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Abstract: Some patients still require major amputation for lower extremity peripheral arterial disease
treatment. The purpose of pre-operative amputation level selection is to determine the most distal
amputation site with the highest healing probability without re-amputation. Transcutaneous oximetry
(TcPO2) can detect viable tissue with the highest probability of healing. Several factors affect the
accuracy of TcPO2; nevertheless, surgeons rely on TcPO2 values to determine the optimal amputation
level. Background about the development of TcPO2, methods of measurement, consequences of lower
limb amputation level, and the place of TcPO2 in the choice of the amputation level are reviewed
herein. Most of the retrospective studies indicated that calf TcPO2 values greater than 40 mmHg
were associated with a high percentage of successful wound healing after below-knee-amputation,
whereas values lower than 20 mmHg indicated an increased risk of unsuccessful healing. However,
a consensus on the precise cut-off value of TcPO2 necessary to assure healing is missing. Ways
of improvement for TcPO2 performance applied to the optimization of the amputation-level are
reported herein. Further prospective data are needed to better approach a TcPO2 value that will
promise an acceptable risk of re-amputation. Standardized TcPO2 measurement is crucial to ensure
quality of data.
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1. Introduction

Several strategies, such as distal percutaneous endovascular therapies, are available
for the treatment of lower extremity peripheral arterial disease (LE-PAD); however, some
patients still require major amputation [1].

Lower extremity amputation is generally reserved for situations where medical or
revascularization options are no longer available, when significant tissue loss has occurred,
or when optimal medical therapy and/or revascularization has failed. It is often considered
as a last resort because it is associated with substantially higher mortality. In 2014, the rate
of death after major amputation in the US was estimated to approximately 48% at 1 year
and 71% at 3 years [2].

A minor amputation of lower limbs is defined as any procedure that results in an
amputation up until the ankle level. A major amputation of lower limbs is defined as
any procedure that results in an amputation one above the ankle joint [2]. It is further
categorized based on its location relative to the knee: a below-knee-amputation (BKA)
is an amputation affecting the tibia at any point below the knee and above the ankle; an
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above-knee-amputation (AKA) is an amputation above the knee affecting the femur at any
level [2]. It is commonly admitted that the best prognosis of rehabilitation is encountered
in case of preservation of the knee joint.

The purpose of pre-operative amputation level selection is to determinate the most
distal amputation site with the highest healing probability without re-amputation. Then,
the main concern is successful mobility.

Transcutaneous oximetry (TcPO2) is currently used to detect viable tissue with the
highest probability of healing. TcPO?2 is also used to define chronic limb ischemia and
predict the ability of ulcers to heal [3]. Several factors affect the accuracy of TcPO2; nev-
ertheless, surgeons rely on TcPO2 values to determine the optimal amputation level. At
present, a consensus on the precise cut-off value of TcPO2 necessary to assure healing
is missing.

Background about the development of TcPO2, methods of measurement, consequences
of lower limb amputation level, and the place of TcPO?2 in the choice of the amputation
level are reviewed herein. Finally, current recommendations and ways of improvement for
TcPO2 performance applied to the optimization of the amputation level are reported.

2. Background

As early as 1793, John Abernathy observed that the human skin releases small amounts
of carbon dioxide [4] and provided the first evidence that the skin is permeable to gases. In
1925, Heyrovsky demonstrated that by applying a proper voltage to a mercury electrode,
the produced current was proportional to the electrolyzed substance tension in the sur-
rounding liquid (i.e., O, in TcPO2) [4]. Polarography has applications in numerous fields,
and Jaroslav Heyrovsky won the Nobel Prize in Chemistry in 1959 for his research.

Baumberger and Goddfriend demonstrated that the cutaneous oxygen tension values
reflect arterial partial pressure of oxygen (PaO,) values [4]. By 1950, scientists were using
platinum electrodes to measure the O, tension of living tissues. In 1954, Leland Clark, Jr.,
developed a new polarographic electrode in which the platinum cathode was covered with
a semipermeable membrane to produce a more uniform O, layer [5].

In 1972, Huch et al. reported the use of heated Clark electrodes as a practical method to
monitor skin surface (transcutaneous) pO,. These instruments were first applied clinically
to monitor O, in neonates during and after delivery [6]. TcPO2 was found to estimate PaO,
values closely, but when the blood flow was compromised, TcPO2 reflected only local O,
delivery [7].

Esato el al. showed a negative correlation between the grade of Fontaine classification
and the TcPO2 with significant difference between grade II and IV on 38 lower limbs [8].
Moreover, decrease in TcPO2 in LE-PAD patients was well correlated with ankle systolic
pressure [9]. TcPO2 values depends on LE-PAD Fontaine classification, site of vascular
obstruction, and hemodynamic compensation by calf arteries patency. Franzeck et al.
proposed using TcPO2 to determinate the optimal amputation level in patients with LE-
PAD in 1982, after noting a decrease TcPO2 in lower extremities of these patients [10].

3. The TcPO2 Technique

TcPO2 measurement is a metabolic test while ankle brachial index, plethysmography,
and Doppler systolic pressure are hemodynamic indexes. Wyss et al. showed that when
PaO; is normal or near normal, a curvilinear relationship exists between TcPO2 values
and local perfusion pressures. Therefore, when the perfusion pressure is high, a small
decrease in perfusion pressure causes only a small decrease in TcPO2. Conversely, when
the perfusion pressure is low, a small decrease in perfusion pressure causes a much greater
decrease in TcPO2 which may even reach 0 mmHg despite blood flow evidenced using
other techniques [11]. Furthermore, it was pointed out that a null TcPO2 value did not
indicate that no oxygen is reaching the tissue but rather that the oxygen delivery equals or
exceeds the metabolic consumption of the skin [12].
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It has been shown that the technique can be easily managed by hospital technicians,
regular nursing, and/or junior medical staff. A site reading requires an average of 35 min.
The costs are well within the capability of an average general hospital in developed
countries, and the running costs are considered negligible [13]. Transcutaneous oxygen
tension measurement is easily and noninvasively obtained and can be applied to all patients
irrespective of Doppler signals, non-compressible vessels, or painful lesions [14].

The sensor is applied to the skin by a flat, double-sided adhesive ring. The oxygen
diffuses according to its pressure gradient from the capillary loops through the avascular
epidermis towards the skin surface electrode. In clinical practice, there is no consensus
regarding the exact position of the electrode which is determined for each case by the
operator considering the ischemic status of the lower limbs and local habits.

Consistent and reproducible values are obtained when the required local arterializa-
tion is achieved by heating the oxygen electrode itself [15]. An electrode heated to 45 °C
transmits a temperature of about 43 °C on the skin, and this temperature is well tolerated
for several hours [15]. Heating allows the elimination of variations in local circulation
induced by patient anxiety, pain, and PaCO,, which largely control vascular tone.

A normal TcPO?2 is considered around 60 mmHg whatever the electrode location [16].
Interestingly, TcPO2 can be used whatever the etiology of extremities’ arterial insufficiency.
Indeed, no significant difference was found in the TcPO2 indices between arteriosclerosis
and thromboangiitis obliterans, nor among different sites of peripheral vascular occlu-
sion [8]. Also, the performances of TcPO2 measurement were found to be similar in diabetic
and non-diabetic patients [17]. Similarly, body mass index variation did not affect TcPO2
measurements [18].

Overall, the TcPO2 values are affected by numerous factors including temperature in
the tissues, the degree of oxygen metabolism in tissues, the circulatory status, the peripheral
blood perfusion, and the local skin and anatomical conditions [19]. Measurement at the
preferred amputation level is preferred but not always possible when the epidermis is
thin (because of edema and inflammation). Bony prominences, such as superficial vein
and tendon, should be avoided as they restrict the capillary blood flow. Furthermore,
it is widely accepted that measurements in a sitting position with the lower extremity
in a vertical position can lead to false positive results. Conversely, smoking and coffee
consumption, pain, and anxiety may lead to vasoconstriction and under-estimate TcPO2
value (Table 1).

Table 1. Conditions affecting transcutaneous oximetry (TcPO2) reliability.

Under Estimation Over Estimation
Skin quality Cutaneous sclerosis Inflammation
Edema
Room temperature <22°C >24 °C
Air flow (door open)
Electrode location Bone prominence

Superficial tendon
Superficial vein
Patient-related Patient talking Sitting (over decubitus)
Pain
Anxiety Smoking or coffee <2 h

Finally, evaluators should keep in mind the reproducibility. The reliability of TcPO2
measurements was evaluated in ten elderly normal subjects: the TcPO2 values were
obtained on three separate occasions at two-week intervals, and the measurement-to-
measurement variation averaged at 8 mmHg. The size of the confidence intervals could be
reduced substantially by taking the mean of two or more TcPO2 measurements taken at
separate times [20].

Similarly, an older study published in 1978 by Gothgen and Jacobsen focused on
20 patients between 19 and 80 years scheduled for Ear-Nose-Throat or eye surgery and
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without pulmonary and cardiovascular symptoms or signs. Two electrodes, heated to
43 °C, were placed symmetrically at the level of the third rib on the right and left mid-
clavicular lines. TcPO2 measurements were recorded every 5 min after stabilization and
electrodes were switched. Results did not differ significantly between sides and with
time. The standard deviation between measurements at the same location was between
0 and 15 mmHg, and the 95% confidence interval did not exceed +7.5 mmHg [21]. This
standard deviation corresponds to the accuracy found for oxygen tension measurements in
automatic blood gas analyzers and was at this time accepted for clinical use [22].

4. Consequences of Major Amputation Levels on Patients Mobility

Besides primary wound healing without revision surgery, the main concern is to
regain mobility. Different authors have used various ways to define successful mobility,
from being able to wear a prosthesis, to transfer (bed to chair) themselves (which gives
them some autonomy), to walk at home, and to walk outside [23-27]. It is therefore not
easy to compare success between studies and through the years, but from 1986 to 2016,
most studies including patients with arterial disease reported a mobility success around
30-40% [23-27].

In case of major amputation, it is commonly admitted that the best prognosis of
rehabilitation is encountered in case of preservation of the knee joint. Older literature?® did
not reveal whether AKA or BKA have functional outcomes, but in recent years, there is
increasing literature reporting functional superiority of BKA.

In a population of 4965 nursing home residents, BKA amputation was found to have
a superior functional trajectory compared with AKA [28].

Furthermore, Taylor et al. investigated the relationship between preoperative clinical
characteristics and post-operative functional outcomes. A total of 627 lower-limb major
amputations (37.6% BKA, 4.3% through knee amputations, 34.5% AKA, and 23.6% bilateral
amputations) were performed on 533 patients, 91.5% of whom suffered from vascular
disease. One year after amputation, 55% of patients were able to maintain ambulation.
AKA was a statistically significant preoperative factor independently associated with not
wearing a prosthesis. Others significant factors independently associated with not being
able to wear a prosthesis (and therefore not being able to regain mobility) were being
non-ambulant or homebound before amputation, being older than 60 years, the presence
of dementia, end stage renal disease, and coronary artery disease [29]. Therefore, many
patients will never be able to walk on an artificial limb and a realistic appraisal may judge
in these cases a wheelchair to be more appropriate than a prosthesis. This knowledge might
influence the selection of the amputation level.

5. Selection of the Amputation Level

A variety of criterions need to be considered in the choice of an amputation level [30].
Besides the amount of necrotic or infected tissues, perfusion majorly influences the ampu-
tation level selection. In the past, clinicians have used features of the physical examination
including color, temperature, the most distal pulse, and wound edge bleeding to assess the
potential for healing at a particular level. These clinical criteria are clearly helpful but have
some limitations in the prediction of healing.

5.1. General Predictors of Healing Success

Because of the generalized nature of atherosclerosis, patients with limb ischemia
also suffer from hypertension, cardiac ischemia, and cerebrovascular disease. Optimizing
treatment for these conditions is desirable and may actually improve the peripheral cir-
culation. Patients undergoing amputations are also nutritionally disadvantaged. It has
been shown that serum albumin levels are associated with success or failure of the healing
procedure [31]. Preoperative treatment of infected lesions in the relevant limb has also
been shown to reduce the subsequent morbidity [32].
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5.2. TcPO2 Threshold Values for the Determination of the Amputation Level

Choosing the optimal level for amputation is therefore a clinical, serious issue affecting
both the functional and vital prognosis of the patient.

In 1983, Dowd et al. found a better correlation in 24 lower-limb amputee patients
between amputation healing and the determination of the amputation level determined
based on TcPO2 measurements rather than based on clinical exam [33]. In 1987, Malone
et al. showed, for 48 patients undergoing 52 elective major lower extremity amputations,
that TcPO2 value and foot-to-chest TcPO2 index were significantly reliable for predicting
healing of trans-metatarsal, above, and below-knee amputations, while ankle-brachial
index and absolute popliteal artery Doppler systolic pressure values were not [34].

Early studies defined amputation success as stump healing. Several studies indicated
that calf TcPO2 values greater than 40 mmHg were associated with a high percentage of
successful wound healing after BKA [15,33,35-37], whereas values lower than 20 mmHg
indicated an increased risk of unsuccessful healing [10,34,38,39]. However, these threshold
values have limited clinical applicability because (1) most patients with significant LE-PAD
have calf TcPO2 values lower than 40 mmHg [40,41], (2) successful wound healing after
BKA occurs in a significant percentage of patients despite calf TcPO2 values lower than
20 mmHg [11,36,39], and (3) TcPO2 measurements are dependent on the systemic blood
flow and arterial oxygen content, which are dependent on the patient’s cardiac output,
arterial pO,, hemoglobin level, temperature, and Psg [42].

In 1995, Wiitschert and Bounameaux analyzed the literature data by means of receiver
operating characteristic curve in order to determine a critical TcPO2 level for which the
rate of stump failure would be clinically acceptable (defined as 20% of stump failure). A
total of 10 prospective studies with blind evaluation of TcPO2 were included, representing
615 patients. No threshold value below which the stump definitely failed to heal could
be identified. Authors recommend 20 mmHg as the optimal cutoff, which would predict
healing with 80% accuracy. They notice that the cutoff should never be set above 30 mmHg
because of the rapid decrease of the negative value and accuracy beyond this threshold, in
the absence of any increase of the positive predictive power [43].

More recently, an amputation success has been defined as an amputation that does
not require amputation revision. Until now, only one study performed a multiple logistic
regression analysis to analyze independent risk factors associated with re-amputations.
TcPO2 captors were placed on 22 patients at the level of forefoot, ankle, below the knee,
through the knee, and above the knee, on both lateral and medial sides. Amputations
were performed at the level where one of the two measurements (lateral or medial) was
>30 mmHg or where both were >20 mmHg. These results were compared to a historical
cohort of 118 patients without TcPO2 measurements. The number of re-amputations
was significantly higher in the case group than in the historical cohort (about twice as
much). The selection of the amputation level at a TcPO2 of 30 mmHg resulted in a positive
predictive value (PPV) of re-amputation of 41% and a negative predictive value (NPV) of
90%. A cut-off value of 20 mmHg resulted in a PPV of 41% and a NPV of 77%, authors
observed [44].

A meta-analysis was conducted in 2012 to determinate the validity of TcPO2 use as a
predictor of lower limb amputation healing. A total of 31 studies met the inclusion criteria.
However, due to heterogeneity, only 14 prospective cohort studies were compatible with
the calculation of an unadjusted relative risk of occurrence of amputation revision. These
14 studies included 626 patients with 658 amputations. The relative risks of re-amputation
were similar for different TcPO2 cut-off values (10 mmHg: OR = 1.80, 95% CI [1.19; 2.72];
20 mmHg: OR = 1.75, 95% CI [1.27; 2.40]; 30 mmHg: OR = 1.41, 95% CI [1.22; 1.62];
40 mmHg: OR =1.24, 95% CI [1.13; 1.39]). Authors concluded evidence were insufficient to
judge whether TcPO2 adds relevant information beyond clinical data and to suggest an
optimal TcPO2 threshold value [45].

In 2016, a review performed by Nishio et al. included 11 studies describing the associ-
ation between TcPO2 and wound healing after amputation of ischemic limb. The analysis
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demonstrated that the optimal TcPO2 cut-off value enabling the healing of amputation
stumps while avoiding unnecessary large amputation was approximately 20 mmHg. How-
ever, because definitive post-amputation healing is desirable, they considered a higher
cut-off value of 30 mmHg [46].

Some authors have suggested that, because of tremendous progress made in endovas-
cular therapy, current patients are different from the ones included in historical studies,
challenging the relevance of their findings. More recently, Columbo et al. found TcPO2
levels > 40 mmHg as significantly associated with successful one-year amputation healing
in a study including 120 patients and 130 BKA. The one-year freedom of conversion to
AKA was decreased compared to those with lower TcPO2 values (60% TcPO2 < 40 mmHg
vs. 81% TcPO2 > 40 mmHg; p = 0.04) [27].

In another study, authors reviewed 303 amputations in 11 years (42 amputations in
the mid-foot, 7 ankle, 154 leg, 28 knee joint, and 75 AKA), authors found that TcPO2 of
35 mmHg did not discriminate between success and stump failure. TcPO2 was measured
on the dorsum of the foot and 10 cm below the knee. In multivariate analysis adjusting for
case-mix, TcPO2 values were unrelated to stump failure, except for thigh amputations [47].

Berli et al. also reviewed 180 patients undergoing major lower extremity amputation
including 154 BKA. The probe was applied at the planned site of amputation, 12 to 15 cm
below the knee joint line for below-knee amputations, while the patient was lying flat. They
concluded that TcPO2 < 40 mmHg is useful for predicting wound healing problems [48].

Therefore, there is to date no consensus regarding TcPO2 value to precisely define a
level of amputation.

6. Current Recommendations?

Until now, no society has endorsed formal guidelines regarding the threshold of TcPO2
that should be used for choosing the amputation level. Francois Becker proposed a critical
threshold between 20 and 30 mmHg in a chapter [49] endorsed by the Société Francaise de
Médecine Vasculaire (French Society of Vascular Medicine), the College des Enseignants de
Médecine Vasculaire (College of Vascular Medicine), and the Collége Francais de Pathologie
Vasculaire (French College of Vascular Diseases).

There is no precise recommendation of the electrode placement. Thereafter, should
the electrode be placed on the medial, lateral, or two faces of the limb? How far from the
joints should the electrode be placed? All studies previously cited and described different
protocols, but each center should be encouraged to follow a standardized protocol and to,
at the very minimum, describe carefully electrode placement site in reports.

7. How Can TcPO2 Performance Be Improved?
7.1. Control Site

Many authors proposed to consider measurement on a control site to take into account
potential central circulatory failure. The control site is, consensually, 5 cm under the medio-
clavicular line. Mustapha et al. found no greater advantage of calculating a ratio with a
control site than using an absolute value [13]. Nevertheless, TcPO2 values of the chest are
known to decrease with advancing age [8].

Kram et al. performed TcPO2 measurements on the anterolateral calf and postero-
medial calf in 40 patients before BKA, while choosing the middle of the upper arm as
control site. Calculation of a critical Po2 index (defined as the lesser of the anterior or
posterior calf/brachial TcPO2 ratios) resulted in improved predictive accuracy; indeed, all
six patients with a critical Po2 index of 0.20 or less had unsuccessful wound healing after
BKA, whereas all but one of the 34 patients with a critical Po2 index greater than 0.20 had
successful healing. The use of a critical Po2 index greater than 0.20 as predictive factor of
successful healing after BKA was associated with a sensitivity of 100%, a specificity of 86%,
and an overall accuracy of 98%, whereas these values were respectively 82%, 86%, and 83%
when absolute calf TcPO2 values were used [50]. The authors chose brachial rather than
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chest TcPO2 measurement because of its greater ease of standardization (midway between
the axilla and the antecubital fossae on the anterior skin, overlying the biceps muscle).

7.2. 100% Oxygen Inhalation

After 10 min of 100 % oxygen inhalation, Mustapha el al. observed a significant
increase in TcPO2 values at the control site and at the 10 cm below-knee site in 20 pa-
tients with 23 ischemic lower limbs [51]. These results were interesting for the borderline
TcPO2 readings, and were increasing the chances of a successful BKA. In a prospective
double-blind study including 101 patients undergoing 119 limbs amputations, TcpO2 mea-
surements were obtained from the dorsum of the foot and 10 cm distal to the patella, both
prior to and 10 min after inhalation of 100% oxygen. An initial TcPO2 value greater than
10 mmHg or an increase greater than 10 mmHg after oxygen inhalation were considered
as predictor of a successful outcome. In the BKA group (57 patients), the test was 95%
sensitive, 100% specific, and 95% accurate [39].

7.3. Elevation Measurements

Bacharach et al. assessed TcPO2 before amputations of 90 lower limbs in 75 patients.
Electrodes were placed along the limb (1) on the dorsum of the foot over the metatarsals,
(2) 4 cm above the medial malleolus, (3) 8 cm below the knee, and (4) 10 cm above
the knee. Measurements were initially made while the patient was in supine position
and then repeated after elevation of the lower extremities to 30° for 3 min. Electrode
placement sites were used to obtain TcPO2 values for the corresponding site: thigh for
above the knee amputations, calf for below the knee amputation, and foot for trans-
metatarsal and Syme’s amputations. A TcPO2 > 40 mmHg was associated with primary
or delayed healing in 51 of 52 limbs (98%). Delayed healing occurred beyond six weeks
with or without local debridement procedures. A TcPO2 value < 20 mmHg was always
associated with failure. For patients with a TcPO2 between 20 and 40 mmHg, limb elevation
measurements improved the predictability of outcome (mean decrease of 4.0 mmHg in the
healed, 9.4 mmHg in the delayed, and 14.8 mmHg in the failed groups) [52].

Elevation measurements are not feasible in patients who are in pain when at rest,
which is usually the case in patients for whom an amputation is required.

8. Conclusions

TcPO2 is a precise reflection of the skin perfusion in optimal conditions of measure-
ments. Surgeons must take into account all confounding factors to interpret TcPO2 values,
mostly edema. Importantly, TcPO2 values should not be used as the sole criterion to define
lower limb amputation level [43], but always be evaluated together with the patient’s char-
acteristics (angiography), clinical judgement, and comorbidities (coronary artery disease,
cerebrovascular disease, mobility before amputation) [53].

No consensus on TcPO2 threshold that could guarantee amputation healing is cur-
rently available. However, one should keep in mind that strategy behind the use of TcPO2
is to offer the most distal amputation level in spite of pejorative clinical criteria of ischemia.

Data are missing to evaluate whether clinicians should use absolute or relative values
of TcPO2, as well as (in case of use of relative values) the position of the control site,
the place of the oxygen inhalation test, and elevation measurements in current practice,
irrespective of the time spent for the measurements to be performed.

Author Contributions: Conceptualization, ].C. and L.M.; writing—original draft preparation, J.C.;
writing—review and editing, L.M. and A.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



J. Clin. Med. 2021, 10, 1413 80of9

Conflicts of Interest: The authors declare no conflict of interest linked to this review.

References

1. Goodney, PP; Beck, A.W.; Nagle, J.; Welch, H.G.; Zwolak, R.M. National trends in lower extremity bypass surgery, endovascular
interventions, and major amputations. J. Vasc. Surg. 2009, 50, 54—60. [CrossRef] [PubMed]

2. Swaminathan, A.; Vemulapalli, S.; Patel, M.R.; Jones, S. Lower extremity amputation in peripheral artery disease: Improving
patient outcomes. Vasc. Health Risk Manag. 2014, 10, 417-424.

3.  Conte, M.S,; Bradbury, A.W.; Kolh, P.; White, ].V.; Dick, E; Fitridge, R.; Mills, J.L.; Ricco, ].B.; Suresh, K.R.; Murad, M.H. Global
vascular guidelines on the management of chronic limb-threatening ischemia. J. Vasc. Surg. 2019, 69, 35-1255.e40. [CrossRef]

4. Rithalia, S.V.S. Developments in transcutaneous blood gas monitoring: A review. |. Med. Eng. Technol. 1991, 15, 143-153.
[CrossRef] [PubMed]

5. Clark, L.C. Measurement of oxygen tension: A historical perspective. Crit. Care Med. 1981, 9, 690-692. [PubMed]

6.  Huch, R;; Marburg, ED.U. Quantitative Continuous Measurement of Partial Oxygen Pressure on the Skin of Adults and New-Born
Babies. Pfliigers Arch. 1972, 337, 185-198. [CrossRef] [PubMed]

7.  Tremper, K.K.; Waxman, K.; Shoemaker, W.C. Effects of hypoxia and shock on transcutaneous PO2 values in dogs. Crit. Care Med.
1979, 7, 526-531. [CrossRef]

8. O-hara, M,; Esato, K.; Nishiyama, T.; Noma, F; Zempo, N.; Mohri, H. Clinical evaluation of transcutaneous oxygen tension
measurement for lower limb ischemia. Nihon Geka Gakkai Zasshi 1983, 84, 638—-642.

9.  Clyne, C.A.C,; Ryan, J.; Webster, ] H.H.; Chant, A.D.B. Oxygen tension on the skin of ischemic legs. Am. J. Surg. 1982, 143, 315-318.
[CrossRef]

10. Franzeck, U.K;; Talke, P.; Bernstein, E.F,; Golbranson, E.L.; Fronek, A. Transcutaneous PO2 measurements in health and peripheral
arterial occlusive disease. Surgery 1982, 91, 156-163.

11.  Wyss, C.R,; Matsen, F.A.; King, R.V.; Simmons, C.W.; Burgess, E.M. Dependence of transcutaneous oxygen tension on local
arteriovenous pressure gradient in normal subjects. Clin. Sci. 1981, 60, 499-506. [CrossRef]

12.  Tennesen, K.H. Transcutaneous Oxygen Tension in Imminent Foot Gangrene. Acta Anaesthesiol. Scand. 1978, 22, 107-110.
[CrossRef]

13.  Mustapha, N.M.; Redhead, R.G.; Jain, S.K.; Wielogorski, ].W. Transcutaneous partial oxygen pressure assessment of the ischemic
lower limb. Surg. Gynecol. Obstet. 1983, 156, 582-584. [PubMed]

14. Katsamouris, A.; Brewster, D.C.; Megerman, J.; Cina, C.; Darling, R.C.; Abbott, W.M. Transcutaneous oxygen tension in selection
of amputation level. Am. J. Surg. 1984, 147, 510-517. [CrossRef]

15. Huch, R;; Huch, A ; Liibbers, D.W. Transcutaneous measurement of blood Po 2 (tcPo 2)—Method and application in perinatal
medicine. J. Perinat. Med. 1973, 2, 183-191. [CrossRef]

16. Robert Rutherford, W.B. Vascular Surgery, 3rd ed.; Suunders Company: Philadelphia, PA, USA, 1989; pp. 140-163. [CrossRef]

17.  Quigley, EG,; Faris, I.B. Transcutaneous oxygen tension measurements in the assessment of limb ischaemia. Clin. Physiol. 1991,
11, 315-320. [CrossRef]

18. Rafferty, T.D.; Morrero, O. Skin-Fold Thickness, Body Mass, and Obesity Indexes and the Arterial to Skin-Surface Po2 Gradient.
Arch. Surg. 1983, 118, 1142-1146. [CrossRef]

19. Yip, W.L. Evaluation of the clinimetrics of transcutaneous oxygen measurement and its application in wound care. Int. Wound J.
2015, 12, 625-629. [CrossRef]

20. Olerud, J.; Pecoraro, R.E.; Burgess, E.M.; McKnight, B.; Wyss, C.R.; Reiber, G.E.; Matsen, F.A., 3rd. Reliability of transcutaneous
oxygen tension (TcPO2) measurements in elderly normal subjects. Scand. J. Clin. Lab. Investig. 1987, 47, 535-541. [CrossRef]
[PubMed]

21.  Gothgen, I; Jacobsen, E. Transcutaneous Oxygen Tension Measurement I. Age Variation and Reproducibility. Acta Anaesthesiol.
Scand. 1978, 22, 66-70. [CrossRef]

22. Ladegaard-Pedersen, H.J. Accuracy and Reproducibility of Arterial Blood-Gas and pH Measurements. Acta Anaesthesiol. Scand.
1978, 22, 63-65. [CrossRef]

23.  Sethia, K.K.; Berry, A.R.; Morrison, ].D.; Collin, J.; Murie, ].A.; Morris, PJ. Changing pattern of lower limb amputation for vascular
disease. Br. J. Surg. 1986, 73, 701-703. [CrossRef] [PubMed]

24. Pohjolainen, T.; Alaranta, H. Primary survival and prosthetic fitting of lower limb amputees. Prosthet. Orthot. Int. 1989, 13, 63—69.
[CrossRef] [PubMed]

25. McWhinnie, D.L.; Gordon, A.C.; Collin, J.; Gray, D.W.R.; Morrison, J.D. Rehabilitation outcome 5 years after 100 lower-limb
amputations. Br. J. Surg. 1994, 81, 1596-1599. [CrossRef]

26. Norvell, D.C; Turner, A.P.; Williams, R.M.; Hakimi, K.N.; Czerniecki, ]. M. Defining successful mobility after lower extremity
amputation for complications of peripheral vascular disease and diabetes. |. Vasc. Surg. 2011, 54, 412—-419. [CrossRef] [PubMed]

27.  Columbo, J.A.; Nolan, B.W.; Stucke, R.S.; Rzucidlo, E.M.; Walker, K.L.; Powell, R.J.; Suckow, B.D.; Stone, D.H. Below-Knee
Amputation Failure and Poor Functional Outcomes Are Higher Than Predicted in Contemporary Practice. Vasc. Endovasc. Surg.
2016, 50, 554-558. [CrossRef]

28. Vogel, T.R.; Petroski, G.E; Kruse, R.L. Impact of amputation level and comorbidities on functional status of nursing home

residents after lower extremity amputation. J. Vasc. Surg. 2014, 59, 1323-1330. [CrossRef]


http://doi.org/10.1016/j.jvs.2009.01.035
http://www.ncbi.nlm.nih.gov/pubmed/19481407
http://doi.org/10.1016/j.jvs.2019.02.016
http://doi.org/10.3109/03091909109023701
http://www.ncbi.nlm.nih.gov/pubmed/1800745
http://www.ncbi.nlm.nih.gov/pubmed/7026166
http://doi.org/10.1007/BF00586844
http://www.ncbi.nlm.nih.gov/pubmed/4677157
http://doi.org/10.1097/00003246-197912000-00003
http://doi.org/10.1016/0002-9610(82)90099-X
http://doi.org/10.1042/cs0600499
http://doi.org/10.1111/j.1399-6576.1978.tb01403.x
http://www.ncbi.nlm.nih.gov/pubmed/6845120
http://doi.org/10.1016/0002-9610(84)90014-X
http://doi.org/10.1515/jpme.1973.1.3.183
http://doi.org/10.1002/micr.1920110116
http://doi.org/10.1111/j.1475-097X.1991.tb00660.x
http://doi.org/10.1001/archsurg.1983.01390100016005
http://doi.org/10.1111/iwj.12356
http://doi.org/10.1080/00365518709168465
http://www.ncbi.nlm.nih.gov/pubmed/3672026
http://doi.org/10.1111/j.1399-6576.1978.tb01376.x
http://doi.org/10.1111/j.1399-6576.1978.tb01375.x
http://doi.org/10.1002/bjs.1800730908
http://www.ncbi.nlm.nih.gov/pubmed/3756431
http://doi.org/10.3109/03093648909078214
http://www.ncbi.nlm.nih.gov/pubmed/2780262
http://doi.org/10.1002/bjs.1800811110
http://doi.org/10.1016/j.jvs.2011.01.046
http://www.ncbi.nlm.nih.gov/pubmed/21531528
http://doi.org/10.1177/1538574416682159
http://doi.org/10.1016/j.jvs.2013.11.076

J. Clin. Med. 2021, 10, 1413 90f9

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

Taylor, S.M.; Kalbaugh, C.A.; Blackhurst, D.W.; Hamontree, S.E.; Cull, D.L.; Messich, H.S.; Robertson, T.; Langan, E.M., III; York,
J.W,; Carsten, C.G,, III; et al. Preoperative clinical factors predict postoperative functional outcomes after major lower limb
amputation: An analysis of 553 consecutive patients. J. Vasc. Surg. 2005, 42, 227-234. [CrossRef]

Oishi, C.; Fronek, A.; Golbranson, E. The role of non-invasive vascular studies in determining levels of amputation. J. Bone Jt.
Surg. Am. 1988, 70, 1520-1530. [CrossRef]

Dickhaut, S.; DeLee, J.; Page, C. Nutritional status: Importance in predicting wound-healing after amputation. J. Bone Jt. Surg. Am.
1984, 66, 71-75. [CrossRef]

Desai, Y.; Robbs, ].V.; Keenan, ].P. Staged below-knee amputations for septic peripheral lesions due to ischaemia. Br. ]. Surg. 1986,
73,392-394. [CrossRef]

Dowd, G.S.; Linge, K.; Bentley, G. Measurement of transcutaneous oxygen pressure in normal and ischaemic skin. J. Bone Jt.
Surg. Br. 1983, 65, 79-83. [CrossRef] [PubMed]

Malone, ].M.; Anderson, G.G.; Lalka, S.G.; Hagaman, R.M.; Henry, R.; McIntyre, K.E.; Bernhard, V.M. Prospective comparison of
noninvasive techniques for amputation level selection. Am. J. Surg. 1987, 154, 179-184. [CrossRef]

Burgess, E.M.; Matsen, FA.; Wyss, C.R.; Simmons, C.W. Segmental transcutaneous measurements of PO2 in patients requiring
below-the-knee amputation for peripheral vascular insufficiency. J. Bone Jt. Surg. Am. 1982, 64, 378-382. [CrossRef]

Ratliff, D.A.; Clyne, C.A.; Chant, A.D.; Webster, ].H. Prediction of amputation wound healing: The role of transcutaneous pO2
assessment. Br. J. Surg. 1984, 71, 219-222. [CrossRef] [PubMed]

Cina, C.; Katsamouris, A.; Megerman, J.; Brewster, D.C.; Strayhorn, E.C.; Robison, J.G.; Abbott, WM. Utility of transcutaneous
oxygen tension measurements in peripheral arterial occlusive disease. J. Vasc. Surg. 1984, 1, 362-371. [CrossRef]

Rhodes, G.R. Uses of transcutaneous oxygen monitoring in the management of below-knee amputations and skin envelope
injuries (SKI). Am. Surg. 1985, 51, 701-707. [PubMed]

Harward, T.R.; Volny, J.; Golbranson, E; Bernstein, E.F.; Fronek, A. Oxygen inhalation-induced transcutaneous PO2 changes as a
predictor of amputation level. J. Vasc. Surg. 1985, 2, 220-227. [CrossRef]

Kram, H.B.; Appel, PL.; White, R.A.; Shoemaker, W.C. Assessment of peripheral vascular disease by postocclusive transcutaneous
oxygen recovery time. J. Vasc. Surg. 1984, 1, 628-634. [CrossRef]

Kram, H.B.; Appel, PL.; Shoemaker, W.C. Comparison of transcutaneous oximetry, vascular hemodynamic measurements,
angiography, and clinical findings to predict the success of peripheral vascular reconstruction. Am. J. Surg. 1988, 155, 551-558.
[CrossRef]

Kram, H.B. Noninvasive tissue oxygen monitoring in surgical and critical care medicine. Surg. Clin. N. Am. 1985, 65, 1005-1024.
[CrossRef]

Wautschert, R.; Bounameaux, H. Determination of Amputation Level in Ischemic Limbs. Diabetes Care 1997, 20, 1315-1318.
[CrossRef]

Keyzer-Dekker, C.; Moerman, E.; Leijdekkers, V.J.; Vahl, A.C. Can transcutaneous oxygen tension measurement determine
re-amputation levels? J. Wound Care 2006, 15, 27-30. [CrossRef] [PubMed]

Arsenault, K.A.; Al-Otaibi, A.; Devereaux, P.J.; Thorlund, K.; Tittley, J.G.; Whitlock, R.P. The Use of Transcutaneous Oximetry to
Predict Healing Complications of Lower Limb Amputations: A Systematic Review and Meta-analysis. Eur. ]. Vasc. Endovasc. Surg.
2012, 43, 329-336. [CrossRef] [PubMed]

Nishio, H.; Minakata, K.; Kawaguchi, A.; Kumagai, M.; Ikeda, T.; Shimizu, A.; Yokode, M.; Morita, S.; Sakata, R. Transcutaneous
oxygen pressure as a surrogate index of lower limb amputation. Int. Angiol. 2016, 35, 565-572.

Zingg, M.; Lacraz, A.; Robert-Ebadi, H.; Waibel, E; Berli, M.; Uckay, I. Transcutaneous oxygen pressure values often fail to predict
stump failures after foot or limb amputation in chronically ischemic patients. Clin. Surg. 2019, 4, 2366.

Berli, M.C.; Wanivenhaus, F; Kabelitz, M.; Go6tschi, T.; Béni, T.; Rancic, Z.; Waibel, EW.A. Predictors for reoperation after lower
limb amputation in patients with peripheral arterial disease. Vasa 2019, 48, 419-424. [CrossRef] [PubMed]

Becker, F. Explorations Complémentaires-TcPO2. In Traité de Médecine Vasculaire-Tome 1; Masson: Paris, France, 2012.

Kram, H.B.; Appel, P.L.; Shoemaker, W.C. Multisensor transcutaneous oximetric mapping to predict below-knee amputation
wound healing: Use of a critical Po. J. Vasc. Surg. 1989, 9, avs0090796. [CrossRef]

Mustapha, N.; Jain, S.; Dudley, P.; Redhead, R. The effect of oxygen inhalation and intravenous Naftidrofuryl on the transcutaneous
partial oxugen pressure in ischaemic lower lims. Prosthet. Orthot. Int. 1984, 8, 135-138. [CrossRef]

Bacharach, ].M.; Gloviczki, P. Predictive value of transcutaneous oxygen pressure and amputation success by use of supine and
elevation measurements. J. Vasc. Surg. 1992, 15, 558-563. [CrossRef]

Taylor, S.M.; Kalbaugh, C.A.; Cass, A.L.; Buzzell, N.M,; Daly, C.A.; Cull, D.L,; Youkey, J.R. “Successful Outcome” after below-knee
amputation: An objective definition and influence of clinical variables. Am. Surg. 2008, 74, 607-613. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jvs.2005.04.015
http://doi.org/10.2106/00004623-198870100-00012
http://doi.org/10.2106/00004623-198466010-00011
http://doi.org/10.1002/bjs.1800730527
http://doi.org/10.1302/0301-620X.65B1.6822606
http://www.ncbi.nlm.nih.gov/pubmed/6822606
http://doi.org/10.1016/0002-9610(87)90174-7
http://doi.org/10.2106/00004623-198264030-00007
http://doi.org/10.1002/bjs.1800710320
http://www.ncbi.nlm.nih.gov/pubmed/6697129
http://doi.org/10.1016/0741-5214(84)90069-7
http://www.ncbi.nlm.nih.gov/pubmed/4073682
http://doi.org/10.1016/0741-5214(85)90192-2
http://doi.org/10.1016/0741-5214(84)90127-7
http://doi.org/10.1016/S0002-9610(88)80409-4
http://doi.org/10.1016/S0039-6109(16)43691-1
http://doi.org/10.2337/diacare.20.8.1315
http://doi.org/10.12968/jowc.2006.15.1.26860
http://www.ncbi.nlm.nih.gov/pubmed/16669302
http://doi.org/10.1016/j.ejvs.2011.12.004
http://www.ncbi.nlm.nih.gov/pubmed/22240334
http://doi.org/10.1024/0301-1526/a000796
http://www.ncbi.nlm.nih.gov/pubmed/31063045
http://doi.org/10.1067/mva.1989.vs0090796
http://doi.org/10.3109/03093648409146074
http://doi.org/10.1016/0741-5214(92)90196-F
http://doi.org/10.1177/000313480807400707
http://www.ncbi.nlm.nih.gov/pubmed/18646478

	Introduction 
	Background 
	The TcPO2 Technique 
	Consequences of Major Amputation Levels on Patients Mobility 
	Selection of the Amputation Level 
	General Predictors of Healing Success 
	TcPO2 Threshold Values for the Determination of the Amputation Level 

	Current Recommendations? 
	How Can TcPO2 Performance Be Improved? 
	Control Site 
	100% Oxygen Inhalation 
	Elevation Measurements 

	Conclusions 
	References

