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Abstract

Background—Hand transplantation has received international attention in recent years; 

however, the economic impact of this innovative treatment is uncertain. The aim of this study is to 

assess the utility and estimate the costs of hand transplantation and the use of hand prostheses for 

forearm amputations.

Methods—100 medical students completed a time trade-off survey to assess the utilities of single 

and double hand transplantation and the use of hand prostheses. Quality-adjusted life years 

(QALYs) were calculated for each outcome to create decision trees. Cost data for medical care 

were estimated based on Medicare fee schedules using the Current Procedural Terminology code 

for forearm replantation. The cost of immunosuppressive therapy was estimated based on the 

wholesale price of drugs. The incremental cost-utility ratio (ICUR) was calculated from the 

differences in costs and utilities between transplantation and prosthesis. Sensitivity analyses were 

performed to assess the robustness of the results.

Results—For unilateral hand amputation, prosthetic use was favored over hand transplantation 

(30.00 QALYS vs. 28.81 QALYs; p = 0.03). Double hand transplantation was favored over the 

use of prostheses (26.73 QALYs vs. 25.20 QALYs; p = 0.01). The ICUR of double transplantation 

when compared with prostheses was $381,961/QALY, exceeding the traditionally accepted cost-

effectiveness threshold of $50,000/QALY.

Conclusion—Prosthetic adaption is the dominant strategy for unilateral hand amputation. For 

bilateral hand amputation, double hand transplantation exceeds the societally acceptable threshold 
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for general adoption. Improvements in immunosuppressive strategies may change the ICUR for 

hand transplantation.
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Hand transplantation is the only reconstructive procedure available to treat hand amputation. 

Following the first successful case in 1998, 42 additional hand transplantations have been 

performed worldwide. All 43 have achieved graft survival at one year, and the eventual 

return of protective sensation and some intrinsic muscle function.(1–11) Although both 

sensory and motor function remain limited, it has been suggested that hand transplantation 

may be a viable option for managing hand amputation.(9) The risk-benefit tradeoff, 

however, remains uncertain.(12)

Immunosuppression is essential for the successful survival of the transplanted hand. 

Experience with solid organ transplantation has shown that long-term immunosuppressive 

therapy can cause serious complications, such as opportunistic infection, diabetes mellitus 

and development of malignancy.(13, 14) For this reason, prescribing continuous 

immunosuppressive medication for a non-life threatening condition, as is done in hand 

transplantation, is ethically controversial.(15–19) Before deciding to perform hand 

transplantation, the risks associated with immunosuppression must be weighed against the 

functional, cosmetic and psychological benefits to be gained.(13, 20) Unfortunately, due to 

the lack of evidence-based outcomes data, patients and physicians depend largely on their 

individual expectations of the outcome and their acceptance of the risks when deciding 

whether to undergo hand transplantation.

Generally, after hand amputation a prosthetic device is adopted to assist in activities of daily 

living. Although some patients use prostheses, others abandon them upon finding them 

uncomfortable or not particularly useful.(21–23) A direct comparison between the outcomes 

of hand transplantations and prostheses for hand amputation would be helpful in guiding 

future recommendations. However, it is both ethically and practically impossible to perform 

a randomized controlled trial to investigate the differences in outcomes between these 

treatments. Decision analysis, a technique for assessing the utility of, or preference for, 

potential treatment options, can be applied to evaluate treatment methods when clinical trials 

cannot be performed.

In the face of mounting financial constraints in healthcare, new treatments will be examined 

not only for their potential to enhance quality of life, but also for cost. Because hand 

transplantation has not yet been widely performed, the economic impact of this procedure 

remains unclear. Utilities derived from a decision analysis and cost data obtained from a 

financial assessment can be factored into a cost-utility model. A cost-utility analysis, which 

includes both direct and indirect costs, is particularly well-suited for objectively considering 

this difficult treatment choice.(24–27) The purpose of this study is to conduct a cost-utility 

analysis comparing unilateral and bilateral hand transplantation and prosthetics.
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Materials and Methods

Study design

Forty-three cases of hand transplantation, all comprehensively reported by the International 

Registry on Hand and Composite Tissue Transplantation (IRHCTT), were examined to 

identify the most frequent outcomes and complications of the procedure.(9) The 

immunosuppressive regimen for hand transplantation is similar to that for solid organ 

transplantation.(14) Therefore, we assume that the risks of immunosuppression associated 

with hand transplantation would be similar to the risks associated with immunosuppression 

following kidney transplantation.(14, 18, 28)

We categorized complications of hand transplantation into four states: death, major 

complications, minor complications and graft loss due to rejection. Major complications 

included potentially life-threatening conditions and diseases requiring inpatient care such as 

opportunistic infection, diabetes mellitus, post-transplant lymphoproliferative diseases, 

leukopenia, and acute rejection. Minor complications included hypertension, elevated 

creatinine, anemia, and diarrhea. As is inherent to decision tree design, it was assumed that 

all outcomes are mutually-exclusive and as such a patient only experiences one complication 

category.(29) To calculate costs for graft loss, we assumed that the graft would be lost two 

weeks after transplantation and that the patient experienced no surgical or 

immunosuppressive complication during this time. In the event of patient death due to 

immunosuppression complications, it was assumed that immunosuppressive medication was 

taken for two weeks.

Utility Survey

Utility is the value assigned to a particular health state on a scale of 0 to 1, with 0 

representing death and 1 representing perfect health.(30) In this study we derived utility 

using a time-trade off (TTO) survey, which offers respondents the choice of living for x 

years in perfect health or t years in a less desirable health state. Utilities are then calculated 

as x/t. For example, our survey asks the respondent to choose between living for 40 years 

with a prosthetic hand and living for x years with a healthy hand. The value of x is varied 

until the respondent feels that the choices are equivalent. If the respondent judges that living 

for 40 years with a prosthetic hand is equivalent to living for 20 years with a healthy hand, 

the utility of living with a prosthetic hand is calculated as 20/40, or 0.50.

In our survey, participants were asked to imagine as vividly as possible that they had 

experienced an amputation of the dominant hand or bilateral hand amputations. Each 

scenario was presented with an outcome, a potential complication and photographs of hand 

prosthesis and hand transplantation for unilateral and bilateral hand amputation. Function 

and complications of hand transplantation were based on data obtained from the literature.

(9–11, 14) For the purposes of eliciting utility of prostheses, we selected a body-powered 

prosthesis, one of the most popular devices amongst hand amputees.(22) The function and 

complications of body-powered prostheses were based on a previously published systematic 

review article.(22) This study was approved by the Institutional Review Board at the 

University of Michigan.
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Quality-Adjusted Life Years (QALYs)

QALYs represent a measure of utility following a particular procedure. The QALY 

calculation factors the utility of a health state and that state’s duration. To translate utilities 

to QALYs, we assumed a remaining life span of 40 years, based on the national Vital 

Statistics Expectation of Life data for a 35-year-old male.(31) The age and gender of the 

average hand transplant patients was previously determined to be a 34-year-old male.(9) 

Sample QALY calculation is shown in Figure 1

Costs

All cost calculations reflect the societal perspective and are based on Medicare fee 

schedules. Costs are assigned by the Current Procedural Terminology (CPT) code for a 

procedure and the 2009 conversion factor. (32)

Physician’s Fee Schedule—Surgeon and anesthesia fee schedules were obtained based 

on Medicare Resource Based Relative Value Scale (RBRVS).(33) For this analysis, we used 

the CPT code for forearm replantation (20805) because one for hand transplantation does 

not exist. The facility fee schedule was used in all cost calculations because it is a valid 

assumption that both hand transplantation and amputation after graft loss (25900) will be 

carried out at an inpatient hospital. For this cost analysis, we assume that unilateral and 

simultaneous bilateral transplantation would be performed by two and four surgeons, 

respectively, which may be an underestimation of the workforce requirement.

Calculating the anesthesia fee schedule was done in a manner that factors in both the base 

units assigned by the anesthesia CPT code (01840) and the time units that reflect the length 

of time the patient is under the supervision of anesthesiologists. We estimated average time 

units for the procedures at 48 time units (12 hours) for the hand transplantation and 4 time 

units (1 hour) for amputation of the rejected graft. Preoperative and postoperative care time 

was estimated at 2 time units (30 minutes) each. Preoperative psychiatric evaluation (90801) 

was included in the treatment course. Postoperative clinic visits (99212) were assumed to be 

performed on a monthly basis until death or graft loss, based on a recommendation for 

outpatient monitoring of kidney transplantation recipient.(34)

Hospital and Clinic Costs—Inpatient care cost was estimated following the Acute 

Inpatient Prospective Payment System (PPS) for Medicare using Medicare-Severity 

Diagnosis-Related Group (MS-DRG).(35) We utilized the MS-DRG of a forearm 

replantation (484) to estimate inpatient cost of hand transplantation. To estimate 

hospitalization cost for amputation of the rejected arm, we applied the MS-DRG for forearm 

amputation (476). Outpatient clinic costs were estimated based on the Hospital Outpatient 

PPS using Ambulatory Payment Classification (APC) (605) for Medicare.(36)

Prosthesis—The cost of a body-powered prosthesis with a terminal device was estimated 

using L-codes (L-6100, 6680, 6706, 7400, 7403, 8435) based on Medicare Durable Medical 

Equipment, Prosthetics, Orthotics and Supplies 2009 Fee Schedule for the State of 

Michigan. Based on expert opinions from the Orthotics & Prosthetics Center at the 
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University of Michigan, we assumed that the prosthesis replacement would be required 

every four years.

Immunosuppressive Therapy—We estimated immunosuppressive medication costs 

using the wholesale prices of the medications.(37) We assumed that a maintenance 

immunosuppressive medication regimen used a triple drug combination of tacrolimus (4–8 

mg/day), mycophenolate mofetile (MMF) (2g/day) and prednisolone (10mg/day) based 

published series (1, 7, 10). Immunosuppressive medication may change with better 

understanding of the unique requirements of hand transplantation. Maintenance 

immunosuppressive medication would be continued for the duration of the patient’s lifespan 

or graft survival.

Treatment of Complication—Calculating the cost of every potential treatment option for 

a variety of complications is unwieldy and impractical. Because diabetes mellitus and 

hypertension are common complications associated with immunosuppressive medication, 

we estimated the costs of treating these two complications. The treatment cost for diabetes 

attributable to maintenance immunosuppression regimens has been estimated to be $2,025 

and $3,308 per patient at 1 and 2 years after transplantation, respectively.(38) We used the 

cost of treating immunosuppression–related diabetes as a proxy for the cost of treating major 

immunosuppressive complications. The wholesale price of losartan potassium (50mg/day, 

$2.12/50mg), for the treatment of hypertension, was used as the cost of minor 

immunosuppressive complications.(37)

Discounting and inflation—In economic analysis, the time value of money necessitates 

discounting future cost.(39) This is particularly important for studies that assess long-term 

cost due to the effect of compounding. In the present study, immunosuppressive therapy, 

treatment of complications and the cost of prostheses require discounting to calculate the 

future expenditures because these clinical states are assumed to be continued until graft loss 

or patient death. We discounted at 3% following the recommendation of the Panel on Cost-

Effectiveness in Health and Medicine.(40) We adjusted the cost data of diabetes treatment, 

which were based on the financial record from 1994 to 1998 to project the cost in 2009 

dollars using the CPI inflation calculator available from the Bureau of Labor Statistics.(41)

Productivity Loss—The cost of productivity loss is estimated using the average US 

hourly wage, as obtained from the US Bureau of Labor Statistics for May of 2007.(42) The 

average weekly earnings for all occupations are $782.40 (assuming a 40-hour work week). 

Our study assumed that patients returned to full-time work 1 year after hand transplantation 

and 12 weeks after amputation.

Incremental Cost-Utility Ratio (ICUR)

ICUR expresses the additional cost per QALY gained by using one treatment option versus 

another. This allows for the assessment of interventions that are preferred but are more 

costly than the alternatives. The ICUR of hand transplantation is derived from the 

differences of costs and QALYs between transplantation and prosthesis (Figure 2).
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Statistical Analysis

The data were analyzed using SAS 9.1 (SAS Institute, Cary, NC) statistical analysis 

software. Mean utility and QALY value with 95% confidence interval were calculated and 

differences between the utilities and QALYs of each health state were compared using 

Wilcoxon signed rank sum tests. Significance was set at p=0.05.

Sensitivity Analysis

Assumptions are inherent to cost-utility analyses. For this cost-utility analysis, we relied on 

risk estimates from published systematic reviews and cost data from Medicare 

reimbursement information. It would be nearly impossible to calculate the exact risk or 

exact cost in any scenario. Sensitivity analyses are used to test the assumptions used in the 

model in order to examine the effects of changes in variables such as complication risk rate, 

cost or complication time. We performed sensitivity analyses to determine the effect of 

varying the probability of complications and varying the expected utility of bilateral hand 

transplantation on QALYs.

Results

Utility Survey

After extensive pilot testing, 100 second, third and fourth-year University of Michigan 

Medical School students completed an anonymous, web-based TTO survey (Appendix 1). 

The student body at this institution is approximately 53% female. Nearly 13% of students 

are underrepresented minorities. The average age of students is 23.3 years. Students were 

paid $20 for their participation.

For both unilateral and bilateral hand amputation, participants assigned the highest utility to 

transplantation with minor complications (unilateral = 0.78; bilateral = 0.73) and the lowest 

utility to transplantation with major complications (unilateral = 0.59; bilateral = 0.53). For 

the use of prosthetic devices, there was a statistically significant difference between the 

utility assigned for unilateral prosthesis and bilateral prostheses (0.75 vs. 0.63; p<0.0001).

Mean utility values are presented in Table 1.

Decision Analytic Model

The probabilities of graft loss, minor complication, major complication and death were 0.02, 

0.74, 0.23, and 0.01 respectively. Utility values were entered into TreeAge decision analysis 

software (TreeAge Software, Inc., Williamstown, Mass) to generate decision trees, which 

account for the utility assigned to each health state as well as the probability of each 

occurring. (Figures 3 & 4)

The decision tree demonstrated that for unilateral amputation, prosthesis usage was 

preferable to hand transplantation. Prosthesis usage was associated with a gain of 1.19 

QALYs over hand transplantation (30.00 QALYS vs 28.81 QALYs; p = 0.03). For bilateral 

hand amputation, participants favored hand transplantation over prosthesis usage. Hand 
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transplantation was associated with a gain of 1.53 QALYs over the use of prostheses (26.73 

QALYs vs 25.20 QALYs; p = 0.01).

Costs

Total costs for each health states are shown in Table 2. Lifetime costs for single hand 

transplantation average $528,293, whereas costs for double hand transplantation average 

$529,315. Total costs of prosthesis adoption for unilateral and bilateral amputation are 

$20,653 and $41,305, respectively. The mean surgical cost, including preoperative 

evaluation, hospitalization and physician fee, are $13,796 for single hand transplantation and 

$14,608 for double hand transplantation. The cost of immunosuppressive therapy for 40 

years, including drugs and clinic visit, is $433,283 ($362,894–503,672). The cost of 

productivity loss for hand transplantation and prosthetic adaptation are $42,265 and $9,753, 

respectively.

ICUR

Because prosthesis usage is favored for unilateral hand amputation over hand 

transplantation, and it is the less costly option, there is no need to calculate the ICUR 

because prosthesis usage is the dominant strategy. For bilateral amputation, however, the 

preferred option is also the more costly one, so the ICUR needs to be calculated. If the 

incremental cost of one additional QALY using the preferred (and more expensive) 

intervention is below the cost-effectiveness threshold it is considered to be the optimal 

choice. If it is above this threshold, it is considered unacceptable. Traditionally, a cost-

effectiveness threshold of $50,000/QALY has been employed based on the acceptance of 

kidney transplantation, although some recent studies indicate that a threshold of $100,000 

per additional QALY may be more appropriate.(25, 43–48) The ICUR of double hand 

transplantation versus prostheses is $318,961/QALY, which exceeds accepted cost-

effectiveness thresholds.

Sensitivity analysis

A sensitivity analysis was performed to assess the effect of changes in major complication 

rate (major immunosuppressive therapy complications and death) on utility of bilateral hand 

transplantation. The rate of major complications was lowered from its baseline of 25%, 

which resulted in a utility of 26.73 QALYs, to 0% (i.e. no major complications possible), 

raising the utility of double hand transplantation to 29.16 QALYs, a gain of 2.43 QALYs. 

(Figure 5)

We also performed a sensitivity analysis varying the utility of bilateral hand transplantation. 

The goal was to find the utility necessary to bring the ICUR of bilateral hand transplantation 

versus prostheses into the acceptable range of $50,000–$100,000/QALY. We found that 

when the utility of bilateral hand transplantation reached 30.08 QALYs the ICUR versus 

prostheses was $100,002/QALY; when the utility reached 34.96 QALYs the ICUR was 

$50,001/QALY. (Figure 6) However, as the previous sensitivity analysis showed, even when 

there was no risk of major complications, the utility of bilateral hand transplantation was 

only 29.16 QALYs.
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Discussion

New, more expensive interventions and medical technology are always going to bring with 

them controversy. This is especially true when it is unclear if the new intervention is 

superior to its counterparts. Kidney transplantation, for example provides a much higher 

quality of life than the alternative, outpatient dialysis.(49, 50) But this increased quality of 

life comes at a high monetary cost. In this case, society has decided that the cost of kidney 

transplantation is “worth” the quality of life improvement and as such, this procedure is 

frequently performed. Other, even more expensive, transplant procedures such as liver and 

heart transplantation are widely accepted because there are no alternative treatments for 

these life-threatening conditions.(51) Hand amputation is not a life-threatening condition 

however, and prosthetic devices do provide a viable, less costly alternative. In this case, 

cost-utility analysis is absolutely necessary.(52)

Our cost-utility analysis found that the utility of single hand transplantation was lower than 

that of single prosthesis for unilateral forearm amputation. This supported the results of a 

previous decision analysis on single hand transplantation.(53) Double hand transplantation 

showed higher utility than double prosthetic adaptation; however, the ICUR far exceeded 

standard cost-effectiveness thresholds. These findings indicate that, from a societal 

perspective, prosthetic adaptation is the dominant strategy for unilateral amputation and the 

preferred strategy for bilateral forearm amputation at this time.

The scientific rationales for the indications for hand transplantation have not yet been 

established.(54) Currently, whether to attempt hand transplantation is subjectively decided 

upon based on the preferences and expectation of both physicians and patients. However, the 

toxicity of immunosuppressive medication brings about an ethical dilemma.(19) In solid 

organ transplantation, 40% of post-transplant deaths were attributed to infection;(55) 

transplant recipients have 7-fold 5-years risk over the general population of developing 

malignancies.(14) Although life-threatened complications associated with hand 

transplantation have not been reported at present, it can be expected that the incidence of 

malignancies in recipients of hand transplant may be similar to that of solid organ transplant 

recipients.(18) For hand transplantation, it is crucial to assess whether these probable 

negative outcomes are justified by the functional, cosmetic and psychological benefits that 

may result from the procedure.

Based on examination of four cases in the United States and China, functional outcomes of 

transplanted hands were nearly identical to those of replanted hands.(3, 10, 18, 56) This 

indicates that it is unlikely that further functional improvement of grafted hands will 

markedly increase the utility of this procedure in the future. As shown in our sensitivity 

analysis, even with no risk of major complications, the utilities of hand transplantation are 

insufficient for the ICUR to fall below the acceptable threshold. The perceived benefits of 

hand transplantation may not be able to offset the excessive cost until innovative 

immunosuppressive methods achieve not only a drastic reduction in complications, but also 

a marked decrease in cost.
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Naturally, different populations will see any medical procedure, including hand 

transplantation, from different perspectives.(57) Assessing the general public is 

recommended for determining utilities from the societal perspective to reflect various needs 

and viewpoints and to compare cost-effectiveness across interventions for setting healthcare 

policy.(58) However, members of the general public may not be able to properly assess the 

function of grafted hands or prostheses nor the complications associated with 

immunosuppressive medication. Physicians are a narrow subset of general public who can 

more accurately assess these factors; however, physicians may overestimate the outcome, 

resulting in an inflated utility value.(52) Upper-extremity amputee patients may seem like an 

ideal population, but there is evidence that these patients are more risk adverse than healthy 

individuals, which also may result in unusually high utility values.(59) We considered 

medical students an appropriate population for eliciting utilities from the societal perspective 

because they are not engaged in direct medical care, yet can understand the complicated 

scenarios.

Because cost-utility analyses rely on numerous assumptions, there are limitations to our 

analytic model. First, in order to simplify the model, we divided the complications into four 

categories. It was assumed that complications were mutually-exclusive and continued for the 

remaining life span. In actuality, recipients are likely to experience several complications 

that may come and go throughout their lives. A second limitation of our study was that 

complications of solid organ transplantation were used to calculate the probabilities of hand 

transplantation complications. Kidney transplant recipients have overall poorer health than 

hand transplant recipients; they may experience more, and more serious, complications after 

transplant than a relatively healthy person receiving a hand transplant. The probabilities of 

complication have also been based on short-term results because these data are strictly 

derived from randomized controlled trials.(28) Long-term result would demonstrate higher 

rates of death and major complication such as malignancies and serious infections. Finally, 

hypertension and diabetes mellitus represented minor and major complications, respectively. 

It is impractical to individually estimate the cost of potential treatment options for all 

possible complications.

Respondents to our survey felt that double hand transplantation can result in benefits 

exceeding the risks for those with bilateral forearm amputation. But because of the necessity 

of life-long immunosuppressive therapy, it is not cost-effective. Currently, scientists are 

focusing their efforts on developing the ideal immunosuppression regimen to induce 

tolerance leading to allograft acceptance, or on minimizing the need for maintenance 

immunosuppression.(60) These advances may pave the way for strategies that can overcome 

allograft rejection without the serious complications and additional costs that current 

immunosuppressive regimens inflict. This may result in an increase in utility and decrease in 

cost that will allow hand transplantation to become a truly viable alternative treatment for 

forearm amputation.
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Figure 1. 
QALY calculation
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Figure 2. 
ICUR calculation
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Figure 3. 
Decision tree for unilateral hand amputation
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Figure 4. 
Decision tree for bilateral hand amputation
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Figure 5. 
A sensitivity analysis varying the rate of major complications for bilateral hand 

transplantation
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Figure 6. 
A sensitivity analysis varying the expected utility of bilateral hand transplantation
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Table 1

Mean utilities and QALYs with 95% Confidence Interval

Scenarios Utility* QALYs#

Unilateral Hand Amputation

No Hand Transplant

Prosthesis 0.75 (0.72–0.79) 30.00 (28.66–31.64)

Hand Transplant

Minor Immunosuppresion Complications 0.78 (0.75–0.81) 31.20 (29.83–32.32)

Major Immunosuppresion Complications 0.59 (0.55–0.63) 23.60 (21.55–25.02)

Graft Failure 0.73 (0.69–0.76) 29.20 (27.68–30.55)

Bilateral Hand Amputation

No Hand Transplant

Prosthesis 0.63 (0.59–0.67) 25.20 (23.54–26.72)

Hand Transplant

Minor Immunosuppresion Complications 0.73 (0.69–0.77) 29.20 (27.66–30.60)

Major Immunosuppresion Complications 0.53 (0.49–0.58) 21.20 (19.70–23.06)

Graft Failure 0.62 (0.58–0.66) 24.80 (23.24–26.59)

*
1.0 is perfect health

#
QALYs are based on 40 remaining healthy years
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Table 2

Total cost of hand transplantation and prosthetic adaptation

Single Double

Hand transplantation Range $528,293 ($457,904–598,682) $529,315 ($458,926–$599,704)

Graft loss Range $52,204 ($52,091–52,317) $74,066 ($73,953–74,179)

Minor complication Range $532,928 ($462,539–603,317) $533,740 ($463,351–604,129)

Major complication Range $578,757 ($495,621–661,894) $579,570 ($496,433–662,706)

Death Range $14,494 ($14,381–14,607) $15,306 ($15,193–15,420)

Prosthesis $20,653 $41,305
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