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Abstract

Background—->Prior studies have identified age as a factor in determining an individual’s
likelihood of receiving a prosthesis following a lower limb amputation. These studies are limited
to specific subsets of the general population and are unable to account for pre-amputation
characteristics within their study populations. Our study seeks to determine the effect of pre-
amputation characteristics on the probability of receiving a prosthesis for the general population in
the United States.

Objective—Identify pre-amputation characteristics that predict of the likelihood of receiving a
prosthesis following an above-knee amputation (AKA).

Design—A retrospective, population-based cohort study.
Setting—OImsted County, Minnesota (2010 population: 144,248)

Participants—Individuals (n=93) over the age of 18 years who underwent an AKA i.e. knee
disarticulation or trans-femoral amputation while residing in Olmsted County, MN between 1987
and 2013.

Methods—Characteristics affecting the receipt of a prosthesis were analyzed using a logistic
regression and a random forest algorithm for classification trees. Pre-amputation characteristics
include age, sex, amputation etiology, year of amputation, mobility, cognitive ability,
comorbidities, and time between surgery and the prosthesis decision.

Main Outcome Measures—The association of pre-amputation characteristics with the receipt
of a prosthesis following an AKA.
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Results—Twenty Four of the participants received a prosthesis. The odds of receiving a
prosthesis were almost 30 times higher in those able to walk independently prior to an amputation
relative to those who could not walk independently. A 10-year increase in age was associated with
a 53.8% decrease in the likelihood of being fit for a prosthesis (odds ratio=0.462, p-value =.030).
Time elapsed between surgery and the prosthesis decision was associated with a rise in probability
of receiving a prosthesis for the first three months in the random forest algorithm. No other
observed characteristics were associated with receipt of a prosthesis.

Conclusions—The association of pre-amputation mobility and age with the likelihood of being
fit for a prosthesis is well-understood. The effect of age, after controlling for confounders, still
persists and is associated with the likelihood of being fit for a prosthesis.

Keywords
Prosthesis; amputation; logistic regression; machine learning; predictive models

INTRODUCTION

Above-knee amputations can result from the progression of dysvascular conditions (e.g.
diabetes or peripheral vascular disease) or a non-vascular event (e.g., trauma or cancer).
Following an above-knee amputation, an individual’s suitability for a prosthesis is typically
determined using post-amputation assessments based on mobility and balance measures of
the individual without a prosthesis 1. The nature of these assessments does not allow for
these evaluations to be reliably administered prior to the amputation. Additionally,
amputation etiology, age at amputation, and comorbidities are often correlated with one
another and therefore, it is necessary to control for each of these factors in analysis looking
at pre-amputation characteristics and their effects on the probability of receiving prosthesis.

Individuals with amputations who had more comorbidities are less likely to receive a high
Medicare Functional Classification Level, which is directly related to an individual’s
eligibility for a prosthesis and prosthesis type 1. Age, often associated with more
comorbidities, has been previously shown to affect an individual’s likelihood of receiving a
prosthesis. Within the elderly US Veteran population, being 75 years old or younger
increased a veteran’s likelihood of receiving a prosthesis within the first year following a
lower-limb amputation by almost 5 times compared to those veterans over the age of 85 2.
Additionally, veterans with peripheral vascular disease are less likely to receive a prosthetic
prescription. Outcomes following lower limb amputations for the entire population of the
Marshall Islands offer more generalizable results as compared to looking only at outcomes
within the US Veteran population. In the Marshall Islands — where all of the amputations in a
single year were of dysvascular etiology — a third of patients received a prosthesis, though
none of the patients with transfemoral amputations used their prosthesis for ambulation after
being discharged from rehabilitation 3.

Following an amputation, an individual’s mobility and function are reduced, but receiving a
prosthesis can be an important factor in improving mobility and overall quality of life 4.
Physical activity is important in the maintenance of overall health; increased physical
activity is linked with reduced risks for early death, diabetes mellitus, coronary heart
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disease, high blood pressure, strokes, and depression along with other negative health
factors °. Individuals with lower-limb amputations are at a higher risk of developing
coronary artery disease, though this varies by amputation etiology with dysvascular
individuals having a greater risk 6. Mortality rates among individuals with dysvascular
amputations are linked to coronary artery disease, diabetes, and renal failure with CAD
increasing the risk of mortality by more than three times 7.

Identifying characteristics associated with the likelihood of receiving a prosthesis could be
used in a pre-amputation assessment to determine an individual’s likelihood of receiving a
prosthesis following an amputation. It is also important that the predictors of prosthetic
prescription match the factors used in a clinical assessment to determine an individual’s
eligibility for a prosthesis. We sought to identify pre-amputation characteristics that are
predictive of the probability of receiving a prosthesis following an above-knee amputation
i.e. trans-femoral amputation or knee-disarticulation and compare these predictors to those
commonly used by clinicians. It is likely that older individuals, those with amputations of
dysvascular etiology, and those with reduced mobility prior to the amputation have a lower
probability of receiving a prosthesis.

METHODS

Data Source and Study Population

Individuals with above-knee amputations residing in XXXXX, XX were identified using the
resources available through the XXXXX (XXX; NIH XXXXX). The XXXXX was designed
to take advantage of the unique circumstances within XXXXX: being relatively isolated
from other urban areas and having only a few healthcare providers (including XXXXX,
XXXXX and their affiliated hospitals) that all agreed to share medical records and
administrative data 8.

It should be noted that the XXXXX population is quite similar to the XXXXX population
but is less diverse, wealthier, and more educated than the general US population, yet results
from other studies using this population are applicable to populations outside the XXXXX ©.

Using the resources of the XXX, we identified individuals who underwent an above-knee
amputation procedure as a resident of XXXXX from 1987 to 2013 (n=93). These individuals
were initially identified using the ICD-9-CM procedure code of 84.17. Medical records for
these individuals were reviewed to confirm their amputation status and level. Demographics;
amputation etiology; year of amputation; pre-amputation mobility level; cognitive ability —
limited to the presence or absence of dementia, Alzheimer’s, or psychiatric disorders; pre-
amputation comorbidities; and receipt of a prosthesis following the above-knee amputation
were also recorded. Patients who had denied research authorization for use of their medical
records in research were excluded. This study was approved by both the XXXXX and
XXXXX Institutional Review Boards.

Outcomes Measured

A review of the individual’s medical record was used to: 1) classify the etiology of the
amputation (unknown, diabetes mellitus type I, diabetes mellitus type 11, peripheral vascular
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disease, trauma, or cancer) along with 2) the side of the limb amputated 3) if the individual
had a bilateral amputation 4) the pre-amputation mobility level (wheelchair dependent,
walking with an assistive device, or walking independently) 5) pre-amputation living
situation (residing in a nursing home or in the community to include assisted living
facilities) and 6) pre-amputation cognitive ability (presence or absence of dementia,
Alzheimer’s, or psychiatric disorders) with full cognitive ability defined as the absence of a
diagnosis of dementia, Alzheimer’s, or a psychiatric disorder in the medical records. The
level of amputation i.e. knee disarticulation or transfemoral amputation, was verified by
surgical reports from the amputation procedure. All individuals with a verified above-knee
amputation were included; the ability view the entire medical records ensured that all pre-
amputation characteristics were recorded for each individual. Individuals were also
classified as unilateral or bilateral amputees. The outcome of interest was whether an
individual was fitted for and provided a prosthesis following an above-knee amputation. An
individual was defined as having received a prosthesis if a provisional or final prosthesis was
fit and this was recorded in the medical records. No attempt was made to determine whether
or not this individual continued to use the prosthesis after receiving it. Comorbidities were
extracted from administrative data and classified using modified Charlson comorbidities via
the jca9package in R 1011,

Statistical Analysis

Descriptive statistics, multivariate logistic regressions, and a random forest algorithm for
classification trees were used to look at associations between pre-amputation characteristics
and the receipt of a prosthesis. All of the pre-amputation characteristics, besides age at
amputation and year of amputation, were treated as categorical variables. Following the
initial analysis, year of amputation was divided into three, five, and ten-year-groups starting
at 1987; the last year-group always ended in 2013 and could be shorter than the rest of the
year-groups depending on the interval covered. This was done to ensure there were sufficient
observations in each year-group category. Characteristics were compared across the two
outcome categories using a two-sided two-sample ¢test. Differences throughout all of the
analysis were considered statistically significant at p <.05.

The logistic regression is useful for examining outcomes that are not linear in nature,
especially dichotomous outcomes like the receipt of a prosthetic prescription. Finding
predictors that perform well outside our data is also important; therefore we explored the
results generated by a random forest algorithm for classification trees. The random forest
algorithm uses a subsampling methodology to create many predictive models using a
classification tree framework from a single dataset and therefore performs well when
making predictions 12.13, The random forest algorithm’s predictive power is informative in
other musculoskeletal applications looking at clinical outcomes that are classification
problems 14,

All of the statistical analysis was conducted using R version 3.1.2 15, Multivariate logistic
regressions were run using the g/m package and the random forest algorithm used
RandomForestSRC, and the ggRandomForests for random forest algorithm graphics 16-18,
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The study population comprised 93 XXXXX residents who had above-knee amputations
between 1987 and 2013. An additional 63 individuals with above-knee amputations were
residing in XXXXX during this period but had amputations performed before adulthood or
while not residing in XXXXX (i.e. prevalent cases). Prosthetic fittings were provided to 24
of the 93 incident individuals within an average of 105 days following the amputation
(median of 78 days, IQR = 56-155 days). Individuals not receiving a prosthesis were
notified within an average of 35 days following the amputation (median of 1 days, IQR =0 -
7 days, the decision for one individual took 665 days). As illustrated in Table 1, patients who
received a prosthesis were, on average, almost 20 years younger than those not receiving a
prosthesis (59+20 years vs 78+11 years). A smaller percentage of dysvascular patients
received a prosthesis compared to those who did not receive a prosthesis (71% vs 96%).
Wheelchair dependent and those using assistive devices such as walkers or canes prior to the
amputation had a lower rate of receiving a prosthesis (4% vs 55% and 17% vs 33%). A
higher percentage of those able to walk independently prior to the amputation received a
prosthesis (79% vs 12%). A similar trend was seen in those who had full cognitive abilities
prior to the amputation (96% vs 74%). No other characteristics appeared to differ between
those who did and did not receive a prosthetic prescription.

Reasons for not providing an individual with a prosthetic prescription as recorded by the
physicians were extracted during the chart review. The most frequently cited reason was
“mobility” (Table 2). Death as reason for not receiving a prosthesis occurred in about 10%
of the population; amputation procedures carry with them a high risk of mortality. Age was
not mentioned in any of the comments.

Results from the logistic regressions and random forest algorithm were consistent (Table 3).
Note that the random forest results are not regression coefficients, but rather measures of
relative importance of each variable, i.e. the variable’s ability to correctly predict the receipt
of a prosthesis within the study population. Overall, the fit of the logistic regression was
sufficient with a ¢ statistic of 0.939 (0.885-0.993).

Age and walking prior to an amputation were associated with the likelihood of receiving a
prosthetic prescription. Every 10 years of aging was associated with a 53.8% decrease in the
probability of receipt of a prosthetic prescription. The odds of receiving a prosthesis for
those who were able to walk independently prior to an amputation were almost 30 times
higher than those not able to walk independently prior to an amputation (Corrected Relative
Risk =9.35, implying a pre-amputation walker was 9.35 times more likely to receive a
prosthesis) 19. Figure 1 illustrates the different rates of prosthesis prescription based on pre-
amputation mobility; the decline in probability with age is present across both groups.

The random forest algorithm also reported that age and mobility were meaningful predictors
of receiving a prosthesis along with the time elapsed from the amputation until the decision
to provide or not provide a prosthesis was made. The relative influence, the average
increased misclassification rate of prosthetic receipt status for a given variable with random
variation added to each observation of that variable, illustrated that time until the prosthesis
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decision was the most important predictor in the random forest algorithm. Simulated
probabilities from the random forest algorithm illustrate that an individual’s probability of
receiving a prosthesis increased for the first 3 months and then slowly declined (Figure 2).

An individual’s pre-amputation living situation, cerebrovascular disease status, cognitive
ability, amputation side, and amputation etiology offered minimal predictive power in
classifying the prosthesis prescription decision. In the random forest, the year that the
amputation occurred has minimal influence on predicting the prosthesis prescription
decision; there was a lack of any trend over time (Figure 3).

Etiology was not associated with any change in the likelihood of receiving a prosthesis (p=.
729) and offered little improvement in classifying outcomes in the random forest algorithm
(relative influence =3.6). Sex and race had no association with the likelihood of receiving a
prosthetic prescription (p=.839 & p=.955) within the logistic regression. Additionally,
neither characteristic provided any additional information for properly classifying the
prosthetic prescription outcome in the random forest algorithm (relative influences of 0.0 for
both sex and race). None of the comorbidities in the logit regression model were associated
with the probability of receiving a prosthesis (p-values ranged from .294 to .961).

DISCUSSION

During the period of the study — 1987 to 2013 — XXXXX was (and still is) served by a
single amputee clinic whose individual physicians have each served for over 20 years. Over
95% of XXXXX residents with above-knee amputations were seen XXXXX. While formal
clinical algorithms are not employed to assist in prosthetic eligibility, the small physician
staff, similar training in amputee care, and close working relationships with the local
prosthetic laboratories have de facto led to common guiding principles and approach to
prosthetic eligibility and selection. It is important to note that the clinical outcomes of this
de facto standardized approach to prosthetic prescriptions were not analyzed in this study; it
could be the case that prescriptions were not provided to everyone that would have benefited
from them.

From 1987 to 2013, about a quarter (26%) of the individuals in XXXXX undergoing an
above-knee amputation received a prosthesis. This rate is similar to those found in other
studies of individuals with above-knee amputations 2022, Relatively few of the pre-
amputation characteristics of individuals who underwent above-knee amputations in
XXXXX between 1987 and 2013 appear to be predictive of receiving a prosthesis. The
effect of being able to walk independently prior to the amputation was the strongest
predictor of receiving a prosthesis. A decision to not provide a prosthesis to an individual
with limited pre-amputation mobility is likely based on correlation between poor pre-
amputation mobility and decreased use of a prosthesis in individuals with above-knee
amputees who were prescribed a prosthesis 2324, The age effect was also present and similar
to previous studies of elderly US military veterans where a 10-year age difference translated
into a 78% decrease in the likelihood of receiving a prosthesis 2. The age effect among
veterans is about 25% greater than the effect found in XXXXX (62.8% decrease for every
10-year age difference). The age range in our population includes younger individuals which
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may mute the age effect, though none of the models indicated that there was any non-
linearity in the age-receipt of a prosthesis relationship. Previous research, based on expert
opinion consensus, indicates that age, alone, is not a significant factor in the decision to
prescribe a prosthesis but should be considered in the context of declining functional

ability 25. Our results suggest that age, independent of other factors, influences the
providers’ decision of whether or not to prescribe a prosthesis following an above-knee
amputation. Clinicians and patients should weigh the risks of a primary amputation versus a
revascularization procedure with a high likelihood of subsequent amputation given the fact
that a patient will be older in the second scenario than if they had initially undergone an
amputation.

The time elapsed between the amputation and the prosthesis decision was not associated
with the receipt of a prosthesis in the logit model, but was the most influential variable in the
random forest algorithm. Previous research found that the longer the time between
amputation and rehabilitation led to poor outcomes, but a quicker prosthesis decision was
associated with a lower likelihood of receiving a prosthesis in our study 23. This time
measure likely acted as a proxy for stump healing and general recovery times for the patient;
the rise in probability over the first three months reflected an immediate decision by the
clinician to not provide a prosthesis or a “wait and see” position until the stump healed.

Both sex and race have been associated with high rates of amputations in previous studies.
Female patients are 1.4 times more likely to undergo a transfemoral amputation and non-
white patients are at least 2 times as likely to undergo an amputation of dysvascular etiology;
data on the relative likelihood of receiving a prosthesis was not reported for either group 2°.
In XXXXX, the probability of receiving a prosthesis following an above knee amputation
did not vary by sex or race, although XXXXX is considerably more homogenous than the
general population so the lack of racial disparities in prosthetic prescriptions might not be
generalizable to the US population °. While calendar year initially appeared to be associated
with prosthetic prescriptions, we did not observe noticeable trend over time which is
consistent with the steady rate of successful prosthetic fittings in the geriatric population
within XXXXX from 1956 to 1995 2.

Our statistical methodology may have potential limitations. Logistic regressions are used
widely in medicine to predict clinical outcomes of dichotomous outcomes related to diseases
and have been specifically applied to musculoskeletal disorders; yet it is not without its
shortfalls 27-22, Odds ratios are not intuitive and fitting a model on an entire sample or
population can result in overfitting that will reduce the model’s ability to provide predictions
for future cases. To address the issue of odds ratio interpretably, we created predicted
probability curves for variables of interest to see how the probability of receiving a
prosthesis changed with age by variables of interest 30, The issue of overfitting is not unique
to the logistic regression model, but to any model fit on an entire data set. We addressed
overfitting by using a machine learning method, the random forest algorithm. The machine
learning methods used subsets of our data to create various model specifications with a goal
of finding predictors that worked outside of our data set 31. For our population, the
qualitative results from both approaches were mostly similar suggesting that a logistic
regression may provide good predictability for most applications looking at clinical
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outcomes where there are relatively few observations and possible covariates. Yet results
from the random forest algorithm helped illustrate the non-linear association between time
elapsed between the amputation and the prosthesis decision.

Despite the population-based design, inclusion of patients irrespective of insurance status,
and collecting data from medical records, findings should be interpreted in light of potential
limitations. Age and prior mobility seem to have strong effects on receiving a prosthesis, it
could be that other clinicians account for other factors associated with age through different
clinical protocols that would negate the age effect we found. The data gathered relied solely
on medical records which can be prone to error or inconsistencies across healthcare
providers. One limitation of the data collected from the medical records is that the diagnosis
of mild dementia may not be recorded (along with other cognitive impairments beyond
dementia, Alzheimer’s, or psychiatric disorders). If these measures of cognitive ability
deficits are not reported but are used as factors in the prosthetic prescription decision then
we have underestimated the effect of having full cognitive ability on the probability of
receiving a prosthesis. Other observable factors such as strength that were not recorded in
the medical records most certainly factor into the decision on whether or not an individual is
a candidate for a prosthesis following an above-knee amputation. Generalizing these results
beyond the XXXXX should be done with caution due to the homogeneity of the XXXXX
population and the limited power to observe race effects within the study population, where
95% of individuals with above-knee amputations were white. Future research should look at
sex and race disparities related to prosthetic prescriptions along with improving mobility for
elderly adults with above-knee amputations through improved prostheses or other assistive
devices, as well as pre-amputation interventions to improve mobility.

CONCLUSIONS

The likelihood of receiving a prosthesis did not change over the 26-year period in XXXXX
even though there has been an overall decrease in amputation rates over a similar time
period 22, Etiology, sex, and race were not associated with prosthetic prescriptions, though
the lack of racial disparities could be due to the relative homogeneity of the study
population. Older individuals were less likely to receive a prosthesis in this study population.

As the US population continues to age, more individuals will undergo above-knee
amputations later in life. While preventing an amputation is the best way to avoid not
receiving a prosthesis, it is important to standardize the prosthetic prescription process. If
prosthetic provision is to be standardized, resulting in more predictable eligibility, more
studies are necessary to characterize those clinical factors found to be associated with better
quality of life for prosthesis users.
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Prosthetic prescription probability by year from the random forest algorithm. The boxes
cover the IQR, whiskers extend 1.5(IQR) beyond the IQR
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Population characteristics by prosthesis status following an above-knee amputation

Received a Prosthesis

Table 1

Characteristics Yes (n=24) No (n=69) p-value
Mean Age 59 +20 7811 go1*
Female 16 (67) 34(49) 140
Race, white 22 (92) 66 (96) .530
Bilateral amputation 4(17) 19 (28) .257
Left side amputation 8 (33) 35 (51) 140
Dysvascular 17 (71) 66 (96) 018~
Community dweller 21 (88) 33(48) <oo1*
Full cognitive ability 23 (96) 51(74)  go2*
Mobility
Wheelchair dependent 1(4) 38(55)  <po1*
Used assistive device 4(17) 23(33) 090%
Independent walker 19 (79) 8(12) <go1*
Comorbidities
Congestive Heart Failure 11 (46) 41 (59) .263
Renal disease 7(29) 28 (41) .314
Cerebrovascular disease 10 (42) 43 (62) .089
Rheumatic disease 1(4) 9 (13) 133

*
statistically significant

PM R. Author manuscript; available in PMC 2017 August 01.

Page 14



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mundell et al.

Table 2

Most frequent qualitative reasons for not prescribing a prosthesis

Reason Count (N=69*)
Mobility 21
Death 10
Comorbidities 7
Mental status 7
Frail or weak 4

*
20 individuals had other or no documentation for not receiving a prosthesis

PM R. Author manuscript; available in PMC 2017 August 01.

Page 15



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mundell et al. Page 16

Table 3

Logistic Regression and Random Forest Algorithm results: characteristics associated with receiving a
prosthesis

Logistic Regression§ Random Forest Algorithm
Odds Ratio 95% ClI Relative Influence™

Amputation Age (in decades) 0.46% (0.21-0.89) 18.1

Bilateral amputation 0.61 (0.08 — 4.15) 14

Time to Prosthesis Decision (fraction of a year) 3.07 (0.33-27.74) 100.0

Sex 0.0
Female 121 (0.2-28.08) --

Etiology 3.6
Dysvascular 0.50 (0.01-27) --

Race 0.0
White 156 (0.02 - 49.89) -

Amputation Side 3.2
Left 0.34 (0.05 - 1.95)

Year of Amputation 0.0
Between 1997 and 2007 0.55 (0.07-3.92) --
After 2007 0.82 (0.06 — 14.49) -

Community dweller 0.22 (0.01 - 3.08) 6.2

Full cognitive ability 61.27 (1.57 — 12096.64) 3.0

Mobility 40.0
Walking prior to amputation 29.62°* (3.51-748.67) --

Comorbidities
Congestive Heart Failure 2.53 (0.4 -20.37) 1.4
Renal disease 0.96 (0.16 - 5.52) 0.0
Cerebrovascular disease 0.38 (0.05-2.2) 21
Rheumatic disease 0.48 (0.01-11.3) 0.0

§On|y the specification of the model with 10 year-groups is presented. Other year-group specification did not change the effect of amputation year
fThe variables with the most predictive power are set to 100 with all others scaled relative for these variables

*
p-value <.05,

*ok

p-value <.01,

Aok

p-value <.001

NB: Confidence intervals were calculated using the profile likelihood method which relaxes the assumption that estimators are normally
distributed. The method was particularly relevant given our smaller sample size. Statistical significance was calculated using p-values derived from
the untransformed logistic regression, which used Wald-type estimates. Profile likelihood derived confidence intervals are presented and may not
include 1, but are still associated with a parameter that is not statistically significant.
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