
© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(10):4365-4374 | https://dx.doi.org/10.21037/qims-21-135

Introduction

A perforator f lap is  a  f lap that includes skin and 
subcutaneous tissue, which is perfused by a cutaneous 
perforator that perforates muscle or fascia. For decades, 
perforator flap surgery has been widely used in the field 
of repair/reconstructive surgery to conceal skin and soft 
tissue defects due to trauma or following tumor extirpation 
by local or distant transfer (1). Compared with other types 

of flaps, perforator flaps can achieve the aim of optimal 
reconstruction with minimum donor-site morbidity and 
shortened operative time through design of the flap based 
on the perforator location as well as according to donor- 
and recipient-site needs with no damage to source vessels (2).

However, perforators are very small and fragile 
blood vessels, and there is often significant variation in 
the diameter, anatomical location, number, origin, and 
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hemodynamic features in different individuals (3). Each 
perforator has its own vascular boundary (known as the 
perforasome) whose multidirectional flow pattern is complex 
and unique (4). Thus, it is crucial for surgeons to reduce 
complications by determining the number, localization, 
vascular boundary, and caliber of perforators before they 
design and harvest the perforator flaps in the clinical 
area. Also, postoperative vascular complications, such as 
thrombosis, pedicle twisting, and vasospasm, could lead to 
flap failure by impairing the oxygen and nutrient supply (5).  
Early and quantitative assessment of the flap status and 
prompt surgical intervention are key contributors to 
successful flap salvage when complications do arise. In 
addition, when faced with large and complex defect 
reconstruction, a single perforasome may not be suitable for 
this situation, and therefore, it is necessary for surgeons to 
explore to use the multiterritory perforator flaps involving 
several perforasomes (6-8). 

In the cutaneous circulation, each perforasome is 
linked to the adjacent perforasomes through a series of 
reduced-caliber vessels that Taylor and Palmer called choke 
vessels, which allow a perforator to supply beyond its own 
perforasome (4,9). Thus, choke vessels make it feasible to 
harvest larger perforator flaps by incorporating neighboring 
perforasomes into the flap based on an individual perforator, 
such as multiterritory perforator flaps. Yet, the clinical 
use of multiterritory perforator flaps is often hindered 
by distal partial necrosis occurring at the adjacent choke 
vessel boundary, which is caused by poor understanding 
of the choke vessels that play an indispensable role in flap 
expansion and survival (10). To our knowledge, the current 
approaches to the morphological study of the choke vessels 
cannot realize the aim of providing noninvasive, dynamic, 
and in vivo observation. Therefore, there is a pressing need 
for a reliable technique that reflects the actual physiological 
and pathological behaviors of choke vessels in living animals.

However, despite this need for a technique that reliably 
reflects the true physiological and pathological behaviors 
of cutaneous circulation, effective imaging modalities 
for studying perforator flaps remain largely limited. 
Nowadays, the most frequently used imaging tools for 
perforator flap design, monitoring, and choke vessel 
observation are ultrasound, X-ray angiography, magnetic 
resonance angiography (MRA), and computed tomographic 
angiography (CTA). However, these modalities exhibit 
certain intrinsic limitations: (I) current approaches cannot 
completely achieve the aim of providing noninvasive, 
dynamic, in vivo, real-time observation; (II) their resolution 

is still unsatisfactory to resolve the microvasculature; and 
(III) some modalities require the injection of angiographic 
agents, which may disturb the intrinsic physiology of the 
microcirculation and hinder longitudinal monitoring 
(10-14). Given the challenges faced by the currently 
available imaging modalities for studying perforator 
flaps, the development of new imaging modalities that 
provide non-invasive, high-resolution, and comprehensive 
characterization of the cutaneous microvasculature in 
perforator flap has attracted considerable attention. 

As a novel no-invasive biomedical imaging modality based 
on endogenous contrast from hemoglobin, photoacoustic 
microscopy (PAM) offers great potential to fill these 
technological deficiencies (15). PAM works based on the 
photoacoustic effect, and combines the features of high 
resolution of pure optical imaging and high penetration 
depth of ultrasound imaging. After a specific wavelength laser 
pulse is delivered into tissue, the energy is partly absorbed 
by hemoglobin and converted into heat, which leads to a 
transient thermoelastic expansion of red blood cells, thereby 
generating the broadband frequency ultrasound known as 
photoacoustic signals (16,17). These photoacoustic signals are 
detected and converted into electrical signals via an ultrasonic 
transducer. Subsequently, these electrical signals are obtained 
by the data acquisition system and finally analyzed to produce 
computer-generated vessel images (18). Due to the fact that 
the scattering of ultrasonic waves in tissues is far less than 
that of light, it is easier for PAM to acquire high-resolution 
images in a noninvasive way compared to pure optical 
imaging or ultrasound imaging. Compared to conventional 
imaging technologies, PAM benefits from its high resolution, 
deep penetration, noninvasiveness, simplicity, time- and 
cost-efficiency, etc., and has developed into a significant 
imaging modality in the study of cerebrovascular disorders, 
tumor angiogenesis, skin burns, port wine stains, and various 
vascular complications (19-22). 

The aim of this study was to describe this novel imaging 
technology for studying perforator skin flaps in terms of 
obtaining preoperative vascular mapping information, 
monitoring the flap tissue status, and observing the 
morphological changes of choke vessels, which would 
facilitate better clinical use of perforator skin flaps.

Methods

PAM system

The schematic of the PAM imaging system is shown in 
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Figure 1. A miniature laser (532-2-V, Innolas, Germany), 
which operates a wavelength of 532 nm with a pulse width 
of 12 ns and a repetition rate of 50 kHz, was used as the 
irradiation source. The laser beam was coupled into a single-
mode fiber (460HP, Thorlab, USA) via a fiber collimator 
(PAF-X-7-A, Thorlab, USA). The laser beam from the 
fiber was then collimated and focused by a fiber collimator 
(F240FC-532, Thorlabs, USA) and 4 multiples objective 
(GCO-2111, Daheng Optics, China) to excite the sample. 
The energy density on the tissue surface was approximately 
11 mJ/cm2, which is below the American National Standards 
Institute (ANSI) safety limit of 20 mJ/cm2 (23). 

Animal preparation 

All efforts were made to minimize animal suffering. Our 
experimental protocol was approved by the Committee on 
the Ethics of Animal Experiments of Wuhan University 
(approval no. 2019173). We purchased female BALB/c mice 
(aged 5–6 weeks, weight 20–30 g) from the Laboratory 
Animal Center of Wuhan (China). Prior to photoacoustic 
imaging, the region of interest was shaved and chemically 
depilated with a depilatory cream. All surgical procedures 
and PAM measurements were performed under general 
anesthesia with ketamine hydrochloride (30 mg/kg body 
weight), and 2% lidocaine gel was used around the incision 
to relieve the postoperative pain.

Visualization of the perforator mapping on the dorsal skin 
of rats

To obtain preoperative perforator mapping, seven mice 
were used for PAM imaging. For mouse-back imaging, the 
region of interest was divided into right and left borders on 
the right and left anterior axillary line, the cranial border 
on the suprascapular line, and the caudal border parallel 
to the iliac crest, respectively. The area is shown in Figure 
2A. The PAM image in the entire region of interest was 
obtained (Figure 2). The detailed information was marked 
with arrows using the imaging tools. 

Observation of the flap status and changes of the choke 
region in the multiterritory perforator skin flap model

To quantitatively assess the perforator flap status and 
observe the vascular morphological changes of the choke 
region via PAM, 7 mice were used in this part of the study. 
The mice were placed in the lateral decubitus position, and 
the upper and lower limbs were stretched slightly and fixed. 
The multiterritory perforator skin flaps were harvested at 
a level beneath the panniculus carnosus, which was distally 
based on the deep circumflex iliac perforator and included 
the intercostal perforasome in sequence. The perforator 
flaps were then sutured in back in their original positions 
using a nylon 5-0 suture (Figure 3). 

To quantitatively assess the perforator flap status, PAM 

Figure 1 Schematic of the photoacoustic imaging system. NDF, neutral density filter; PD, photodiode; SF, single-mode fiber; FPGA, field 
programmable gate array; DAS, data acquisition system.
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Figure 2 The digital and PAM images of the mouse back. (A) The planning area of the mouse back for photoacoustic microscope imaging. 
(B) In vivo PAM imaging of the vascular morphological mapping in the mouse back. (C) The depth-encoded image of B. (B,C) The blue arrow 
indicates an intercostal perforator, and the white arrow indicates a deep circumflex perforator; the white dotted line shows the vascular territories 
of the intercostal perforator and deep circumflex perforator. (D) The choke zone between the deep circumflex iliac perforator and the intercostal 
perforator. (E) The depth-encoded image of D. (F) The perforators’ vascular territories and location data were transferred to the back skin. The 
black arrow indicates the PAM-based perforator locations. The white dotted line indicates the vascular territories of the perforators.

Figure 3 Multi-territory perforator flap outlining. Establishment multiterritory perforator flap animal models, including 2 vascular 
territories and 1 choke zone, were based on the deep circumflex iliac artery with a minimal cuff of muscle surrounding the perforator under 
the direction of the PAM image. The dotted line indicates the choke zone. The black arrow indicates the deep circumflex iliac perforator 
and intercostal perforator.
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imaging acquisition was conducted preoperatively and at 
6, 12, and 18 hours postoperatively. The “dark zone” with 
hardly any intact microvessels in PAM images was counted as 
a prediction of necrosis. After 18 hours of observation, every 
mouse was raised in a separated cage in an air-conditioned 
room and fed a standard laboratory diet for 7 days. The 
overall 7-day duration was an adequate amount of time to 
exhibit the clinical necrosis of flap tissue. Digital photographs 
were acquired before surgery and on postoperative day 7 to 
demonstrate flap necrosis. When the skin was black or an 
eschar formed, it was defined as flap necrosis. For the purpose 
of drawing the accurate boundary of flap necrosis, 3 clinical 
experts (who were blinded to the results of PAM images) 
assessed flap necrosis via digital photographs and clinical 
assessment on the first 7 postoperative days and outlined the 
boundary between the viable and necrotic areas of the flap. 
In addition, in order to observe the vascular morphological 
changes of the choke region, the choke zone was measured 
using PAM at specified time: before surgery; immediately 
after surgery; and at 2, 4, and 6 days postoperatively. 

Statistical analysis 

The original data were used to obtain PAM images via our 
developed algorithm implemented in LabVIEW (2016, 
National Instruments, USA), and image postprocessing was 
then performed using MATLAB (R2014b, the MathWorks, 
USA). ImageJ (National Institutes of Health, USA) software 
was used for calculation of the percentage area of the dark 
zone in PAM images and the percentage area of clinical 
necrotic area in the digital image. Vascular quantification 
was analyzed via ImageJ. Vascular density, tortuosity, 
and photoacoustic intensity were computed to accurately 
describe the changes in vascular properties. All data are 
expressed as mean ± SD.

Results

Preoperative perforator mapping in the mouse back using 
PAM imaging

Preoperative perforator mapping visualized the detailed 

information concerning perforators in the semi-back of 
mice. PAM images showed there were 2 perforators in total, 
known as the intercostal perforator and the deep circumflex 
perforator, and accurately identified the location of each 
perforator in real time (Figure 2F). More importantly, 
the PAM images also clearly displayed the microvascular 
boundary of each perforator, which permitted precise 
planning of the flap boundaries (Figure 2B,C). As is shown 
in Table 1, graphical analysis showed that the intercostal 
arterial/venous diameters were 0.14±0.01 and 0.43±0.02 mm,  
and the area of the intercostal perforasomes were 
237.72±6.64 mm2. Also, the deep circumflex arterial/venous 
diameters were 0.15±0.01 and 0.56±0.04 mm, and the area 
of the deep circumflex perforasomes were 475.56±7.13 mm2. 
The results also demonstrated that the deep circumflex 
perforator was the predominant perforator in the mouse 
back and has a larger distribution than does the intercostal 
perforator (Table 1).

Postoperative quantitative assessment of flap status via 
PAM imaging

A multiterritory perforator dorsal flap was designed and 
harvested based on the deep circumflex iliac perforator, 
which included 2 perforasomes (Figure 3). The results 
showed that all multiterritory perforator flaps exhibited 
different levels of necrosis at the end of the observation 
t ime .  In  addi t ion ,  the  dark  zone  wi th  impa i red 
microcirculation in PAM images, which continuously 
extends over time, was a predictor of the necrotic area in 
flaps, which was similar at 18 hours postoperatively to the 
area of clinical necrosis on postoperative day 7. Figure 4 
displays a representative region of predicted necrosis and 
clinical necrosis on postoperative day 7 drawn with the 
PAM images. 

We then compared these drawn dark areas in the 
PMA images at every specified time points to the drawn 
postoperative day 7 necrotic areas. The full flap size always 
changed over time due to slight shifts in camera positions 
and tissue healing contracture. We expressed the dark zone 
in the PAM images and clinical necrotic area of the flap as 

Table 1 Distribution of perforators in the backs of mice (n=7)

Name of the perforators Diameter of the perforating artery and vein (mm) Area of the perforasome (mm2) Distribution/total area (%)

Intercostal perforator 0.43±0.02/0.14±0.01 237.72±6.64 22.11±0.36

Deep circumflex perforator 0.56±0.04/0.15±0.01 475.56±7.13 44.29±0.30
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relative percentages compared to the total flap size for each 
time point. Linear comparisons were subsequently made 
between the dark zone percentage area of flaps measured 
at 6, 12, and 18 hours postoperatively via PAM and the 
percentage area of clinical necrosis of flaps on postoperative 
day 7. As shown in Figure 5, there was a strong positive 
linear correlation between the predictive necrosis in PAM 
images at 6 hours and 12 hours after surgery, and the clinical 
necrotic area on postoperative day 7 (r=0.783, P=0.037; 
r=0.856, P=0.0139), and a stronger linear correlation 
between the predictive necrosis in PAM images at 18 hours 
after surgery and the clinical necrotic area on postoperative 
day 7 (r=0.985, P<0.0001).

Figure 4 Imaging of multiterritory perforator flap. (A,B,C,D) PAM imaging results at different points. (E,F) The digital images at 
immediately after the injury and on day 7 postoperatively.

Figure 5 Pearson correlation demonstrated a linear relationship 
between the percentage area of predicted necrosis by the PAM 
image at 6, 12, and 18 hours postoperatively and the percentage 
area of clinical necrosis on postoperative day 7.
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Figure 6 Representative PAM images of choke zone in the flap which occurred distal necrosis at four special time points : before the flap 
was harvested, immediately after the flap harvested, 2, 4, 6 days (A). The white triangle indicates the choke vessel which opened immediately 
after the flap harvested, and the blue triangle indicates the vessel which the vascular tortuosity and PA intensity changed significantly. (B,C,D) 
Quantitative analysis of vascular tortuosity, vascular tortuosity and PA intensity detected via PAM in choke zone. 

PAM imaging for observations of the choke zone in the 
multiterritory perforator skin flap model

Determining the changes of choke vessels is an important 
target for studying multiterritory flaps and plays an essential 
role in basic studies of flap survival. As mentioned above, 
all 7 mice involved in this part of the study exhibited distal 
necrosis. The decision about flap viability was made by 
3 experienced surgeons based on the PAM images and 
clinical assessment at the end of observation time. All flaps 
survived, and distal partial necrosis was seen. Using the 
PAM image system, the vessels in the choke zone could be 
observed clearly during the entire course of the experiment. 
As shown in Figure 6A, the PAM images of the choke zone 
were obtained before the flap was harvested, immediately 
after surgery, and on the second, fourth, and sixth days after 
the flap was harvested. To gain quantitative insight into 
the changes of vessels in the choke zone, the PA intensity, 
vascular density, and vascular tortuosity were calculated 
before and after the flap was obtained (Figure 6B,C,D). 
The analysis showed that vascular tortuosity increased 
significantly over time compared to the baseline of vessels 
in the choke zone, indicating increased vascular resistance. 

Vascular tortuosity peaked on the sixth day after the flap was 
harvested; however, the PA intensity and vascular density 
peaked immediately after surgery, but waned over time. In 
addition, the PAM could accurately show that the choke 
vessels opened immediately after the flap was harvested. 

Discussion

Among the various surgical techniques to conceal large 
and complex defects, the perforator flap is particularly 
prevalent in reconstructive microsurgery due to its optimal 
reconstruction with minimum donor-site morbidity 
(24,25). Having a comprehensive understanding of 
cutaneous microvessels is key to the design and clinical 
use of perforator skin flaps. Considering its invasiveness 
and poor resolution, X-ray has been regarded as an 
ineffective approach for detecting the perforator. Over 
the last decade, CTA and MRA have been considered 
the gold standard in many situations (12). Both of these 
techniques can accurately detect the number, location, 
caliber, and performance of perforators. However, they 
also have some obvious disadvantages. For example, 
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they require the use intravenous contrast, which cannot 
be used in patients with renal impairment or severe 
claustrophobia. Additionally, they involve high costs, have 
a limited observation window, expose patients to radiation, 
and can fail to accurately visualize the perforasome of 
individual perforators due to their limited resolutions. 
Meanwhile, infrared thermography, which has been 
described previously by researchers (26), can automatically 
and reliably detect the perforators in thermograms, but the 
detailed information produced cannot be clearly visualize. 
Moreover, photoacoustic tomography, as a branch of 
photoacoustic image technology, was previously used to 
identify the location of the anterolateral thigh perforator 
in clinical study; however, due to its poor resolution and 
contrast, it is difficult to visualize very small perforators or 
the clear boundary of perforators, which can significantly 
limit the perforator flap design. As a new noninvasive 
imaging and analysis technology, PAM, which facilitates 
obtaining vascular structure (especially for microvessels) 
in a comprehensive and quantitative way, has attracted 
considerable attention. The core advantage of PAM is its 
high resolution and contrast of microvessels. Recently, 
increasing evidence has shown that PAM is widely used 
in various basic and clinical studies due to this particular 
advantage. For example, PAM was used in structural 
and functional brain imaging to explore cerebral small 
vessel diseases, including brain tumor, stroke, Alzheimer 
disease, and ischemic neurodegeneration in small animals. 
Furthermore, it has been used in thyroid and breast 
imaging, has the potential to detect more microvessels 
than does color Doppler, and has been demonstrated to be 
able to distinguish between microvessel nerve complexes 
and surrounding tissue intraoperatively in gynecological 
and urologic disorders, thus markedly improving surgical 
outcomes. Although PAM exhibits excellent performance 
in mapping microvessels, there are no studies involving 
the application of PAM in the perforator flap design. 
In our study, we showed that PAM can provide detailed 
information including the number, location, boundary, and 
caliber of perforators in vivo in real time with high spatial 
and temporal resolution. This allows surgeons to design 
complex flaps more easily by facilitating perforator flap 
design, reducing operating time, and improving the flap 
survival rate.

After dissection of the perforator flap, noninvasively 
and accurately assessing the perforator flap status remains 
a challenge for both surgeons and patients. Previous 
studies have shown that photoacoustic imaging offers great 

potential for monitoring the tissue status by noninvasively 
exploiting the optical absorption of blood hemoglobin (27).  
It has been used to assess the status of burn healing, 
monitoring angiogenesis of tumors, visualizing dynamic 
changes of vessels in cerebral ischemia and reperfusion 
models, and evaluating photodynamic therapy in animals 
(18,28-31). In our study, we used the PAM system at 6, 12, 
and 18 hours after surgery to predict flap survival, and our 
data demonstrated a significant positive correlation between 
our predictions and the clinical outcome provided by 3 
experienced surgeons on the seventh day after surgery. The 
results also showed that the predictive necrosis outlined 
by the PAM system at 18 hours postoperatively had a 
stronger linear correlation with the ultimate necrotic area. 
Therefore, our findings suggest that the PAM imaging 
method is an effective tool for the early and quantitative 
assessment of flap status by outlining accurate potential 
boundaries of flap necrosis, and can guide surgeons in 
providing surgical intervention as promptly as possible, thus 
improving the flap survival rate after surgery. 

Another research priority concerning the perforator 
involved examining the microcirculation of choke vessels, 
which play an essential role in multiterritory perforator flap 
survival. Studies have reported that one perforator vessel 
can perfuse an adjacent territory via choke vessels (32). 
Researchers have further developed this hypothesis, proposing 
a concept of “watershed” for describing the importance 
of choke vessels in adjoining vascular territories (33).  
It is generally agreed upon that the key mechanism for 
obtaining a pedicle perforator flap that is oversized for its 
territory should be based on the behavior of choke vessels. 
To date, various methods including platelet rich plasma, 
leonurine, and flap surgical delay technology have been 
attempted to influence the behavior of choke vessels to 
promote multiterritory perforator flap survival (9,34-36). 

However, in the past few years, there has been a lack 
of available methods to facilitate the analysis of vessel 
morphology and morphometry, which has significantly 
hindered the study of choke vessels. Compared to 
traditional radiative imaging modalities that are used for 
morphological analysis of choke vessels, such as X-ray 
angiography and CTA, the PAM imaging modality 
benefits from its high safety with nonradiation, continuous 
observation in vivo over a long period, high resolution, and 
deep penetration, which can facilitate the visualization and 
quantitative analysis of choke vessels. In our study, the PAM 
imaging modality was used to quantitatively visualize the 
parameters of choke vessels, such as PA intensity, vascular 
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density, and vascular tortuosity, and also clearly showed 
the opening of the choke vessels across territories after the 
formation of a perforator flap. 

Conclusions

In summary, this study explicitly showed that PAM can be 
used as an effective imaging technology platform for the 
clinical application and scientific research of perforator 
flaps, including visualizing perforator mapping, predicting 
the potential necrosis zone of the flap, and observing 
morphological changes of the choke vessel in a noninvasive 
and dynamic way.
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