) has been shown to decrease the
incidence of fragility fractures by as much as 50%.15 Our present data
showed that total-body BMD was overestimated by about 2.5% per knee
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implant and limb specific BMD was overestimated by 12% (Fig. 2A,D).
This resulted in misclassifying 4% of total-body scans and 18% of leg
specific scans as showing normal BMD in cases where the contralateral
side without the implant were found to be osteopenic (Fig. 2C,F).
Regarding total-body BMD assessment, we find it probable that the more
joint replacements a person has, the greater the overestimation of BMD if
artifact is not manually corrected. If scaled up nationally, this could result
in a high number of missed diagnoses in populations who may stand to
benefit from interventions. Therefore, it is important that individuals
with joint implants seeking a total-body DEXA scan for tracking of BMD
and body composition as well as personal physicians should be aware of
the present issues with measurement inaccuracies due to implant artifact.

Importantly, MAC was observed to correct for DEXA software over-
estimation of BMD in this population. For technicians and radiologists,
this finding highlights the importance of close monitoring of whether or
not automated software artifact removal is adequate and when manual
correction of the image is needed prior to providing patients and physi-
cians with results that indicate T-score associated fracture risk. Addi-
tionally, these data highlight the importance of physicians viewing DEXA
images in addition to the results output to ensure that proper implant
artifact removal has been performed. Crucially, any portion of the
implant not removed from the image will be interpreted in the analysis as
native bone for these types of scans. In the hands of experienced tech-
nicians, limb and total-body BMD analyzed on the non-TKA side only
closely matched our manually corrected values when including the



Fig. 3. Single case bone mineral density analysis with demonstrated automated artifact correction error observed in a different DEXA make and model (Horizon A,
Hologic, San Diego, CA).
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implanted limb. While this may solve the present artifact issue, it is worth
noting that MAC can be time consuming (taking upwards of 10–15min
per implant on average in our investigation), and subjective based on the
technician training and experience.16,17

This study evaluated total-body and regional DEXA measures from a
single total-body scan rather than using separate isolated site-specific
central (example: spine/hip/pelvis) or peripheral (example: forearm/
hand) scans commonly used for final formal diagnosis of osteopenia or
osteoporosis.18–20 While central DEXA scans are commonly used for the
formal diagnosis of osteopenia and osteoporosis,19 total-body scans are
commonly used in a variety of clinics and health centers at a reduced cost
as part of general health-based screening programs as they can be per-
formed in a reduced amount of time while also providing other valuable
health information such as body composition and visceral fat ana-
lysis.21–23 Therefore, while the findings presented in the present study
are reflective of total-body scans only, we find it likely that there remains
a high volume of patients with implants being under-diagnosed. For
example, patients living in smaller rural centers without access to central
DEXA scans may have incorrect screenings performed if corrections are
not made. For practical clinical application, if a physician, therapist,
trainer, or other professional health practitioner were to view a
total-body DEXA report wherebyMAC had not been performed to remove
all implant artifact (and may not be readily reanalyzed), it may be
preferred to recalculate T-score values and draw interpretation from the
side of the body that does not have implants. However, this may not be
possible in the event of bilateral implants at one or more locations.
Further study would need to determine whether or not it would be a valid
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alternative to recalculate BMD values and T-scores by mathematically
correcting for implant error.

In addition to the primary findings of this study, we considered if
software design and brand made a difference in our results. All partici-
pants in this study underwent DEXA analysis from the same model of
DEXA. However, we did observe this error to be present in a single case
scan performed using a separate DEXA model (Horizon, Hologic, San
Diego, CA) where the overestimation of BMD was present similar to the
scans in this investigation (Fig. 3). Therefore, more research is needed to
determine the extent to which other software designs have similar issues
with artifact removal.

Limitations of the study include the inclusion of only participants
with total knee replacements. While not able to confirm, we find it likely
that the present observations would hold true for any large, metal-based
in-situ implants in a patient (example: total hip, shoulder, ankle or
elbow). Additionally, the lack in diversity of software used may make it
difficult to draw conclusions to other makes and models of DEXA scan-
ners, however due to our small observed irregularity mentioned earlier,
we find it highly likely that the issue of implant artifact error likely ex-
tends beyond the model of scanner used in this study alone. Lastly,
validation studies remain needed for non-software-based calculations for
correcting BMD overestimation in this population in the event that im-
ages are unable to be reanalyzed.

Conclusion

Conventional means for evaluating bone health via total body DEXA
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overestimates limb and overall BMD in older adults with in situ total knee
replacements, and therefore under-identifies low BMD, osteopenia, and
osteoporosis in at-risk populations. Those who have joint implants should
be flagged by technicians and physicians as such for closer scrutiny, and
potentially manual correction, of total body DEXA images or automati-
cally be referred for central or peripheral scans rather than total-body
scans. In the case of any scan, it is critical that all implant artifact be
removed (manually or by automated software) prior to final analysis and
diagnosis. Normalization of values can occur through thorough manual
artifact removal, or by applying correction factors described in this study
for the purposes of screening. Future research should focus on overall
national prevalence of this phenomenon and which types of patients or
implant types are most at-risk for having incorrect DEXA study results.
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