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Abstract
Background Severe hand injuries significantly limit function and esthetics of the affected hand due to massive trauma in skeletal
and soft tissues. Surgical reconstruction is often unsatisfactory, so bionic prostheses are a consideration. However, assessment of
functional outcomes and quality of life after surgical reconstruction to guide clinical decisions immediately after injury and in the
course of treatment remain difficult.
Methods We conducted a prospective follow-up analysis of patients with severe hand injuries during 2016–2018. We retro-
spectively evaluated initial trauma severity and examined current functional status, quality of life, general function, and satis-
faction in everyday situations of the hand. We also developed a novel Hand Bionic Score to guide clinical recommendation for
selective amputation and bionic prosthesis supply.
Results We examined 30 patients with a mean age of 53.8 years and mean initial severity of hand injury (iHISS) of 138.4.
Measures indicated moderate quality of life limitations, moderate to severe limitation of overall hand function, and slight to
moderate limitation of actual hand strength and function. Mean time to follow-up examination was 3.67 years. Using the
measured outcomes, we developed a Hand Bionic Score that showed good ability to differentiate patients based on outcome
markers. Appropriate cutoff scores for all measured outcome markers were used to determine Hand Bionic Score classifications
to guide clinical recommendation for elective amputation and bionic prosthetic supply: < 10 points, bionic hand supply not
recommended; 10–14, bionic supply should be considered; or > 14, bionic supply is recommended.
Conclusions While iHISS can guide early clinical decisions following severe hand injury, our novel Hand Bionic Score provides
orientation for clinical decision-making regarding elective amputation and bionic prosthesis supply later during the course of
treatment. The score not only considers hand function but also psychological outcomes and quality of life, which are important
considerations for patients with severe hand injuries. However, future randomized multicenter studies are needed to validate
Hand Bionic Score before further clinical application.

Level of evidence: Level III, risk/prognostic study.
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Introduction

Hand injuries represent the most frequent body part for work-
related injuries involving either crushing, fracture, or

amputation, with a lifetime prevalence of injuries leading to
hospitalization of 15–46% and annual prevalence of 5–30%
[1, 2]. Injury mechanisms such as crush or high-voltage elec-
trical injury can have devastating consequences, and
degloving injuries can be mutilating [3–5]. Preservation of life
as well as reconstruction of injured anatomical structures are
the main medical aims following injury [6, 7]. However, re-
constructive surgery often does not lead to good function and
esthetics even after months or years of surgical intervention.
Furthermore, critical tissue damage can lead to significant
limitations as well as pain that not only renders the affected
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limb useless but also turns it into a disabling appendage [8]. In
the case of total or subtotal amputation, success of implanta-
tion and revascularization depends on duration of ischemia as
well as accompanying injuries. Furthermore, outcomes espe-
cially depend on a surgeon’s surgical skills [9, 10].

Severe hand injuries with mutilation of the hand or loss of
functional parts can have physical, social, psychological, and
economic consequences for the patient [11]. The role of one’s
own body image plays a special role in coping with trauma.
Psychological effects of hand disfigurement can significantly
outweigh functional impairment and disturb a patient’s iden-
tity [12, 13]. In addition, interpersonal perceptions of patients
with bionic technologies can vary based on the technology
[14]. Although the aim of reconstructive surgery is to restore
esthetic and function by reconstructing anatomical structures,
the reconstructive process is long and elaborate and may not
result in the desired functionality and appearance [15].

Severity of disability due to hand injuries is determined by
a patient’s recognition of the loss and adaptability of body
image, which is influenced by personality as well as social
environment [16]. Hand injuries can imply high emotional
burden for patients and can relate to long return-to-work times
[17, 18]. The most important prognostic factors for long
return-to-work times after traumatic hand injuries are more
severe impairment and low pre-injury income, while age, ed-
ucational level, and gender do not seem to influence return-to-
work times [19, 20]. Furthermore, although prevalence of
anxiety and depression decreases over the first 3 months after
initial trauma, there is no significant change in their preva-
lence up to one-year follow-up [21]. In addition, mutilating
hand injuries can be linked to stress and anxiety disorders as
well as severe depression, pain syndromes, and adjustment
problems. Patients with severe hand injuries experience symp-
toms associated with such disorders, including nightmares,
flashback memories, mood swings, cognitive issues, scruples
related to disfigurement, phantom limb sensation, and fear of
dying. Flashbacks and nightmares are by far the most imme-
diate post-injury symptoms and are considered key factors
contributing to emotional distress in the early stages of trau-
matic hand injury [22]. In addition, reconstruction with repet-
itive operations adds additional focus on the disabled hand.

To avoid the long reconstruction process with possible un-
satisfactory results, an alternative treatment option is early
amputation and supply of a bionic prosthesis, although this
option should be a mutual decision. Before bionic prostheses
can become a primary medical supply choice after amputa-
tion, not only do technical problems need to be overcome but
also criteria for valid clinical decision-making need to be de-
veloped [23]. However, clinical follow-up in patients with
disseminated intravascular coagulopathy (DIC) and consecu-
tive amputation followed by bionic prosthetic supply show
sufficient to moderate results in function and quality of life
[24]. The main reported reasons for non-application of

prostheses are weight of the prosthesis, signal transmission
disorders based on scarring of the skin, and repeated technical
failures [24, 25].

Development of possible solutions for better signal trans-
mission as well as smoother interfaces between human and
machine are essential for prosthetic control. For patients with
extensive stump scarring caused by internal diseases as well as
burn traumata, implantable signal electrodes can improve sig-
nal transmission [26]. Furthermore, a combination of targeted
muscle reinnervation (TMR) and implantable myoelectric
sensors (IMES) can increase signal strength [27, 28]. IMES
transmit electromyography (EMG) data wirelessly to the pros-
thesis and are inductively coupled via an external coil integrat-
ed in the prosthesis socket. Follow-up of three patients with
transhumeral amputations demonstrated significant functional
improvements of an implanted system over surface electrode-
based control [27, 29]. While commonmyoelectric prostheses
with surface EMG signals provide limited direct and intuitive
control of the prosthesis, IMES-controlled prostheses provide
very controlled EMG activity and more proportional and in-
tuitive motion [30, 31].

For both acute massive injuries of hand function and multi-
level injury and long-term surgical treatment, patients with
severe hand injuries should be evaluated for potential selective
amputation and myoelectric prosthetic supply, offering the
potential of using technology to replace their lost function.
However, no data currently correlates function and quality
of life of patients with severe hand injuries to long-term out-
come parameters after surgical reconstruction to guide treat-
ment decisions. Therefore, we carried out a prospective,
monocentric, non-randomized study to assess functional out-
come parameters and quality of life for severe hand injuries
and consecutive surgical reconstruction. Furthermore, we de-
fined a scale for initial amputation and developed a novel
Hand Bionic Score to guide clinical decision-making based
on measurable outcome parameters in the course of treatment
for amputation and bionic prosthesis supply.

Material and Methods

Patients

We conducted a monocentric, prospective follow-up analysis
of 92 patients with severe hand injuries during 2016–2018.
After telephone and written invitation, 30 patients provided
written consent to participate in this study, for which we ret-
rospectively evaluated initial trauma severity and performed
clinical follow-up of current functional status, quality of life,
and general function/satisfaction in everyday situations of the
hand. Trauma severity was assessed by retrospective evalua-
tion of photographic documentation with IMS (Imagic
Bildverarbeitung AG, Glattbrugg, Switzerland) of severe
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hand injuries treated in our department of Plastic, Esthetic,
Hand and Reconstructive Surgery.

Inclusion criteria were severe hand injury with soft tissue
defects and massive injury to functional structures defined and
based on initial Hand Injury Severity Score (iHISS). All pa-
tients provided written consent for participation in the study as
well as publication of data and images. Approval for this study
was granted by the Hannover Medical School (MHH)
University Ethics Committee (#7352). Research was conduct-
ed in accordance with the 1964 Helsinki Declaration.

Functional status measures

We assessed functional status using the German statutory ac-
cident insurance (Deutsche gesetzliche Unfallversicherung
(DGUV)) measuring sheet for patients with hand, arm, and
shoulder injuries. Mobility of joints was assessed by range of
motion (ROM). Loss of function was calculated using ROM
of the forearm, wrist, hand, and fingers compared with the
uninjured hand [32]. We also measured hand strength using
manometry and thumb strength using the pinch test.

Quality of life measures

Short Form 36 (SF-36): SF-36 is a disease-related measure to
categorize health-related quality of life into eight subgroups.

The score provides a general assessment by calculating values
for physical and mental health subgroups and represents bur-
den of disease. Scores range 0–100 points, with 0 indicating
the greatest restriction of health and low quality of life and 100
indicating absence of health restrictions and highest quality of
life [33].

EuroQol-5 Dimensions Health-Questionnaire (EQ-5D-
5 L): EQ-5D-5 L is a descriptive system to quickly evaluate
health-related quality of life with the following five sub-
groups: mobility, self-care, usual activities, pain/discomfort,
and anxiety/depression. Each subgroup is classified into the
following five levels: no problems, slight problems, moderate
problems, severe problems, and extreme problems. This infor-
mation can be converted into a one-dimensional index value
and compared with normative values. Scores range 0–1, with
0 indicating low and 1 indicating perfect health. Furthermore,
patients rated their health on a visual analogue scale (EQ-5D-
VAS) from 0 to 100 [34].

General hand function/satisfaction measures

Disability of the Arm, Shoulder and Hand Score (DASH):
DASH rates limitation and bimanual tasks in daily life and
evaluates complaints and problems with everyday activities
caused by the upper limb extremity with 30 questions. A score
of 0 indicates the best hand function, while a score of 100
indicates the worst [35].

Michigan Hand Questionnaire (MHQ): MHQ evaluates
hand function and satisfaction in patients with disabilities of
the upper extremity. The survey consists of six scales evalu-
ating overall hand function, activities of daily living, pain,
work performance, esthetics,, and patient satisfaction. An
overall MHQ score can be obtained by summing all scales.
A high score indicates better hand performance, while a low
score indicates worse performance. Compared with DASH,
MHQ provides a more detailed assessment of the disabled
hand [36].

iHISS

Initial severity of hand injury was evaluated based on iHISS
from earliest photographs of the injury. We retrospectively
reviewed medical records in the electronic Systems
Application Product (SAP) system (SAP Deutschland SE &
Co. KG, Walldorf, Rhein-Neckar, Version 22.10, Germany),
which included photographs of the injury upon arrival in the
operating room and notes of findings during operation. Based
on this information, we calculated iHISS using a standard
protocol [37]. An initial score of < 20 is regarded as “minor”
injury, 21–50 as “moderate” injury, 51–100 as “severe” inju-
ry, and > 100 as “major” injury [37]. Lower iHISS scores
indicate lower severity with better functional outcome and
hand strength, while higher scores indicate worse functional

Table 1 General statistics of study patients (n = 30)

General statistics

N

Gender Female 1

Male 29

Total 30

Handedness Both 4

Left 4

Right 22

Total 30

Injured hand Left 16

Right 14

Total 30

Dominant hand injury Yes 16

No 14

Total 30

Changed job No 22

Yes 8

Total 30

Profession-associated accident No 12

Yes 18

Total 30
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Table 2 Detailed descriptive statistics of all tests performed in this study

Descriptive statistics

N = 30 Mean Median SD Minimum Maximum Percentiles

25 75

Age 53.80 54.50 15.01 25 87 46.75 62

iHISS 138.43 102.50 123.54 16.00 612 47.50 204.75

EQ-VAS 74.33 80 17.89 20 100 65 87

EQ_5D-5L index value 0.88 0.91 0.13 0.40 1 0.82 1

SF-36-physical functioning 85.17 90 15.62 40 100 83.75 95

SF-36-role limitations due to physical health 59.17 75 37.42 0 100 25.00 100

SF-36-role limitations due to emotional problems 87.78 100 22.29 33.33 100 66.67 100

SF-36-energy/fatigue 77.00 82.50 20.66 15 100 70 90

SF-36-emotional well-being 83.47 84 13.23 40 100 75 96

SF-36-social functioning 91.25 100 20.28 0 100 87.50 100

SF-36-pain 79.33 95 28.02 10 100 65 100

SF-36-general health 63.83 65 17.25 30 95 50 75

SF-36-total 78.37 80.25 15.87 26.46 97.75 69.46 90.59

DASH 23.58 15.83 19.58 0 66.67 8.96 29.58

MHQ-overall hand function 52 55 19.10 10 85.00 38.75 66.25

MHQ-activities of daily living 67.49 74.46 25.31 11.43 98.21 50.27 87.86

MHQ-work 72.17 82.50 28.21 0 100 55 95

MHQ-pain 19.33 5 25.38 0 85 0 37.50

MHQ-esthetic 75.42 90.63 31.14 0 100 51.56 100

MHQ-satisfaction 55.56 60.42 23.45 12.50 91.67 36.46 70.83

MHQ-total 67.22 75.67 22.10 14.82 93.31 51.50 85.63

Manometry (% loss of strength) − 40.65 − 40.47 26.22 − 88.52 0.67 − 62.09 − 22.68
Pinch test (% loss of strength) − 31.12 − 20.53 30.16 − 100 12.50 − 52.78 − 7.77
Loss of sensibility (in mm) − 3.36 − 2.50 3.49 − 13 0.78 − 5.46 − 0.45
DGUV (% loss of function) − 10.40 − 6.11 14.73 − 55.50 4.18 − 15.29 − 0.66
Time to follow –up 3.67 − 3.40 2.13 0.57 11.34 2.02 4.80

Fig. 1 ROC curves of cutoff values for a iHISS (cutoff = 206.5; J = 0.885; AUC= 0.942) and b pinch test (cutoff = − 61.81; J = 0.923; AUC= 0.971)
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outcome and hand strength with higher injury severity
[38–40]. Based on previous studies, iHISS can adequately
predict functional outcome [39].

Hand Bionic Score

A manometry result of < − 70%, pinch test result of < − 60%,
loss of two-point sensitivity discrimination of > 6 mm, mean
loss of motion of > 30° compared with the unaffected hand,
and amputation of at least three digits was considered a bad
outcome in the long term and used for cutoff calculation with
receiver operating characteristic (ROC) curves. To develop
Hand Bionic Score cutoff values that can help decide whether
to conduct a selective amputation and recommend a bionic
prosthesis, we established two cutoffs. Patients with at least
three of the above outcome markers were used to develop an
upper cutoff value, while patients with at least one match were
used to calculate a lower cutoff value. After grouping, we
classified the respective groups by ROC curves. To define
Hand Bionic Score cutoff values, Youden index (J) and area
under the curve (AUC) were calculated (values, 0–1). Higher
Youden index indicates higher sensitivity and specificity of
each cutoff value [41]. Cutoff values were then assigned
points of 0–3 and were used to calculate Hand Bionic Score.

Statistics

For statistical analysis, data were converted into an SPSS da-
tabase (IBM SPSS Statistics, Version 26.0). Descriptive met-
rics and their deviations (95% confidence interval, alpha level
of 0.05) were generated. Significance between positive Hand

Bionic Score (≥ 10) and negative score (< 10) groups was
tested with the Mann–Whitney U test due to non-parametric
distribution, and the effect size r was determined.

Results

General data

We examined 30 patients (29 males, 1 female; Table 1)
with a mean age of 53.8 years (Table 2). Most accidents
were associated with professional activities (n = 18), and
eight patients subsequently changed their jobs (Table 1).
Mean iHISS was 138.43, corresponding to major injury.
Average EQ-5D-5 L was 0.88, and average SF-36 was
78.37, indicating moderate quality of life limitations.
Mean DASH was 23.58, indicating moderate hand func-
tion; mean MHQ was 67.22, indicating moderate to se-
vere limitation of overall hand function. Mean loss of
function by DGUV was − 10.4%, mean loss of strength
by manometry was − 40.65%, mean loss of strength by
pinch test was − 31.12%, and mean loss of sensitivity
was − 3.36 mm, showing slight to moderate limitation
of actual hand strength and function. Mean time to
follow-up examination was 3.67 years (Table 2).

Hand Bionic Score

Of the 30 examined patients, four had at least three of the
above mentioned outcome markers, which were used to cal-
culate upper cutoff values for Hand Bionic Score. In addition,

Table 3 Comparison of high and
low cutoff values for all tests High cutoff value

Cutoff value Sensitivity Specificity Youden index AUC 95% CI

iHISS 206.5 100% 88.50% 0.885 0.942 0.858–1

DASH 30.83 75% 84.60% 0.596 0.774 0.548–1

MHQ 65.56 100% 69.20% 0.692 0.798 0.624–0.972

EQ-5D 0.862 75% 76.90% 0.519 0.731 0.470–0.991

SF-36 78.72917 75% 69.20% 0.442 0.788 0.563–1

Manometry − 75.0945 75% 96.20% 0.712 0.913 0.785–1

Pinch test − 61.8065 100% 92.30% 0.923 0.971 0.914–1

Low cutoff value

Cutoff Sensitivity Specificity Youden index AUC 95% CI

iHISS 114.5 84.60% 82.40% 0.67 0.882 0.764–1

DASH 22.5 76.90% 82.40% 0.593 0.819 0.657–0.981

MHQ 75.6746 84.60% 76.50% 0.611 0.846 0.708–0.984

EQ-5D 0.9095 69.20% 58.80% 0.28 0.681 0.482–0.880

SF-36 78.72917 61.50% 82.40% 0.439 0.715 0.524–0.906

Manometry − 47.958 69.20% 88.20% 0.574 0.769 0.572–0.966

Pinch test − 39.0756 69.20% 94.10% 0.633 0.801 0.617–0.985
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13 study participants had at least one matching outcome
marker and were used to calculate lower cutoff values. The
following upper cutoffs were determined from classification
by ROC curves: iHISS of 206.5 (J = 0.885; AUC = 0.942)
(Fig. 1a), manometry test of − 75,09% (J = 0.712; AUC =
0.913), and pinch test of − 61.8% (J = 0.923; AUC = 0.971)
(Fig. 1b). Each cutoff showed high sensitivity and specific-
ity. Furthermore, AUC indicated that these parameters were
very good in distinguishing between groups with at least
three outcome markers. Furthermore, cutoff values for
DASH of 30.83 (J = 0.596; AUC = 0.774), MHQ of 65.56
(J = 0.692; AUC = 0.798), EQ-5D of 0.862 (J = 0.519;
AUC = 0.731), and SF-36 of 78.73 (J = 0.442; AUC =
0.788) had moderate Youden index with moderate AUC
(Table 3, Fig. 2). These cutoffs provide moderate separation

yet safe differentiation between patients with or without rec-
ommendation for upper limb prosthetic. For Hand Bionic
Score, three points were assigned to all cutoffs except SF-
36, because it represented no significant difference between
lower and upper cutoffs.

The group with at least one matching outcome parameter
was used to calculate a lower cutoff with the following values:
iHISS of 114.5 (J = 0.67; AUC = 0.882), DASH of 22.5 (J =
0.593; AUC = 0.819), MHQ of 75.67 (J = 0.611; AUC =
0.846), EQ-5D of 0.9095 (J = 0.28; AUC = 0.681), SF-36 of
78.73 (J = 0.439; AUC = 0.715), manometry of − 47.96%
(J = 0.574; AUC = 0.769), and pinch test of − 39.08% (J =
0.633; AUC = 0.801) (Table 3). Youden index presented sat-
isfactory to moderate sensitivity and specificity in every test,
while AUC indicated moderate to good separation of this

Fig. 2 Hand Bionic Score sheet
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group. For score development, each value was assigned a
Hand Bionic Score. After cutoff calculation, a Hand Bionic
Score sheet was developed with the following classifications:
0–9 points, bionic hand prosthesis supply not recommended;
10–14 points, should consider bionic supply; > 14 points, bi-
onic supply is recommended (Fig. 2).

After determining the upper cutoff value, iHISS of > 207
indicated significant differences in all tests of the Hand Bionic
Score except quality of life (EQ-5D, p = 0.564; SF-36, p =
0.311) compared with patients with an iHISS of < 207. This
shows that acute assessment of quality of life is difficult, so
decisions regarding possible prosthetic supply must be
weighed very carefully. Patients with an iHISS of ≥ 207 have
a mean loss of function of − 27.99% and loss of sensitivity of
− 6.35 mm, which represents a worse functional outcome.
This is especially confirmed in the results of manometry
(mean (x̅) = − 67.42%; median (x) = − 74.05%), pinch test
(x̅ = − 57.52%; x = − 62.5%), and functional outcome scores
(DASH, x̅ = 36.9; x = 33.33; SD = 21.75; MHQ, x̅ = 52.75;
x = 56.38; SD = 21.87) (Table 4).

Hand Bionic Score of < 10

In the study cohort, 21 patients had a Hand Bionic Score of
<10, resulting in no recommendation for a bionic prosthetic
supply. These patients presented a mean loss of function of −
5.44%, which hardly represents restrictions in ROM. Patients
had an average manometry loss of strength of − 28.29%, av-
erage pinch test loss of strength of − 18.43%, and average loss
of sensitivity of − 2.53 mm, indicating slight to moderate re-
strictions in hand strength and sensitivity (Table 5).
Nonetheless, overall SF-36 (x̅ = 85.25) and EQ-5D (x̅ =
0.94) indicated only slight impairment of quality of life.
Functional outcome and satisfaction as measured with
DASH (x̅ = 13.89) and MHQ (x̅ = 77.69) were good to mod-
erate, even considering that one patient had a MHQ score of
32.5, although this result still did not indicate prosthetic sup-
ply. Patients had a mean iHISS of 93.86, corresponding to
severe hand injury, although these patients had no indication
for prosthetic care because not only injury pattern but also
quality of life and functional tests contribute to decision-mak-
ing. As a whole, these patients had a mean Hand Bionic Score
of 2.19, and follow-up examination took place on average
after 3.34 years (x = 3.08; range, 0.88–6.31; SD = 1.37).

Hand Bionic Score of ≥ 10

In the study cohort, 9 patients with a Hand Bionic Score of ≥
10 presented a mean loss of function of − 23.43%, mean ma-
nometry loss of strength of − 69.51%, and pinch test loss of
strength of − 60.74%, significantly corresponding to very low
functional outcome compared with low-score patients (iHISS,
p < 0.01; DASH, p < 0.01; MHQ, p < 0.01; EQ-5D, p < 0.01;Ta
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SF-36 overall, p < 0.01; loss of sensitivity, p = 0.08; DGUV,
p = 0.02; manometry, p < 0.01; pinch test, p < 0.01) (Table 5).
Furthermore, effect size indicated a strong effect in separating
groups with different cutoffs, although average loss of sensitiv-
ity was not significant. Follow-up examination took place on
average after 4.42 years (x = 3.66; range, 0.57–11.34; SD =
3.3). Compared with patients with Hand Bionic Score of <
10, follow-up examination took place around the same mean
time, although standard deviation greatly differed. Ultimately,
there were clear differences between patients with high (≥ 10
points) or low (< 10 points) Hand Bionic Scores (Fig. 3).

Quality of life

EQ-5D-5 L had a mean value of 0.75 (x = 0.8; p < 0.05) and
effect size of r = 0.65. SF-36 showed the biggest restrictions in
subsections “role restrictions due to physical health” (x̅ = 27.78;
x = 25; range, 0–75), “pain” (x̅ = 52.22; x = 57.5; range, 10–
100), and “general health” (x̅ = 56.67; x = 60; range, 35–85).
Mean total SF-36 score of 62.34 (x = 63.94; p < 0.05; r = 0.71)
indicated rather moderate to bad quality of life (Table 5).
Nevertheless, these values showed significant differences be-
tween groups, particularly very good effect size of SF-36,

indicating that these tests are very well-suited to determine a
bionic supply recommendation. Especially for SF-36, role lim-
itations due to injury and self-perception are central issues.

Functional outcome

Mean DASH score was 46.2 (x = 55; SD = 19.69) and mean
overall MHQ score was 42.78 (x = 47.34; SD = 15.52), indi-
cating worse functional outcome (Table 5). Even years after
reconstruction and surgical approach, hand function was not
sufficient and patients were not satisfied. To evaluate Hand
Bionic Score, these tests showed significant results (MHQ,
p < 0.05; r = 0.68; DASH, p < 0.05; r = 0.66) and had good
effect intensity levels, indicating they were well-suited as de-
cision parameters (Table 5). Furthermore, there was a signif-
icant positive Pearson correlation between Hand Bionic Score
and MHQ (Fig. 4).

iHISS

Mean iHISS was 242 (x = 210; SD = 150.09), corresponding
to major hand injuries. Mann–Whitney U test showed that
differences between individual groups were significant. An

Table 5 Descriptive statistics and comparison of patients with Hand Bionic Score of < 10 or ≥ 10

Hand Bionic score < 10

n = 21 iHISS DASH MHQ EQ-5D SF-36
overall

Manometry (%) Pinch test (%) Loss of
sensitivity (mm)

DGUV loss of
function (%)

Hand Bionic
Score

Mean 93.86 13.89 77.69 0.94 85.25 − 28.29 − 18.43 − 2.53 − 5.44 2.19

Median 73 13.33 80.91 0.91 85.88 − 30.96 − 17.65 − 1.90 − 3.720 1.00

SD 78.50 8.48 15.10 0.06 9.14 19.39 19.28 2.74 7.13 2.32

Minimum 16 0 32.50 0.79 64.88 − 63.57 − 61.11 − 9.00 − 19.72 0

Maximum 328 28.33 93.31 1 97.75 0.67 12.50 0.78 4.18 8

25 Percentile 45 7.50 73.71 0.91 79.88 − 41.96 − 33.33 − 3.20 − 10.43 0

75 Percentile 111 21.67 89.10 1 91.38 − 11.58 − 5 − 0.70 0.41 4

Hand Bionic Score ≥ 10
n = 9 iHISS DASH MHQ EQ-5D SF-36

Overall
Manometry (%) Pinch test (%) Loss of

sensitivity (mm)
DGUV loss of

function (%)
Hand Bionic

Score

Mean 242.44 46.20 42.78 0.75 62.34 − 69.51 − 60.74 − 5.52 − 23.43 14.67

Median 210.00 55 47.34 0.80 63.94 − 74.05 − 66.67 − 5.24 − 18.87 15

SD 150.09 19.69 15.52 0.16 17.06 14.59 30.97 4.45 21.32 2.78

Minimum 118 14.17 14.82 0.40 26.46 − 88.52 − 100 − 13 − 55.50 10

Maximum 612 66.67 61.69 0.93 82.56 − 50.35 − 1.96 − 0.08 3.32 19

25 Percentile 135 28.33 30.36 0.67 52.73 − 82.48 − 84.62 − 9.06 − 43.95 13

75 Percentile 265.50 64.17 55.07 0.83 75.51 − 54.88 − 39.08 − 1 − 5.66 17

Comparison of Hand Bionic Scores of < 10 and ≥ 10
iHISS DASH MHQ EQ-5D SF-36 overall Manometry Pinch-test Loss of sensitivity DGUV loss

of function

Mann–Whitney U 21 14.50 12.00 16 8.00 15.00 22 48 38.00

z − 3.33 − 3.62 − 3.73 − 3.58 − 3.91 − 3.60 − 3.28 − 1.76 − 2.24
p 0 0 0 0 0 0 0 0.08 0.02

r 0.61 0.66 0.68 0.65 0.71 0.66 0.60 0.33 0.42
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iHISS of 115 indicates an initial consideration of prosthetic
supply, while a score of > 207 recommends an initial ampu-
tation and early prosthetic fitting and supply. Each individual
test of the Hand Bionic Score showed a high to very high
effect size as well as significant differences when comparing
groups with scores of < 10 and ≥ 10 points (Table 5).

Figure 5 shows an example of a patient after severe hand
injury with a Hand Bionic Score of 17, indicating a recom-
mendation for bionic prosthetic supply. Figure 6 shows anoth-
er example of a patient after severe hand injury (iHISS = 276)
with poor to very poor quality of life and hand function, for
which a Hand Bionic Score of 19 also recommends a bionic
prosthesis fitting with amputation of the non-functioning
hand.

Discussion

Functionality of the hand as well as results of reconstructive
surgery is significantly related to the initial hand injury trauma
event and extent of the injury. Multi-site injuries, bruises with
marked tissue ischemia, consequent microcirculatory distur-
bances, and amputation or destruction of functional tissue rep-
resent worst outcomes [39, 42, 43]. In the event of a dissatis-
fied functional and esthetic reconstruction result [10],

selective amputation and bionic prosthetic supply may relieve
the patient from the destructive and disabling limb. However,
whether to make an early amputation to prepare the stump for
bionic prosthesis or to reconstruct defects for a long surgical
and rehabilitation program are difficult clinical decisions to
make.

Biological reconstruction of destroyed and traumatized tis-
sue in the upper limb continues to be a top priority in hand
surgery, although assessment of an injury and its predictable
outcomes remain difficult. Clear perfusion damage of the tis-
sue and lack of possible revascularization are hard criteria for
amputation of the affected tissue. However, for areas that have
suffered massive damage but are eligible for preservation, it is
difficult to decide whether early amputation and bionic pros-
thetic care will benefit with shorter inpatient stay, interval for
outpatient follow-up, and time to reintegration in professional
life [15]. In addition to post-traumatic stress disorder associ-
ated with acute hand trauma, the need for repetitive corrective
interventions also causes other psychological disorders such
as anxiety, depression, and social isolation caused by disfig-
urement and pain [43–46].

Due to these psychological impairments in addition to re-
striction of social interactions, the ability to perform everyday
tasks as well as the ability to work is limited mainly by altered
self-image as well as feelings of self-worth [47–49]. From a

Fig. 3 Boxplots of differences in DASH, MHQ, and SF-36 scores between patients with Hand Bionic Scores of ≥ 10 points (positive) or < 10 points
(negative)
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psychological point of view, there is no significant disadvan-
tage to amputation after failure of limb salvage, whereby pros-
thetic adaptation and restoration of body integrity and self-
image offer significant benefits [43, 50, 51]. Thus, the defini-
tion of failure of a surgical reconstruction has to be discussed
and recorded on the basis of objectively measurable values. If
a non-functioning limb remains despite surgical reconstruc-
tion, definitive intensive discussion and sufficient reflection
time of the patient is necessary to plan a selective amputation
and bionic prosthesis supply. This decision should be taken
within a reasonable timeframe to avoid chronification of pain
syndromes or further damage to posture due to wrong strain
on movement.

We calculated iHISS of previous cases and correlated it
with our Hand Bionic Score to orient previous cases where
early amputation and bionic preparation could be recommend-
ed. A major difference is that Hand Bionic Score includes
different modalities and values that provide an indication for
selective amputation and bionic prosthesis supply based on
functional and psychological outcomes. We propose iHISS
evaluation as a valuable tool to decide very early in trauma

if patients should go through biological reconstruction or re-
ceive early amputation and bionic prosthetic supply. If pa-
tients initially decide on reconstruction but do not adjust to
hand function or quality of life, then HandBionic Score can be
a valuable as a decision-making tool for subsequent

Fig. 4 Correlation of Hand Bionic Scores (x̅ = 5.9; x = 3.5, SD ± 6.3) with MHQ (r = 0.832; R2 = 0.692)

�Fig. 5 Patient 1. a The patient had an accident as a motorcyclist and hit a
pickup truck, presenting via ground in our emergency room with head
injury, subluxation-avulsion injury of the thumb left, non-dislocated frac-
ture of the Os triquetrum and Os trapeziums, distal radius fracture, frac-
ture of metacarpals 2 and 3, and dislocated metacarpal 1 fracture
(iHISS = 210). After initial care by repositioning, external fixation, and
osteosynthesis, a full-thickness necrosis of the radial ball of the thumb
was presented. A necrectomy followed by defect reconstruction was per-
formed. bWe performed a pedicled groin flap to cover the tissue defects,
and the flap was tubed around tissue defects. The groin flap was then
ligated and formed. c After a total of 14 operations, the patient reported
during follow-up his dissatisfaction with the esthetics and function of his
hand. He was often stigmatized and had difficulties in public. The hand
function was not acceptable to him, and he consequently changed his
profession. The patient wanted amputation with a timely bionic prosthetic
hand supply. Hand Bionic Score was 17, recommending a bionic supply.
At removal site of the flap, there was unsatisfactory healing of the wound
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amputation with bionic care. However, we do not yet have
data to validate that early amputation and bionic prosthetic
supply is better for functionality and quality of life.
Especially if both upper extremities are affected, for example,
it may be difficult for the patient to put on prostheses.

For bionic prosthesis supply, there are increasing concepts
of optimization of signal transmission. For example, patients
with serious injuries may have strong muscle destruction,
which makes a clean EMG signal difficult. In such cases,
concepts such as TMR are an opportunity to provide regional
muscle groups with the remaining nerves of the brachial plex-
us and thus provide signal amplification by reinnervation
[52–54]. Furthermore, complex surgical amputation tech-
niques such as creation of an agonist-antagonist myoneural
interface (AMI) [55] can improve control over prostheses by
restoring muscle-tendon proprioception, such as in below-
knee amputations [56, 57]. Additionally, development of re-
generative peripheral nerve interfaces (RPNI) can provide re-
liable proportional prosthetic hand control and EMG signals
[56, 58]. RPNIs have been established to optimize signal
transmission and decoding. Furthermore, control options have
advanced significantly in recent years, allowing human–
machine interface pattern recognition and regression methods
applied to the surface EMG to control multi-degree of free-
dom motor tasks intended by the user [59].

Algorithms for care of bionic prostheses are already under
development and so far apply to patients with plexopathies,
which lead to so-called bionic reconstruction accompanied by
a multimodal concept with tech-neuro-rehabilitation pro-
grams, signal extraction, and carefully planned amputation
[60, 61]. Patients included in this study experienced massive
upper limb injuries with degloving or fracture injuries, partic-
ularly sawing injuries with cracking, amputations, and signif-
icant skin soft tissue damage, as well as crush and degloving
injuries from industrial rollers and heavy machinery. These
injury patterns were multifunctional and spread on several
functional units of the upper extremity. As shown, all avail-
able reconstruction tools were used to restore shape, function,
and esthetics, yet there were marked functional limitations,

resulting in patients with low quality of life. Furthermore,
allografting is an alternative in cases of poor functional pa-
rameters and quality of life with Hand Bionic Scores of > 14
points. Nevertheless, the need for life-long immunosuppres-
sionmust be considered as well as a long rehabilitation period.
In addition, there are no studies comparing quality of life and
functionality of bionic prostheses and allografts of the upper
limb.

Despite our strong results with Hand Bionic Score, it
must be noted that the score may not provide reliable
results in other patient cohorts. Thus, additional large,
randomized, and multicenter studies are needed to con-
trol, validate, and, if necessary, further adapt the Hand
Bionic Score. In addition, due to recruitment difficulties,
a major weakness of this study is the non-standardized
follow-up time (average. 3.67 years). Further multicenter
studies that recruit patients promptly after hand injury
and collect data according to a fixed follow-up scheme
are needed to improve evaluation, development, and
consistency of the Hand Bionic Score. Additionally,
the outcome parameters are monocentric and may not
be considered multi-center outcome parameters.

Patients with amputation after DIC report satisfaction
with the appearance as well as average function of their
prostheses. Combining these metrics indicates fair over-
all patient satisfaction despite fair to poor ratings of
physical skills. These special cases of DIC complicate
adaptation to bionic prostheses because of skin soft tis-
sue damage and consecutive large-scale scarring from
surgical recovery and secondary wound healing [24].
Patients complain primarily of uncontrollable prostheses,
indicating signal transmission disorders. Due to these
signal disturbances, prostheses often fail based on
large-scale scarring areas. However, besides convention-
al direct control mechanisms based on EMG signals
produced from a limited combination of muscles, new
technologies such as pattern recognition can highly out-
perform conventional prostheses [62]. In addition, pa-
tient feedback indicates the desire for improvements in
mode switching and reductions in prosthesis weight and
servo volume—for example, dissatisfaction with pros-
thesis weight can make it difficult to attach indepen-
dently and thus requires constant assistance [24].
Furthermore, for elective amputation in trauma patients,
scarring problems and signal disturbances need to be
analyzed.

In addition, the expected improvement in functional-
ity through amputation and bionic care needs to be con-
clusively proven. However, based on current rapid de-
velopments in signal transfer, prosthetic integration with
human biology, surgical therapies, technological inter-
facing, skeletal fixation, and sensible interfacing, out-
comes, and functionalities may continue to improve

�Fig. 6 Patient 2. a The patient was admitted to our emergency
department after a subtotal amputation of the left hand by a turner
machine accident, which shows a massive crack-crushing-cut injury of
metacarpal and carpal bones (iHISS = 276). After initial replantation, ap-
plication of fixateur externe, and osteosynthesis with revascularization,
skin necrosis of the dorsal left hand was presented. b After full-thickness
inguinal skin flap transplantation, the necrosis area could be covered, but
the forefinger had to be amputated. The patient developed an ulnar devi-
ation of the long fingers, which was treated through arthrolysis and
tenolysis. c After a total of 5 operations, the patient was unsatisfied with
the functional result. The patient had difficulty performing simple grasp-
ing functions, severely restricting him during the day. Quality of life and
hand function showed poor to very poor results. Hand Bionic Score was
19, recommending a bionic prosthesis fitting with amputation of the non-
functioning hand
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radically [63]. For instance, a special topic is sensation
of the prosthesis—while currently available prostheses
need visual feedback to control movements, further de-
velopment of prosthesis sensation could improve dexter-
ity of prosthetic hands [64].

Irreversible tissue loss must also be taken into account dur-
ing amputation. A decision of amputation has irreversible
consequences for the patient and, as a result of complications,
can be seen as a stepping stone to a wrong decision in retro-
spect. Phantom pain or neuropathic pain especially must be
considered after amputation. For a definitive decision, contin-
uous psychological co-treatment as well as potential hybrid
adaptations with bionic prostheses for thorough detection of
the hand and prosthetic function are essential. Unrealistic ex-
pectations of function and current possibilities of the technol-
ogy as well as poor results in functional tests of hybrid pros-
theses are clear contraindications for an amputation and bionic
prosthesis, despite possibly strong positive Hand Bionic Score
[65].

In addition, every serious hand injury examined was highly
individual and was classified according to the applied scores,
but details of individual functional limitations can be signifi-
cantly different. Clear formation of identical groups for
follow-up was therefore difficult to implement. Based on the
developed Hand Bionic Score, future randomized, controlled
cohort studies in a multicenter outcome analysis of severe
hand injury for early amputation and bionic prosthesis supply
should be compared with conventional hand reconstruction as
well elective amputation and bionic prosthesis supply after
termination of surgical therapy.

Conclusion

Currently, preservation of the extremity after severe in-
jury via necessary surgical reconstruction steps is still
necessary. In cases of severe upper extremity trauma in
which reconstruction does not produce the desired re-
sult, the existing limb may not only be functionless
but may also be a distressing and painful burden. In
these cases, advanced prosthetic technology may offer
a good option to restore function. While iHISS provides
reasonable assessment of early selective amputation and
bionic prosthetic supply, our novel Hand Bionic Score
provides measurable outcome parameters for severe
hand injuries later during the course of treatment.
Hand Bionic Score provides orientation for clinical
decision-making regarding surgical reconstruction or bi-
onic prosthesis supply after severe injury. The score not
only considers hand function but also considers psycho-
logical markers, quality of life, patient satisfaction, and
esthetics. All of these markers need to be evaluated in

each patient after a severe hand injury to make the best
individual clinical decision.
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