GLOBAL PEN

Transcutaneous CO, Pressure Monitoring Increases
Salvage Rates after Free Tissue Transplantation for
Extremity Reconstruction
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Background: Although free tissue transplantation (FTT) is an essential technique
in extremity functional reconstruction, postoperative blood flow disturbance is
one of the critical complications leading to transplanted tissue necrosis. Early
detection of this complication may prevent tissue failure by prompt improvement
of blood flow. The aim of this study was to determine whether transcutaneous car-
bon dioxide pressure (TcPCO,) monitoring increases the salvage rates after FT'T.
Methods: We retrospectively reviewed 75 consecutive patients who underwent FTT
for extremity reconstruction with TcPCO, monitoring postoperatively between
December 2016 and September 2021.

Results: Extremity reconstruction was performed in 53 cases due to trauma, 20
cases due to infection, and two cases due to tumor resection for tissue defects.
The overall success rate of the FTT was 98.7%, with 13 complications. Of the 11
patients who underwent reoperation, nine had thrombosis and two had vascular
strangulation. However, when reoperation was decided, none of the reoperation
cases still exhibited any deterioration in the Doppler or clinical assessment. All
reoperated cases were salvaged. Of the two patients who did not undergo reopera-
tion, one had failed flaps and one had partial skin necrosis. With a TcPCO, cutoff
value of 70 mm Hg, the sensitivity and specificity for detecting complications due
to impaired blood flow were 100% and 93.5%, respectively.

Conclusions: TcPCO, monitoring was performed after FTT for extremity recon-
struction, and all cases of reoperation were salvaged. TcPCO, monitoring can
detect impaired postoperative blood flow critically earlier than clinical assessments
and may increase salvage rates of transplanted tissue. (Plast Reconstr Surg Glob Open
2022;10:e4467; doi: 10.1097/GOX.0000000000004467; Published online 19 August 2022.)

Free tissue transplantation (FTT) is an essential tech-
nique in the functional reconstruction of extremities
and is a standard method of tissue defect reconstruction.
However, there are serious complications with FTT, and
postoperative blood flow failure can lead to tissue necro-
sis. FTT has been proven reliable, with reported success

From the *Trauma Reconstruction Center, Shinyurigaoka General
Hospital, Kawasaki, Japan; fDepartment of Traumatology,
Fukushima Medical University, Fukushima, Japan; and fTrauma
Reconstruction Center, Juntendo University Urayasu Hospital,
Urayasu, Japan.

Received for publication January 19, 2022; accepted June 10,
2022.

Copyright © 2022 The Authors. Published by Wolters Kluwer Health,
Inc. on behalf of The American Society of Plastic Surgeons. This
is an open-access article distributed under the terms of the Creative
Commons Attribution-Non Commercial-No Derivatives License 4.0
(CCBY-NC-ND), where it is permissible to download and share the
work provided it is properly cited. The work cannot be changed in
any way or used commercially without permission from the journal.

DOI: 10.1097/GOX.0000000000004467

rates generally in excess of 90%."~* However, FIT to the
extremities, particularly the lower limbs, has been shown
to have a high incidence of vascular complications and
necrosis.”” To improve the success rate of FTT, early recog-
nition of postoperative impaired blood flow is mandatory;
tissue necrosis can be avoided by urgent blood flow resto-
ration. The gold standard for postoperative flap monitor-
ing is the clinical evaluation of the flap’s color, capillary
refill, turgor, and temperature. However, clinical monitor-
ing requires substantial expertise and experience, and the
flap salvage rates are not very high, reportedly 30%-70%
when monitored by clinical evaluation alone.*™

Recently, various monitoring devices have been used
after FTT, including surface temperature probes, implant-
able Doppler systems, color duplex sonography, laser
Doppler flowmetry, visible light spectroscopy, and near-
infrared spectroscopy.”!" The ideal monitoring equip-
ment should be noninvasive, easy-to-use, provide real-time
flap perfusion data, and have a high level of sensitivity and
specificity for detecting impaired blood flow."
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One monitoring method after FIT is to measure
the transcutaneous carbon dioxide pressure (TcPCO,).
Elevated levels of TcPCO, measured from the skin flaps
indicate increased carbon dioxide production due to
increased cellular respiration or impaired gas exchange
into the capillaries, indicating stagnation of the skin’s
microcirculation.” The reliability of TcPCO, monitoring
after FIT has been reported, but there is little reference
to flap salvage.'™!" In this study, we hypothesized that con-
tinuous monitoring of TcPCO, values would allow early
detection of impaired blood flow to transplanted tissues
and increase the salvage rate of FIT for extremity tissue
defects.

We retrospectively reviewed 75 consecutive patients who
underwent FTT for extremity functional reconstruction and
used a TcPCO, monitor as a postoperative monitoring tool
between December 2016 and September 2021. A TcPCO,
monitor was worn postoperatively for 7 days in addition to
assessment of the flap’s color and using Doppler ultrasonog-
raphy. Specifically, the charge nurse checked them every
hour and sent the information of the flap status to the doc-
tor in charge. In all cases, prostaglandin was administered
intravenously for 7 days postoperatively. When the TcPCO,
value was greater than or equal to 70mm Hg during the
regular postoperative check, the charge doctor was called
immediately. When impaired blood flow was suspected by
color duplex sonography, or the TcPCO, value continued
to increase, reoperation was performed to check for anasto-
motic vessels. All 75 cases were investigated for demographics,
the causes of tissue loss, the source of the free tissue, compli-
cations, reoperation, salvage rates, and success rates. We also
calculated the sensitivity and specificity of the TcPCO, with
a 70mm Hg cutoff value for detecting impaired blood flow.

TcPCO, Monitor

The TCM5 FLEX (Radiometer K.K.) was used to mea-
sure the TcPCO, (Fig. 1). This device records the carbon
dioxide and oxygen partial pressures on the skin’s surface
percutaneously and continuously in real time through a
probe attached to the skin. Previous studies reported that
the normal skin of healthy subjects did not exceed TcPCO,
values of 70mm Hg at any site."" Therefore, we applied a
cutoff value for the TcPCO, of 70 mm Hg.

The mean age of the 75 FIT patients (61 men and
14 women) with TcPCO, postoperative monitoring was
46.7 years. Upper and lower limb reconstructions were
performed in 16 and 59 patients, respectively. The causes
of tissue loss included trauma in 53 cases, infections such
as osteomyelitis and infectious pseudarthrosis in 20 cases,
and tumor resection in two cases. The transplanted tissues
were harvested from the anterolateral thigh, latissimus
dorsi, fibula, superficial circumflex iliac perforator, lateral
upper arm, and dorsal pedis (Table 1). The overall success
rate was 98.7%. Of the 75 FTTs with the TCPCO2 monitor,
74 survived.
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Question: Does transcutaneous CO, monitoring increase
the salvage rate after free tissue transplantation for
extremity reconstruction?

Findings: We retrospectively reviewed 75 consecutive
patients who underwent free tissue transplantation for
extremity reconstruction with transcutaneous CO, moni-
toring postoperatively. The overall success rate of the free
tissue transplantation was 98.7%, with 13 complications.
Of the 11 patients who underwent reoperation, nine had
thrombosis and two had vascular strangulation. All reop-
erated cases had vascular problems, but all cases were
salvaged.

Meaning: Transcutaneous CO, monitoring after free tis-
sue transplantation can detect impaired postoperative
blood flow early and may increase salvage rates.

Thirteen complications occurred (17.3%) (Table 2).
In the 11 cases that were reoperated on, postoperative
TcPCO, values exceeded 70mm Hg and rose rapidly.
When reoperation was decided, none of the cases still
exhibited any deterioration in the flap’s color or the
Doppler assessment. Of the 11 patients who underwent
reoperation, nine had thrombosis (arterial and venous
thrombosis in three, arterial thrombosis in one, and
venous thrombosis in five), and the remaining two had no
thrombosis but had strangulated vessels. All reoperated
cases were salvaged by reanastomosis or the release of
strangulation (Fig. 2). In the two cases that were not reop-
erated on, the TcPCO, value was already above 70 mm Hg
immediately after surgery, and the patients were just fol-
lowed up without surgical consideration, even though
there was little tendency for the pressure to decrease.
Eventually, one patient developed a failed flap, and the
other had partial necrosis of the flap.

All 13 patients with complications had TcPCO, greater
than or equal to 70mm Hg, with no false negatives, and
the sensitivity for detecting complications due to blood
flow disturbances was 100%. In other words, no blood flow
disturbances occurred at TcPCO, below 70mm Hg. The
negative predictive value of a TcPCO, less than 70 mm Hg,
which was considered to be free from vascular problems,
was 100%. The specificity of a TcPCO, value of 70 mm Hg
was 93.5%, with four false positives (ie, no complications
occurred in four patients with pressure values greater than
or equal to 70mm Hg). In three cases, the TcPCO, value
exceeded 70 mm Hg immediately after surgery, but later
dropped and was only monitored continuously. In one
remaining case, the TcPCO, value reached greater than
or equal to 70mm Hg 48 hours postoperatively, but the
presence of blood flow in the anastomotic vessel was con-
firmed by color duplex sonography, and the patient was
followed up by volume loading with a plasma substitute,
wherein the TcPCO, rapidly decreased. Thus, the posi-
tive predictive value for vascular event with TcPCO, values
greater than or equal to70 mm Hg was reduced to 76.5%.

No complications were associated with the monitoring
device.



Nakano et al.

A

TCPCO2 Monitoring and Salvage Rates after FTT

Fig. 1. The TCM5 FLEX (Radiometer K.K.) for measuring the TcPCO, (A) and the probe (B).

Although FTT is a useful procedure for extremity tis-
sue defects, the failure rate especially in the lower extremi-
ties is higher than anywhere else in the body. In a previous
study involving multiple cases, the failure rate to the lower
extremities was 15%—-20%."" One of the most important
factors in the functional reconstruction of the lower

extremities by FIT is the selection of the appropriate
recipient vessels.” However, in posttraumatic reconstruc-
tion, it is often difficult to select an appropriate recipient
vessel because the perivascular area around the injury site
can develop posttraumatic vessel disease, becoming edem-
atous, brittle, and gradually fibrotic; a similar course may
occur for infection sites. Thus, these conditions may make
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Table 1. Sources of Free Tissue Used T o=
Type of Tissue No. E 8 g
Anterolateral thigh 45 g E'ﬁ' CHE RY 8 BRIZE
Latissimus dorsi E P8
Latissimus dorsi only 16 va &
Latissimus dorsi + rib 2 E &
Latissimus dorsi + SCIP 1 =
Latissimus dorsi + serratus anterior muscle 1
Fibula 7
SCIP 1 _
Lateral upper arm 1 8
Dorsal pedis 1 g
SCIP, superficial circumflex iliac perforator flap. . g e 'g - 'g e =
§ES F9 F EPE B
Befact & ficke
it difficult to reconstruct lower extremity defects with FTT § R ::;’ 2TE T TET ;‘3 e
for trauma and infection. gl 25 g 25 B BRE®E
However, in our case series, 78.7% of the cases were ¢Lg)- 22 g §§§ '% é 'é % Q%
lower extremity cases, and 97.3% of the cases were due to | g gug SEE E EE g% g
trauma or infection, yet the success rate was 98.7%, which z2%y 2 2% 7 zzny9%
is similar to other sites. Thirteen patients (17.3%) devel- g 5% g §5 § §§ %% 5
oped complications related to impaired blood flow, but MEp e o MR
all 11 patients who underwent reoperation were rescued.
The reoperation salvage rate was 100%, which was higher . . .
than the previously reported salvage rate with monitoring 'z 'z z
by clinical evaluation alone. This high salvage rate may @ ‘é E
be due to the use of TcPCO, monitoring, which alerts us E E E
earlier than clinical assessments after FTT. The two cases Ele., .5 w® B ® 5%
that did not undergo reoperation despite elevated postop- g é g _§ E 5 E S E é E ii é
erative TcPCO, over 70 mm Hg were in the early stage of i EE® £2 & é ESE P2
the clinical study. We missed the timing of the reoperation g = E g E '% ; 3_:9 %E g E £ E
because we still did not fully trust the monitor and pri- © = g 2 ZE‘E‘ %fﬁ %E 2725
oritized the clinical evaluation at that time. Now TcPCO, S22 ESgifggigs
monitoring is a top priority, and we decide on reoperation 222 SEEESEEERZ
even if there is no change in clinical evaluation.
The TCMb FLEX can measure the carbon dioxide and 0 800 O mm©
oxygen percutaneously, as a substitute for arterial carbon E b E E = E = g =0 E 5895149
dioxide and oxygen partial pressures.'” Abe et al'! investi- =
gated changes in TcPCO, and oxygen pressure in a ped- g
icled flap blood flow disturbance model using Japanese °
white rabbits. Although significant changes in the trans- o é
cutaneous oxygen pressure were difficult to determine, . . -g g
the TcPCO, showed a significant increase. Therefore, they z z E 5
concluded that an elevated TcPCO, may indicate skin vas- 2| £ = A !
cular insufficiency, and TCPCO2 monitoring is useful after 3 _5._%* %‘% g .g s; ;E .E .g E 2_, £
FTT. $lE55 SEZEE EEESZIE
In addition, Abe et al'* set the cutoff value to 90 mm & $a° ac 82%"‘5 °coe g K
Hg, based on the experimental results that TcPCOZ2 values - §§ g £ g8 EE § 383835 ° é
do not exceed 70mm Hg in any part of normal healthy g °§§§ z §§ %_@EDE § & §§ gz
skin but are higher immediately after operation until the H] = £ = g EEET E 5% =z T@; §
values stabilize, and reported 100% sensitivity and specific- © é :l:) ) :: (%(%é = E 58886 = E
ity, respectively. However, in the study of 49 free flaps, only " E
two had complications related to impaired blood flow, so 5 &
further investigation may be necessary. In contrast, we set b= = e o )
the cutoff value to 70mm Hg for greater sensitivity and %’_ g é o e E ;ﬁ o~ E cge s E
found that the sensitivity and specificity for detecting £ § ﬁ 2” § go é’) 20 § go ﬁ ﬁ ﬁ ﬁ )
impaired blood flow were 100% and 93.5%, respectively. S o =
This sensitivity and specificity are not low compared with 3 f,’.f@ SRE 39229038 LF §
other devices.”'® Besides the application of monitoring q *5
devices, in a study of postoperative monitoring by measur- 9 2 2
ing capillary glucose and lactate in the flap, the sensitiv- ] & :
ity and specificity were 98.5% and 99.5%, respectively.'” [ Eleoie wmoroneamNR |2
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Fig. 2. A, A soft tissue and bone defect due to a right infected tibial pseudarthrosis was reconstructed
with free vascularized fibular grafting. The TcPCO, rose to 70 mm Hg 29 hours after the TCM5 probe was
attached to the skin paddle. At this time, there was no change in flap color tone or Doppler. B, In the
reoperation room, TcPCO, rose to 120mm Hg, and the flap color changed to the color of congestion.
In this case, the change of the flap color occurred 3 hours after the TcPCO, exceeded the cutoff value.
C, Thrombus was observed in the anastomosed vein. After thrombectomy, vascular reanastomosis was
performed using a vein graft, and the graft tissue was salvaged.

However, our method is not invasive and is able to moni-
tor continuously. Considering the possibility of detecting
early blood flow failure, we think that a TcPCO, of 70 mm
Hg is an appropriate cutoff value, despite the low specific-
ity. Patients who underwent reoperation with this cutoff

value had a TcPCO, level greater than or equal to 70 mm
Hg before changes in clinical monitoring following FTT.
All patients who underwent reoperation had impaired
blood flow, and TcPCO, monitoring with a cutoff value of
70mm Hg allowed early detection of impaired blood flow.
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With this monitoring method, the probe is easily and
noninvasively attached to the flap; the TcPCO, values can
then be observed in real time. Therefore, anyone can
objectively assess blood flow failure after FTT using the
appropriate cutoff value. However, because the carbon
dioxide pressure is measured percutaneously, it is not
indicated for cases without skin paddles, such as buried
tissue transplantation. In addition, due to the possibil-
ity of dislodging the probe from the skin paddle and the
need for periodic calibration, it is recommended that
postoperative monitoring after FTT should not be per-
formed with this device alone, but should be used in con-
junction with conventional monitoring such as clinical
evaluation.

The first limitation of this study was its retrospective
design. Second, the number of salvage cases is still small,
and the sensitivity and specificity may have a little dis-
crepancy. Third, this study did not have a control group
and relied on previous reports for comparison of salvage
rates. However, this study demonstrated that TcPCO,
monitoring is useful after FTT in extremity reconstruc-
tion, resulting in increased salvage rates after impaired
blood flow. In the future, we need to carefully observe
patients with TcPCO, values greater than or equal to
70mm Hg in the immediate postoperative period.
Further researching on the unacceptable rate of change
in TcPCO, values immediately after operation may help
to more accurately determine the protocol for TcPCO,
monitoring after FTT.
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