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Background and Objective: As a result of wound

healing the original tissue is replaced by dysfunctional

scar tissue. Reduced tissue damage during surgical

procedures beneficially affects the size of the resulting

scar and overall healing time. Thus the choice of a

particular surgical instrument can have a significant

influence on the postoperativewoundhealing. To overcome

these problems of wound healing we applied a novel

picosecond infrared laser (PIRL) system to surgical in-

cisions. Previous studies indicated that negligible thermal,

acoustic, or ionization stress effects to the surrounding

tissue results in a superior wound healing.

Study Design/Materials and Methods: Using the PIRL

system as a surgical scalpel, we performed a prospective

wound healing study on rat skin and assessed its final

impact on scar formation compared to the electrosurgical

device and cold steel. As for the incisions, 6 full-thickness,

1-cm long-linear skin wounds were created on the dorsum of

four rats using the PIRL, an electrosurgical device, and a

conventional surgical scalpel, respectively. Rats were

euthanized after 21 days of wound healing. The thickness

of the subepithelial fibrosis, the depth and the transverse

section of the total scar area of each wound were analyzed

histologically.

Results: After 21 days of wound healing the incisions

made by PIRL showed minor scar tissue formation as

compared to the electrosurgical device and the scalpel.

Highly significant differences (P< 0.001) were noted by

comparing the electrosurgical device with PIRL and

scalpel. The transverse section of the scar area also showed

significant differences (P¼ 0.043) when comparing

PIRL (mean: 141.46mm2; 95%CI: 105.8–189.0mm2)

with scalpel incisions (mean: 206.82mm2; 95%CI:

154.8–276.32mm2). The subepithelial width of the scars

that resulted from using the scalpel were 1.3 times larger

than those obtained by using the PIRL (95%CI: 1.0–1.6)

though the difference was not significant (P<0.083).

Conclusions: The hypothesis that PIRL results in

minimal scar formation with improved cosmetic outcomes

was positively verified. In particular the resection of skin

tumors or pathological scars, such as hypertrophic scars or

keloids, are promising future fields of PIRL application.
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INTRODUCTION

The end result of the wound healing process in adults is

the replacement of the original tissue by dysfunctional scar

tissue which consists mostly of collagen. Wound healing

can be differentiated into three distinct stages: inflamma-

tion, proliferation, and remodeling [1].

In contrast to adult wound healing, tissue damage

occurring during the maturation process of an embryo

results without any remaining scars [2,3]. This difference

in wound healing has been attributed to the degree of

inflammation which takes place during the first stage of

wound healing. There is an incomplete or even missing

immune response to tissue damage in embryonic wound

healing, which some studies have associated with faster

and scarlesswound healing [4–7]. These results have led to

the hypothesis that reduced tissue damage, which results

in decreased inflammatory reactions, has a beneficial effect

on the size of the resulting scars and on the time of healing.

The choice of the surgical instrument and the degree of

tissue damage it inflicts can therefore have a significant

influence on postoperative wound healing.

Today, the scalpel is classified as the gold standard for

performing skin incisions or excisions in surgery. The use

of the electrosurgical device as an alternative to the scalpel

is also wide-spread but has the disadvantage of signifi-

cantly damaging the surrounding tissue [8–10].

Recently, the research group of R.J. Dwayne Miller

demonstrated a method to convert matter of a liquid or

solid aggregate phase directly into a gaseous aggregate

phase by using an innovativeMid-IR picosecond laser [11].

The complete confinement of the deposited energy inside

the ablation volume is ensured by a physical process

denoted as desorption by impulsive vibrational excitation

(DIVE). No significant amount of energy is transferred to

the surrounding tissue, neither in thermal form nor by

acoustic shockwaves, or by ionizing radiation. During

DIVE ablation, an ultrafast laser pulse is used to

selectively excite the strongly absorbing vibrational

modes of water molecules located in the tissue on a time

scale faster than their thermalization time. Using the

PIRL-laser system that emits 400ps pulses at 1 kHz

repetition rate and 3mm wavelength, the water molecules

inside the irradiated tissue are converted into the gas

phase on a picosecond time scale. The entire ablation

process takes place before nucleation and cavitation

effects within the ablation zone can occur. In addition,

the effective frequency of any thermally excited acoustic

modes is in the GHz range, which are attenuated within

micron propagation distances such that all the laser

energy is confined to the region of interest with the

minimum energy required to drive the ensuing ablation

and material removal [12–14].

Initial applications of the novel PIRL-scalpel have

shown a reduction of collateral damage zones to a

minimum in both soft and densely calcified tissue.

In this study, following the cutting of tissue with the

PIRL-scalpel, common scalpel, and electrosurgical

device, the healing process is compared on a macro-

scopic and histologic scale. We investigate beyond the

proliferation phase and report the wound healing

process in the remodeling phase in a rat model for

each incision method.

MATERIALS AND METHODS

Animals

The experiments were supervised by the institutional

animal welfare officer, and approved by the local licensing

authority (Amt f€ur Gesundheit und Verbraucherschutz;

Hamburg, Germany) under the project No. 16/12.

Four femaleWister rats weighing between 400 and 600 g

were used. The animals were anesthetized prior to

surgical procedures with ketamin (80–100mg/kg KG)

and xylazine (5mg/kg KG) for general anesthesia. Bupre-

norphine per os (0.03mg/ kg KG) were given 1hour prior to

the surgery and from then every 8–12hours for analgesia

for 72hours postoperatively. In addition to the Buprenor-

phine, Metamizol (100mg/kg KG every 6hours) was

given via the drinking water for 1 week. In order to

prevent postoperative wound infections, Enrofloxacin 10%

(100mg/l drinking water) was administered via the

drinking water for 1 week.

After surgical recovery the animals were held sepa-

rately to prevent manipulation of the wounds by each

other for 10 days. In order to monitor pain and wound

infection, the animals were inspected every 12 hours for

the first 72hours following incision creation and every

other day thereafter. All animals remained in good health

over the entire time of the experiment and no excessive

inflammation or severe infections were noted at the site

of incisions or elsewhere.

Surgical Procedure

Following appropriate anesthesia, the dorsum (operative

field) and the belly (placement of the neutral electrode of

the electrosurgical device) of each rat were shaved with an

electric shaver. After marking the cutting line on every rat,

two 1 cm long-incisions were made for each cutting method

(6�1 cm paravertebral incisions, three incisions per side).

The incisions were made paravertebral along the

longitudinal axis and perpendicular to the skin cleavages

lines of rats [15]. In addition, the incisions were cut

at least 1 cm apart. For each incision, full thickness

dorsum skin cuts were made in sterile conditions with

the PIRL (Attodyne Lasers Inc., Toronto, Canada), a

conventional electrosurgical device (KLSmartinME 411,

KLS Martin Group, Tuttlingen, Germany) and a 15

scalpel (B. Braun Aesculap AG, Tuttlingen, Germany).

The incisions were made through the cutis and subcutis.

Thereby, slight tension was applied to the skin, which

allowed for depth control under direct vision. In all

incisions the back muscle was defined as the landmark to

stop the incision. The order of the surgical instrument

was not rotated between the animals.
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The PIRL was operated in a 10-mm linear scan mode

with a scan speed set to 200mm/second and an average

laser pulse energy of 420mJ at 1 kHz repetition rate. The

laser beam was kept in focus on the tissue by a fast-

response autofocusing optic, which ensured a constant

beam waist of 190mm on the tissue during all cuts.

The resulting incision wounds were all closed immedi-

ately and in the same manner with two stitches of

non-absorbable 5.0 Ethilon sutures (Johnson & Johnson

Medical GmbH, Ethicon Germany, Norderstedt). All

Animals were euthanized at day 21 after wounding.

Immediately following euthanasia, the dorsum was

shaved again and all wounds were photo-documented

and harvested. The harvested wounds were clamped on

cork and fixed in phosphate buffered containing 3.5%

formaldehyde.

Histology

Each formalin fixed scar was divided in two halves

by cutting it perpendicular to the incision line in the

middle of the scar.

To minimize the influence of the sutures to the wound

healing process, the staining was performed on 4mm

formalin fixed paraffin embedded sections, which were

extracted from the middle of the wound. The tissue was

stained with hematoxylin and eosin (H.E.) as well as

with Masson-Goldner trichrome (Merck, Darmstadt,

Germany) [16]. The stained samples were then scanned

using the MIRAX SCAN (Carl Zeiss Microimaging GmbH,

Jena, Germany). Microscopic measurement and histologi-

cal examination were carried out using Pannoramic

Viewer software (3DHISTECH Kft., Budapest, Hungary).

In all Masson-Goldner trichrome stained sections, the

width of the subepithelial fibrosis and the depths of

the wound were measured. In addition, a line was charted

all around the fibrosis-zone and the area was calculated.

The measurements were performed by three different

examiners, who were experienced in histological evalua-

tions. The observers were blinded, whereas all of them

were involved in the study and could have possibly

recognized some stained samples.

Statistical Analysis

All outcome measures (area/width/depth) were ana-

lyzed separately, while the modeling was analogous. A

linear mixed model was used with respect to the cluster

structure resulting from the setting of the study. To fulfill

the assumptions of the model, log-transformed data of all

outcome variables were analyzed.

The three devices were modeled as fixed effects in order

to make a comparison, while the observer, the rats and the

single cuts were included as random effects to control their

potential variability. The following structure resulted from

the experimental setting: all observers evaluated all cuts

within each rat, therefore the cuts were modeled nested in

the rats and the rats are crossed through the observers.

Using the Likelihood-ratio test, the significance of the fixed

effect was tested and individual contrasts for pairwise

comparisons were performed, the resulting effects with

95% confidence intervals and P-values were reported.

In order to visualize the variability between the

observers, a model with a fixed effect for the observer

(hence, no more as random effect) as an interactor for

the devices was performed. The model based marginal

meanswith the corresponding 95% confidence intervals for

the fixed effects were represented.

These analyses were conducted with StataCorp. 2015.

Stata Statistical Software: Release 14. College Station, TX:

StataCorp LP.

RESULTS

In total, 24 incisions using three different cutting

instruments were performed on four female Wister rats.

The macroscopic evaluation of the PIRL cutting edges

following wounding showed a very precise shape, with no

signs of carbonization (Fig. 1). The wound margins of the

scalpel incision also appeared clean. Carbonization, a sign

of heat generation, was observed at the cutting surface of

the electrosurgery wound.

After 3 weeks of wound healing all wounds appeared

non-irritated/-inflammed and completely epithelial

attached without any signs of infection. The scars caused

by using the electrosurgical device appeared wider, more

reddened, and clearly inducted under the skin level

compared to the scars caused by the scalpel and the

PIRL. The scars caused by using the scalpel or the PIRL

were obviously narrower and only slightly under the skin

level. Some of the scars induced by the PIRL were difficult

to identify and define macroscopically (Fig. 2).

By using hematoxylin and eosin staining, the histologi-

cal examination of the scars showed a fibrosis zone in all

18 slices (Fig. 3). All instruments made a complete cut

through the skin. Therewas no significant difference in the

depth of the scars (comparison of devices: 0.348) between

the instruments; the estimated depth for the electrosurgi-

cal device was 1.29mm (95%CI: 1.14mm; 1.45mm); for

PIRL 1.44mm (95%CI: 1.28mm; 1.63mm) and for the

scalpel 1.34mm (95%CI: 1.19mm; 1.51).

Fig. 1. Macroscopic view of three 1 cm full thickness skin incisions
after the use of the PIRL, scalpel, and electrosurgical device.
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In all cuts the fibrosis zone can be described as being

rich in cells with some isolated vessels and funnel shaped

with a maximum width in the sub-epithelial tissue. The

connective tissue fibers were densely packed. The fibers

were not scattered and undulated in structure but formed

parallel bundles. By using Masson-Goldner staining

the typical unorganized tissue structure of the scars

was easily observed (Fig. 4). All wounds healed both

macroscopically and microscopically and re-epithelialized

completely.

The estimated mean from all investigators of the

sub-epithelial scar width for the PIRL was 0.32mm

(95%CI: 0.25; 0.42mm), for the scalpel 0.41mm (95%CI:

0.31; 0.52mm) and for the electrosurgical device 0.8mm

(95%CI: 0.62; 0.1mm) (Fig. 5). Compared to the PIRL and

the scalpel, the electrosurgical device showed a signifi-

cantly larger scar width (P<0.001 for both). The

scar width was 2.5 times larger as compared to the

PIRL (95%CI: 1.9; 3.2). The scars caused by using

the scalpel were 1.3 times larger compared to the PIRL

Fig. 2. Macroscopic view of the dorsum of a rat with three differentially induced scars. Incisions of
1 cmweremade 3 weeks before by the scalpel, the electrosurgical device and the PIRL (between the
crosses). Less visible scarring at the PIRL-incision in comparison to the scalpel and the
electrosurgical device.

Fig. 3. Hematoxylin and Eosin staining after full thickness skin incisions performed by PIRL (a),
scalpel (b), and electrosurgical device (c) after 3 weeks wound healing (pictured scale: 500mm;
magnification: 5�).

Fig. 4. Masson-Goldner staining after full thickness skin incisions performed by PIRL (a), scalpel
(b), and electrosurgical device (c) after 3 weeks wound healing (marking: scar area; pictured scale:
500mm; magnification: 5�).
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(95%CI: 1.0; 1.6) though the difference was not signifi-

cant (P< 0.083). Taking account of all investigators, the

estimated mean of the transverse section of the total

scar area for the PIRL was 141.4mm2 (95%CI: 105.8;

189.0mm2), for the scalpel 206.82mm2 (95%CI: 154.8;

276.32mm2), and for the electrosurgical device

516.35mm2 (95%CI: 386.47; 690.37mm2) (Fig. 6). Com-

paring both the electrosurgical device as well as to

the scalpel to the PIRL showed high significant differ-

ences (P<0.001). The scar area of the electrosurgical

device compared to thePIRLwas 3.7 times larger (95%CI:

2.5; 5.3). There was also a significant difference between

the PIRL and the scalpel (P¼ 0.043). Here the scar area

caused by the scalpel was 1.5 times larger than the area of

the PIRL (95%CI: 1.0; 2.1).

DISCUSSION

In this study, wound healing of the skin was

quantified for comparison after cutting the tissue

with PIRL, scalpel, and electrosurgical device by using

a rat model.

Ex vivo soft tissue incisions made with PIRL have

demonstrated nearly complete absence of thermal injury

and much narrower cutting gaps when compared to CO2

laser and scalpel [17,18]. Infrared thermography has

shown minimal ex vivo skin, mucosa, bone, and cartilage

temperature rise during ablation using PIRL in contrast

to Er:YAG-Laser [19–21]. Further, the detection of

protein activity and intact higher order protein structure

in the ablation-aerosol emphasizes the soft character of

the DIVE-ablation process [22,23].

A preliminary wound healing study showed that after

2 weeks the wounds created by the PIRL showed a

significantly narrower scar width in the skin as compared

to those createdusing theEr.YAG-Laser or the scalpel [24].

This work made a quantitative comparison of the expres-

sion of signaling factors involved in healing and showed

that PIRL reduced the expression level of these factors.

However, the study was limited due to the lack of a

histopathological characterization of the wound healing

beyond the proliferation phase.

In this study, the macroscopic and histological process is

analyzed within the remodeling phase and comparisons

are made to using the scalpel and for the first time the

commonly used electrosurgical device. By comparing all

three surgical instruments after 21 days of wound healing,

the incisions made by the PIRL showed minor scar

formation compared to the electrosurgical device and

indicates an advantage of the PIRL compared to the

scalpel. Highly significant differences were found by

comparing the electrosurgical device with the PIRL and

the scalpel.

In contrast to the transverse section of the scar area,

which showed significant differences comparing the

PIRL with the scalpel, no significant differences were

found by comparing the width of the scars. Although

the PIRL-caused scar width close to the epithelial layer

was 30% less.

The Masson Goldner stain specifically labels collagen

fibers and thus simplifies the measurement of the fibrosis

zone. Located between the close-packed and scarred

tissue and the undulated scattered tissue there is a

transition zone, which can be interpreted differently by

different observers and could in principle limit the

assessment of the scar area. However, all investigators

of the study had congruent outcomes in measuring the

median of the scar extent. The smallest values were

denoted from the PIRL and the largest by the electrosur-

gical device incised samples.

While PIRL has the ability to make precise, non-

traumatic cuts, several studies have observed mechanical

stress imparted to tissue following scalpel incisions.

Consecutively the wound margins and the collagen

fibers appeared fringed with a lateral damage zone of

Fig. 5. Mean and 95% confidence interval of the subepithelial
width of scarred tissue caused by full thickness skin incisions
(three different methods) and measured on Masson Goldner
staining after 3 weeks of wound healing (three different
observers).

Fig. 6. Mean and 95% confidence interval of the area of scarred
tissue caused by full thickness skin incisions (three different
methods) andmeasured onMassonGoldner staining after 3weeks
of wound healing (three different observers).
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100–400mm. However, for the PIRL a lateral damage zone

of only 9–29mm is described [18,24]. After making

incisions in pig skin by using an electrosurgical device,

a much larger zone of thermal coagulation necrosis

(450–650mm) was detected and described. Furthermore,

electrosurgical incisions revealed a decreasing wound

strength, increasing inflammation, and pronounced scar

formation [8,10].

The hypothesis that minor tissue damage has a

beneficial effect on wound healing is fully consistent

with the present results. However, the direct damage of

the surrounding tissue and the inflammatory phase as

well as the long-term development were not investigated

in this study. The remodeling of the scar will last for

severalmonths and only long-termexaminations canmake

reliable assertions about the aesthetic value [25]. There-

fore, an estimation of the scar only 21 days after skin

damage is limited in its significance. However, it has to be

considered that the wound healing process in animals

such as rats is accelerated and consequently days ahead

of human wounds at the same point of time [26].

Rats have been widely used as a research model for

skin wound healing and a broad knowledge base on

rat wound healing exists [27]. Although rat skin wound

healing does not entirely imitate human skin wound

healing, because of the different skin morphologies.

Hence, the transferability is limited.

The electrosurgical device performs hemostasis by

coagulation. Without a thermal effect to the surrounding

tissue, the PIRL-scalpel does not perform hemostasis.

However, in this study, we did not observe any severe

bleedings while cutting the skin with the PIRL. Smaller

bleedings did not influence the cutting process significantly.

To minimize tissue bleedings, vasoconstricting substan-

ces can be injected prior to the incision as it is frequently

utilized in surgical procedures.

Although the DIVE cutting process enables tissue

dissection with absolutely no collateral damage, this

high standard has not yet been completely achieved. The

deviance can be explained by an imperfect match of

beam parameters and the beam quality of the laser system

to the DIVE parameters. For optimal DIVE ablation, the

beam has to have the precise wavelength centered at the

water absorption peak, the pulse duration has to be on the

time scale of the thermalization time of the vibrational

modes of water, and the fluence of the laser beam has to be

above ablation threshold over the entire beam area [14].

These criteria are not perfectly met by the current laser

configuration. The measured wavelength is slightly off the

absorption peak. Due to the limited beam quality of the

laser system (M2
� 10) the beam could only be focused on a

190mm spot size with a significant part of the spot being

below tissue ablation thresholdwithin the sidewings of the

beam.Optimizing the laser parameters to even bettermeet

the DIVE condition will certainly decrease the collateral

damage to the tissue and promises an even better wound

healing.

The PIRL is an instrument that can be controlled with

very high precision. Contrary to other existing systems,

investigations on the wound healing provide results that

indicate an advantage over cold instruments such as a

scalpel.This confirms the hypothesis that PIRL is an

innovative surgical tool that allows a precise and tissue-

converting surgery with minimal scar formation and

distinctive cosmetic outcome. In particular the resection

of skin tumors or pathological scars like hypertrophic

scars or keloids are promising fields of application.

In order to clinically implement PIRL as a surgical tool,

furtherwound healing studies are necessary. It is essential

to evaluate the optimal laser parameters which are

associated with minimum scarring.

REFERENCES

1. Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound
repair and regeneration. Nature 2008;453(7193):314–321.

2. Larson BJ, Longaker MT, Lorenz HP. Scarless fetal wound
healing: A basic science review. Plast Reconstr Surg 2010;
126(4):1172–1180.

3. Redd MJ, Cooper L, Wood W, Stramer B, Martin P. Wound
healing and inflammation: Embryos reveal the way to perfect
repair. Philos Trans R Soc Lond B Biol Sci 2004;359(1445):
777–784.

4. Martin P, D’Souza D, Martin J, Grose R, Cooper L, Maki R,
McKercher SR. Wound healing in the PU.1 null mouse—
Tissue repair is not dependent on inflammatory cells. Curr
Biol 2003;13(13):1122–1128.

5. Dovi JV, He LK, DiPietro LA. Accelerated wound closure in
neutrophil-depleted mice. J Leukoc Biol 2003;73(4):
448–455.

6. Martin P, Leibovich SJ. Inflammatory cells during wound
repair: The good, the bad and the ugly. Trends Cell Biol
2005;15(11):599–607.

7. Ashcroft GS, Yang X, Glick AB, Weinstein M, Letterio JL,
Mizel DE, Anzano M, Greenwell-Wild T, Wahl SM, Deng C,
Roberts AB. Mice lacking Smad3 show accelerated wound
healing and an impaired local inflammatory response. Nat
Cell Biol 1999;1(5):260–266.

8. PollingerHS,MostafaG,HaroldKL, AustinCE,KercherKW,
Matthews BD. Comparison of wound-healing characteristics
with feedback circuit electrosurgical generators in a porcine
model. Am Surg 2003;69(12):1054–1060.

9. Vore SJ, Wooden WA, Bradfield JF, Aycock ED, Vore PL,
Lalikos JF, Hudson SS. Comparative healing of surgical
incisions created by a standard “bovie,” the Utah Medical
Epitome Electrode, and a Bard-Parker cold scalpel blade in a
porcine model: A pilot study. Ann Plast Surg 2002;49(6):
635–645.

10. Loh SA, Carlson GA, Chang EI, Huang E, Palanker D,
Gurtner GC. Comparative healing of surgical incisions
created by the PEAK PlasmaBlade, conventional electrosur-
gery, and a scalpel. Plast Reconstr Surg 2009;124(6):
1849–1859.

11. Siwick BJ, Dwyer JR, Jordan RE, Miller RJ. An atomic-level
view of melting using femtosecond electron diffraction.
Science (New York, NY) 2003;302(5649):1382–1385.

12. Franjic K. Studies of laser ablation of liquid water under
conditions of impulsive heat deposition through vibrational
excitations (IHDVE). Department of Physics, University of
Toronto; 2010.

13. Franjic K, Miller D. Vibrationally excited ultrafast thermo-
dynamic phase transitions at the water/air interface. Phys
Chem Chem Phys 2010;12(20):5225–5239.

14. Franjic K, Cowan ML, Kraemer D, Miller RJ. Laser selective
cutting of biological tissues by impulsive heat deposition
through ultrafast vibrational excitations. Opt Express 2009;
17(25):22937–22959.

15. Hussein MA. Skin cleavage lines in the rat. Eur Surg Res
1973;5(1):73–79.

16. Mulisch M, Welsch U. Romeis Mikroskopische Technik.
Heidelberg: 18 Aufl, Spektrum Akademischer Verlag; 2010.

390 PETERSEN ET AL.



17. Bottcher A, Clauditz TS, Knecht R, Kucher S, Wollmer W,
Wilczak W, Krotz P, Jowett N, Dalchow CV, Munscher A,
Miller RJ. A novel tool in laryngeal surgery: Preliminary
results of the picosecond infrared laser. Laryngoscope
2013;123(11):2770–2775.

18. Hess M, Hildebrandt MD, Muller F, Kruber S, Kroetz P,
Schumacher U, Reimer R, Kammal M, Puschel K, Wollmer
W, Miller D. Picosecond infrared laser (PIRL): An ideal
phonomicrosurgical laser? Eur Arch Otorhinolaryngol
2013;270(11):2927–2937.

19. Jowett N, Wollmer W, Mlynarek AM, Wiseman P, Segal B,
Franjic K, Krotz P, Bottcher A, Knecht R, Miller RJ. Heat
generation during ablation of porcine skin with erbium:YAG
laser vs a novel picosecond infrared laser. JAMA Otolaryngol
Head Neck Surg 2013;139(8):828–833.

20. Jowett N, Wollmer W, Reimer R, Zustin J, Schumacher U,
Wiseman PW, Mlynarek AM, Bottcher A, Dalchow CV,
Lorincz BB, Knecht R, Miller RJ. Bone ablation without
thermal or acoustic mechanical injury via a novel picosecond
infrared laser (PIRL). Otolaryngol Head Neck Surg
2014;150(3):385–393.

21. Bottcher A, Kucher S, Knecht R, Jowett N, Krotz P, Reimer R,
Schumacher U, Anders S, Munscher A, Dalchow CV, Miller
RJ. Reduction of thermocoagulative injury via use of a

picosecond infrared laser (PIRL) in laryngeal tissues. Eur
Arch Otorhinolaryngol 2015.

22. Kwiatkowski M, Wurlitzer M, Omidi M, Ren L, Kruber S,
Nimer R, Robertson WD, Horst A, Miller RJ, Schluter H.
Ultrafast extraction of proteins from tissues using desorption
by impulsive vibrational excitation. AngewChem Int Ed Engl
2015;54(1):285–288.

23. Ren L, Robertson WD, Reimer R, Heinze C, Schneider C,
Eggert D, Truschow P, Hansen NO, Kroetz P, Zou J,
Miller RJ. Towards instantaneous cellular level bio diagnosis:
Laser extraction and imaging of biological entities with
conserved integrity and activity. Nanotechnology 2015;
26(28):284001.

24. Amini-Nik S, Kraemer D, CowanML, Gunaratne K, Nadesan
P, Alman BA, Miller RJ. Ultrafast mid-IR laser scalpel:
Protein signals of the fundamental limits to minimally
invasive surgery. PLoS ONE 2010;5(9):e13053.

25. Son D, Harijan A. Overview of surgical scar prevention and
management. J Korean Med Sci 2014;29(6):751–757.

26. Cross SE, Naylor IL, Coleman RA, Teo TC. An experimental
model to investigate the dynamics of wound contraction. Brit
J Plast Surg 1995;48(4):189–197.

27. Dorsett-Martin WA. Rat models of skin wound healing: A
review. Wound Repair Regen 2004;12(6):591–599.

WOUND HEALING AFTER SKIN INCISION VIA PIRL 391


