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ABSTRACT

Background and aims: Skin graft necrosis is a common complication in dermatologic surgery, but reliable methods
for predicting its occurrence are lacking. Laser speckle contrast imaging (LSCI) is a validated tool for studying
skin graft microcirculation. We aimed to analyze the relationship between perfusion, assessed intraoperatively
or postoperatively with LSCI, and the extent of necrosis on day 28. In addition, we aimed to determine whether
perfusion can predict the development of clinically significant necrosis, defined as necrosis affecting 20% or
more of the graft.

Materials and methods: Fifty-five adults undergoing skin grafting after skin cancer excision were included. Per-
fusion was assessed with LSCI intraoperatively on the wound bed and on the graft surface on day 7. The extent
of necrosis was determined on day 28.

Results: Graft necrosis was significantly correlated with graft bed perfusion assessed on day 0 (r = —0.86) and
graft perfusion assessed on day 7 (r = —0.69). Significant linear regression models showed that intraoperative
graft bed perfusion and day 7 graft perfusion explained 75% and 46% of the variability in necrosis extent, re-
spectively. Overall, each unit increase in graft bed perfusion reduced necrosis extent by 41 percentage points,
whereas each unit increase in day 7 graft perfusion reduced necrosis extent by 21 percentage points. The per-
fusion threshold with the highest predictive value for clinically significant necrosis was identified in the graft
bed.

Conclusions: LSCI may provide valuable information as a predictive tool for necrosis through rapid, noninvasive
perfusion analysis, allowing the identification of patients who are optimal candidates for skin grafting and those
who may require prolonged wound care.

Introduction

placement of the native vascular network are critical steps in skin graft
reperfusion.*® Disruption of any of these processes is expected to result

Skin graft necrosis is a common complication in skin cancer recon-
structive surgery and may take several weeks to become established,
leading to longer healing times, increased morbidity, and higher health
care costs.!> This complication arises from the nature of a skin graft,
which involves the transfer of free cutaneous tissue from a donor site to a
recipient site after intentional separation.® Direct anastomoses between
the graft and recipient bed vessels, known as inosculation; ingrowth
of recipient bed vessels toward the graft, known as angiogenesis; de-
velopment of new blood vessels from undifferentiated bone marrow
stem cells, known as vasculogenesis; and controlled regression and re-

Abbreviations: APU, arbitrary perfusion units; CI, confidence interval; CVC, cutaneous
vascular conductance; LSCI, laser speckle contrast imaging; MAP, mean arterial pressure.
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in graft hypoperfusion and necrosis.

It is empirically accepted that higher graft bed perfusion is associated
with a lower risk of graft necrosis.! Nevertheless, no reliable clinical
features of the graft bed or graft surface can predict the occurrence of
late necrosis.

During the last decade, LSCI has shown promise for evaluating cu-
taneous microcirculation in various medical and surgical fields, such
as dermatology, rheumatology, ophthalmology, and surgery.®~® This
noninvasive, fast, and easily operated imaging technique can provide
valuable information on the perfusion of skin flaps and grafts.”~!! The
underlying principle is that when the skin is illuminated with coherent
light, such as a laser in the near-infrared spectrum, for example, 780 nm,
an interference pattern of backscattered light, displayed as a granular
pattern of dark and bright spots, can be identified with a detector. This is
known as the speckle pattern. LSCI is based on dynamic changes in this
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speckle pattern caused by the interaction of coherent light with mov-
ing red blood cells.'>'? The penetration depth of LSCI is approximately
300 pm. Therefore, it mainly records blood flow in the superficial pap-
illary plexus, which forms part of the cutaneous microcirculation.'

If perfusion assessed by LSCI, either on the graft bed or on the graft
surface, is closely linked to the extent of skin graft necrosis, this tech-
nique may help select the best candidates for immediate graft closure
and identify patients at risk of necrotic complications and prolonged
wound care.

We aimed to analyze the relationship between perfusion, assessed
intraoperatively or postoperatively with LSCI, and the extent of necrosis
on day 28, and to propose predictive models for graft necrosis based on
perfusion. In addition, we aimed to determine whether perfusion could
serve as a predictive factor for the development of clinically significant
necrosis.

Materials and methods
Study design and population

We designed a prospective longitudinal observational study with a
28-day follow-up period. The study followed the ethical standards out-
lined in the Declaration of Helsinki and was approved by the local ethics
committee of our university hospital. Consecutive sampling was per-
formed among adults eligible for skin cancer excision on the face, scalp,
or limbs, followed by closure with a full-thickness or split-thickness skin
graft at our dermatologic surgery unit.

The exclusion criteria were axillary temperature greater than
37.5°C, inability to remain still during LSCI recording, grafts with donor
or recipient sites involving the eyelids or nose, and postoperative bac-
terial graft infection or hematoma. These criteria were established to
avoid measurement bias with LSCI, including bias caused by involuntary
movement of underlying structures, such as the eyelids or nasal valve,
and inability to assess the entire graft surface in a single recording, for
example, in a pannasal graft.

The inclusion period was from April 2023 to January 2024. Antic-
ipating a 10% dropout rate and accepting an « risk of 0.05 and a g
risk of 0.20 in a 2-sided test, the required sample size for detecting a
correlation coefficient of 0.4 was 52 participants.

Outcome and factor

The outcome was skin graft necrosis on day 28, defined as any loss
of surface integrity, ranging from epidermolysis progressing to scab for-
mation to full-thickness necrosis. Necrosis extent corresponded to the
percentage of necrotic graft tissue. Clinically significant graft necrosis
was defined as 20% or greater necrosis extent, as adopted by other study
groups and implying the need for ongoing wound care.'>'® The studied
factor was perfusion assessed by LSCI on the graft bed on day 0 and on
the graft surface on day 7.

Study procedures

Participant characteristics included in the analysis, such as age,
sex, history of arterial hypertension, dyslipidemia, or diabetes, current
smoking, and use of anticoagulant or antiplatelet drugs, were collected
during the preoperative evaluation. There were no changes to the re-
constructive algorithms of our department or to standard postoperative
wound care for this study.

Lesions were removed after infiltration with lidocaine 2% and
epinephrine 1:100,000. The depth of dissection was the galea aponeu-
rotica on the scalp, the superficial musculoaponeurotic system on the
face, and the subcutaneous tissue or deep fascia on the limbs. Full-
thickness skin grafts were harvested from the infraclavicular area for
facial and scalp defects. Split-thickness skin grafts measuring 0.4 mm
were harvested from the inner arm for upper limb defects and from the
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anterior thigh for lower limb defects. A tie-over dressing was applied for
1 week, and a new dressing with petrolatum gauze was used thereafter.

During surgery, graft bed perfusion, expressed in arbitrary perfusion
units (APU), was assessed with the PeriCam PSI NR® LSCI system (Per-
imed, Jarfilla, Sweden) at least 15 min after skin cancer removal. On
day 7, at the first postoperative graft dressing change, graft perfusion
was also evaluated. Each LSCI recording lasted 60 s and was performed
at a distance of 25cm from the skin. The studied area was immobi-
lized with a vacuum pillow (AB Germa, Kristianstad, Sweden) to avoid
movement artifacts.

To obtain a more physiological and comparable evaluation, perfu-
sion in APU was divided by each participant’s mean arterial pressure
(MAP), yielding cutaneous vascular conductance (CVC).'* CVC reflects
the ease with which blood flows through the skin microcirculation at a
given pressure difference.!”

Skin graft evolution was recorded using sequential clinical pho-
tographs, which included a surgical ruler placed close to the graft.
Necrosis extent was calculated from the clinical photographs obtained
on day 28 by dividing the necrotic area by the total graft area. These ar-
eas were delimited and calculated with SketchAndCalc™ version 6.3.0
because the clinical photographs contained a surgical ruler that served
as a scale. Fig. 1 presents examples of clinical photographs and LSCI
recordings on days 0, 7, and 28 for grafts on the face and scalp.

Statistical analysis

The sample underwent descriptive statistical analysis, and variable
normality was assessed using the Shapiro-Wilk test. Correlation analysis
was used to determine the relationship between perfusion and necrosis
extent. Univariable linear regression was used to identify significant
predictors of necrosis, and multivariable models incorporated statisti-
cally significant predictors.

Comparative analyses between groups, with and without necrosis
extent of 20% or greater, were performed using the ;2 test, Fisher ex-
act test, and Mann-Whitney U test, as appropriate. A binary logistic
regression model was used to estimate the odds ratio for necrosis ex-
tent of 20% or greater. Receiver operating characteristic curves were
generated to predict necrosis extent of 20% or greater and to determine
the perfusion cutoff points with the highest accuracy using the Youden
index. Positive and negative predictive values were calculated.

All analyses were conducted using IBM SPSS Statistics, version 26.
Statistical significance was set at P < .05.

Results

A total of 55 participants completed the study, and 55 defects were
reconstructed using 31 full-thickness and 24 split-thickness skin grafts.
Table 1 summarizes patient, graft bed, and graft characteristics overall
and according to categories of necrosis extent.

Correlation analysis between perfusion and necrosis

Fig. 2 presents scatterplots showing the distribution of necrosis ex-
tent on day 28 and perfusion assessed on the graft bed and graft surface,
revealing nonlinear negative relationships. A curve estimation approach
showed that the logarithmic model provided the best fit for these re-
lationships. Subsequently, the CVC variable underwent logarithmic
transformation, allowing linearization of the correlations and linear re-
gression analysis. The following perfusion results are presented as the
natural logarithm of CVC [In(CVC)].

Perfusion assessed on the graft bed was very strongly correlated with
necrosis extent on day 28 (r = —0.86; P < .001). On day 7, the correla-
tion between graft perfusion and necrosis extent was strong (r = —0.69;
P < .001). These correlations differed significantly (z = 2.2; P = .012).
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Fig. 1. Clinical photographs and LSCI recordings of full-thickness skin grafts. Clinical photographs (upper panels) and LSCI recordings (lower panels) of full-thickness
skin grafts on the face, without clinically significant necrosis, and scalp, with clinically significant necrosis. Upper and lower panels refer to the same evaluation
point: graft bed (A, B and G, H), graft on day 7 (C, D and I, J), and graft on day 28 (E, F and K, L). The LSCI software generates blood perfusion images of the scanned
area using a semiquantitative color scale, ranging from black, indicating no perfusion, to red, indicating intense perfusion. Perfusion is also provided in arbitrary
perfusion units (APU), not shown. Cutaneous vascular conductance is obtained by normalizing APU to the patient’s mean arterial pressure.

Table 1

Patient, graft bed, and graft characteristics overall and according to the necrosis extension categories.

Characteristics Overall (n = 55) Necrosis <20% (n = 37) Necrosis >20% (n = 18) P value
Participant characteristics
Age, median (range), y 82.0 (61-96) 83.3 (61-96) 77.5 (68-90) .09
Female sex, No. (%) 24 (43.6) 14 (37.8) 10 (55.6) 21
Current smoking, No. (%) 2(3.6) 1(2.7) 1(5.6) .55
Arterial hypertension, No. (%) 45 (81.8) 30 (81.1) 15(83.3) .58
Dyslipidemia, No. (%) 34 (61.8) 23 (62.2) 11 (61.1) .58
Diabetes mellitus, No. (%) 14 (25.5) 12 (32.4) 2(11.1) .08
Antiplatelet therapy, No. (%) 9 (16.4) 6 (16.2) 3(16.7) .62
Anticoagulant therapy, No. (%) 11 (20.0) 8 (21.6) 3(16.7) .48
Graft bed characteristics
Location, No. (%) .01
Face 9(16.4) 8(21.6) 1(5.6)
Scalp 22 (40.0) 17 (45.9) 5(27.8)
Upper limb 4(7.3) 4 (10.8) 0 (0.0)
Lower limb 20 (36.4) 8 (21.6) 12 (66.7)
Type of graft, No. (%) .02
Full-thickness 31 (56.4) 25 (67.6) 6 (33.3)
Split-thickness 24 (43.6) 12 (32.4) 12 (66.7)
Area, median (range), cm? 14.1 (5.5-74.8) 15.2 (5.8-74.8) 13.0 (5.5-47.1) .38
CVC graft bed, mean (SD), APU/mm Hg 0.86 (0.37) 1.06 (0.28) 0.55 (0.24) <.001
Graft characteristics
CVC graft on day 7, mean (SD), APU/mm Hg 0.77 (0.53) 0.94 (0.55) 0.44 (0.29) <.001
Day 28 necrosis extent, median (range), % 13.0 (0.0-84.0) 9.0 (0.0-19.0) 42.0 (22.0-84.0) <.001

APU, arbitrary perfusion units; CVC, cutaneous vascular conductance.

Data are expressed as median (range) for nonnormally distributed continuous variables, mean (SD) for normally distributed continuous variables, or No. (%) for
categorical variables. All skin grafts on the face and scalp were full-thickness grafts, whereas all grafts on the upper and lower limbs were split-thickness grafts.

Univariable linear regression based on perfusion

Table 2 shows the univariable linear regression models based on
perfusion. The highest R? value, 0.75, was observed for graft bed per-
fusion, meaning that 75% of the variability in necrosis extent could be
explained by this variable. Specifically, each unit increase in graft bed
perfusion reduced necrosis extent by 41 percentage points. The predic-
tive capacity for necrosis was lower on day 7, with an R? value of 0.46,
and each unit increase in graft perfusion reduced necrosis extent by 21
percentage points. Because the 95%ClIs for the linear regression g co-

efficients did not overlap, the differences in the mean estimated effects
were significant.

Correlation analysis between other nonperfusion characteristics and
necrosis

Table 3 describes the correlations between patient, defect, and graft
characteristics and necrosis extent. Only age (r = —0.28), defect lo-
cation on the face (r = —0.29), and defect location on the lower limb
(r = 0.35) were significantly correlated with necrosis extent. None of
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Graft bed perfusion on day 0 and necrosis extension

100
0
— 80 L .
X
c °
o
é 60
°

‘5 °
Q40 * .
2 &L °
—
] °
> ® o o ®

20 e

o 9 °
° ’ ® . L
° ° °
pos e ° o
0 P L) s'e
0,00 0,25 0,50 0,75 1,00 1;25 1,50

Day 0 graft bed CVC (APU/mmHg)

Actas Dermo-Sifiliogrdficas 117 (2026) 104714

Graft perfusion on day 7 and necrosis extension
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Fig. 2. Relationship between perfusion and necrosis extent. Scatterplots of perfusion, measured as cutaneous vascular conductance (CVC), in arbitrary perfusion
units (APU)/mm Hg, on the graft bed intraoperatively and on the graft on day 7, and necrosis extent on day 28.

Table 2

Univariable linear regression models of necrosis extent based on perfusion of the defect bed on day 0 and the graft on day 7.

Univariate model b P Clgsq, b Model summary

Constant 0.12 <0.001 0.09 0.16 R?>=0.75

Ln (CVC graft bed) -0.41 <0.001 -0.47 -0.34 F(1,53)=1589
P < 0.001

Constant 0.10 <0.001 0.05 0.16 R?>=0.46

Ln (CVC graft day 7) -0.21 <0.001 -0.28 -0.15 F(1,53) = 46.8
P < 0.001

CVC, cutaneous vascular conductance; In, natural logarithm.

B coefficients represent the estimated change in necrosis extent for each 1-unit increase in In(CVC).

these variables explained more than 11% of the variation in necrosis
extent (Table 4).

Multivariable linear regression analysis

On day 0, adjustment of the model combining graft bed perfusion
with age and defect location (F = 41.0; P < .001) was worse than that
of the model with graft bed perfusion alone (F= 158.9; P < .001),
despite the same R? value (Table 5). On day O, the best predictive
model for necrosis extent can be expressed as follows: necrosis ex-
tent = 0.12 — 0.41 x In(CVC graft bed).

A similar finding was observed for graft perfusion on day 7, with
the univariable model showing better adjustment (F = 46.8) than the
multivariable model (F = 13.0) (Table 5). On day 7, necrosis extent
can be predicted by graft perfusion according to the following formula:
necrosis extent = 0.10 - 0.21 x In(CVC graft day 7).

Predictors of clinically significant necrosis

Clinically significant necrosis, defined as necrosis extent of 20% or
greater, developed in 18 of 55 grafts (32.7%); 12 of these grafts (66.7%)
were located on the lower limb, and all were split-thickness grafts. Graft
bed perfusion in the group with necrosis extent of 20% or greater was
approximately half that measured in the group with necrosis extent less
than 20% (0.55 vs 1.06 APU/mm Hg; P < .001).

Binary logistic regression models were created using graft bed per-
fusion alone or combined with lower limb location, which had been
identified as an independent predictor of clinically significant necrosis.
To prevent redundancy, graft type was not included in the regression
model because all split-thickness grafts with necrosis extent of 20% or

Table 3
Pearson correlation coefficients between participant, defect, and graft charac-
teristics and necrosis extent on day 28.

Characteristics Correlation with necrosis extent, r P value
Participant characteristics
Age -0.28 .04
Sex 0.003 .98
Arterial hypertension 0.14 .92
Dyslipidemia 0.05 77
Diabetes mellitus -0.17 .22
Current smoking 0.24 .08
Antiplatelet therapy -0.03 .83
Anticoagulant therapy -0.11 .44
Defect characteristics
Scalp location -0.05 .73
Face location -0.29 .03
Upper limb location -0.15 .26
Lower limb location 0.35 .01
Defect area -0.06 .65
Graft characteristics
Type of graft -0.26 .05

greater corresponded to lower limb grafts. Both models were statisti-
cally significant, but the accuracy of the univariable model (90.9%) was
higher than that of the multivariable model (67.3%), indicating that per-
fusion alone was a better predictor than perfusion combined with lower
limb location.
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Table 4
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Univariable linear regression models of necrosis extent based on age and anatomic location of the defect.

Univariate model b P Clgsq, b Model summary

Constant 0.81 0.01 0.22 1.39 R%=0.06

Age -0.01 0.04 -0.02 0.00 F(1,53)=43
P =0.04

Constant 0.24 <0.001 0.18 0.30 R?=0.10

Face -0.18 0.03 -0.32 -0.04 F(1,53)=6.8
P=0.01

Constant 0.15 <0.001 0.08 0.22 R?=0.11

Lower limb 0.16 0.01 0.04 0.27 F(1,53)=7.6
P=0.01

B coefficients represent the estimated change in necrosis extent associated with each predictor. Location variables were coded as binary variables.

Table 5

Multivariable linear regression models including graft bed perfusion on day 0 and graft perfusion on day 7.

Multivariate model b P Clgsq, b Model summary
Day 0
Constant 0.13 0.40 -0.19 0.46
Ln (CVC graft bed) ~0.40 <0.001 ~0.47 -0.32 R2 =075
Age -0.01 0.79 -0.04 0.03 F (4, 50) = 41.0
Face 0.30 0.47 -0.05 0.11 P < 0.001
Lower limb 0.06 0.06 -0.04 0.13
Day 7
Constant 0.23 0.34 -0.26 0.72
Ln (CVC graft day 7) ~0.20 <0.001 ~0.28 -0.12 R = 0.47
Age -0.002 0.49 -0.01 0.00 F(4,50) =13.0
Face 0.04 0.55 -0.09 0.17 P < 0.001
Lower limb 0.1 0.04 0.00 0.19

CVC, cutaneous vascular conductance; In, natural logarithm.

B coefficients represent the estimated change in necrosis extent associated with each predictor. Location variables were coded as binary variables.

For each 0.1 APU/mm Hg increase in graft bed CVC, the odds of
clinically significant necrosis decreased by 57% (OR, 0.43; 95%CI,
0.28-0.68). This interpretation was based on rescaling CVC, initially
ranging from 0.65 to 1.73 APU/mm Hg, by multiplying it by 10 to obtain
a new range.

ROC curves for clinically significant necrosis

ROC curves assessing the predictive capacity for necrosis extent of
20% or greater based on perfusion on days 0 and 7 are presented in
Fig. 3. The area under the curve was 0.92 (95%CI, 0.83-1.00) on day 0
and 0.81 (95%CI, 0.69-0.94) on day 7. The best perfusion threshold val-
ues for necrosis extent of 20% or greater were 0.64 and 0.48 APU/mm
Hg on days 0 and 7, respectively. The day O threshold showed the
highest positive predictive value (100%) and negative predictive value
(93%). On day 7, the positive predictive value was 68%, and the nega-
tive predictive value was 86%.

Discussion

This study is the first to quantify the relationship between perfusion
and graft necrosis. It highlights the role of graft bed perfusion in skin
graft viability, which was by far more important than any other vari-
able studied. Three-quarters of the variation in necrosis extent could
be explained by graft bed perfusion alone. We also identified a graft
bed perfusion threshold of 0.64 APU/mm Hg that accurately predicted
the development of clinically significant graft necrosis. This finding may
support decisions regarding immediate or delayed skin graft closure and
may help determine the appropriate timing for grafting after nonimme-
diate closure. We also identified a graft perfusion threshold on day 7 of

0.48 APU/mm Hg that predicted necrosis extent of 20% or greater, with
a negative predictive value of 86%. In clinical practice, this information
could be used to identify patients with more favorable graft healing who
may require less frequent wound care.

Skin graft necrosis may complicate 5-66% of these procedures, de-
pending on the anatomic location and type of graft used, and often
requires prolonged medical care, repeated wound dressings, debride-
ment, or even regrafting.!'® Previous studies have shown the benefits
of nonimmediate skin graft closure in allowing the development of
well-perfused granulation tissue, thereby reducing the risk of necrosis.
However, nonimmediate closure does not necessarily guarantee the ab-
sence of late graft necrosis.'®!° The acquisition of pink coloration of
the graft surface during the first week is frequently used as an inaccu-
rate sign of probable survival.’’ Nevertheless, the decision to perform
immediate or delayed skin grafting should be based on objective mea-
surements of predictive factors for necrosis rather than on experiential
knowledge alone.

Among the many noninvasive methods available for skin perfusion
assessment in skin flaps, only a few, such as infrared thermal imag-
ing, optical coherence tomography, laser Doppler imaging, and LSCI,
have been used in skin grafts.>! ~2° Infrared thermal imaging has a time
lag between perfusion and temperature changes and lacks specificity
for temperature-related variations.'® Optical coherence tomography an-
giography has a penetration depth of 1.5mm but a small field of view,
approximately 9 mm x 9 mm, which limits the assessment of whole-graft
revascularization.?! Laser Doppler imaging has excellent spatial resolu-
tion but is slow because the laser scans across the skin and dwells briefly
at each point.?* We used LSCI because it overcomes the limitations of
other techniques by offering rapid whole-graft perfusion measurements
with excellent spatial and temporal resolution, making it suitable for



A. Pinho, A. Brinca and R. Vieira

08

06

Sensitivity

04

02

Actas Dermo-Sifiliogrdficas 117 (2026) 104714

ROC Curve

CVC graftbed - Day 0
CVC graft-Day 7

04

06

1 - Specificity

08

Fig. 3. ROC curves for clinically significant necrosis. Receiver operating characteristic (ROC) curves for clinically significant necrosis based on day O graft bed
perfusion and day 7 graft perfusion. The area under the curve on days 0 and 7 was 0.92 and 0.81, respectively.

intraoperative and postoperative use while maintaining asepsis.'® In ad-
dition to the previously known applications of LSCI in the management
of burn wounds and chronic nonhealing wounds, particularly for iden-
tifying healing potential, this study introduces a new utility for LSCI
in the treatment of surgical wounds with skin grafts in an oncologic
setting.?>-20

Despite its innovative nature, this study has several limitations. It
could not account for other factors that might influence the outcome,
including defect depth, degree of coaptation to the graft bed, and graft
type or thickness. We consistently used split-thickness grafts for limb de-
fects, which were usually nonexposed, and full-thickness grafts for scalp
and facial defects, which were cosmetically sensitive. This precluded an
exhaustive analysis based on graft type independent of anatomic loca-
tion. However, split-thickness grafts are generally assumed to survive
better than full-thickness grafts over poorly vascularized wound beds,
although they are more prone to contraction and dyschromia, leading
to poor cosmetic outcomes.>

Graft bed perfusion was evaluated after infiltration with lidocaine
and epinephrine. Although this is standard practice in dermatologic
surgery, epinephrine-induced vasoconstriction may temporarily de-
crease perfusion values and bias perfusion measurements. Nevertheless,
we considered it appropriate to provide predictive models of graft necro-
sis in a real-life setting and therefore included epinephrine infiltration.
Given the inclusion criteria, our results may apply only to skin cancer
surgery.

Future studies should externally validate this evidence in new pa-
tient samples. A cost-effectiveness analysis would also be essential to
assess the effect of systematic perfusion measurement with LSCI on costs
related to graft necrosis.

Conclusions

In skin graft surgery, the intra and postoperative perfusion analy-
sis with LSCI can provide valuable information for necrosis prediction,
bringing objective evidence to a field often guided by empiri-
cism.
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