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Abstract. The purpose of this study is to demonstrate the application
of multiphoton fluorescence and second harmonic generation �SHG�
microscopy for the ex-vivo visualization of human corneal morpho-
logical alterations due to infectious processes. The structural alter-
ations of both cellular and collagenous components can be respec-
tively demonstrated using fluorescence and SHG imaging. In addition,
pathogens with fluorescence may be identified within turbid speci-
mens. Our results show that multiphoton microscopy is effective for
identifying structural alterations due to corneal infections without the
need of histological processing. With additional developments, mul-
tiphoton microscopy has the potential to be developed into an imag-
ing technique effective in the clinical diagnosis and monitoring of
corneal infections. © 2007 Society of Photo-Optical Instrumentation Engineers.
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Introduction

ince corneal infection can lead to severe vision impairment,
t is a serious condition that requires immediate medical at-
ention. While corneal infection is a global disease, regional
ddress all correspondence to Sung-Jan Lin or Chen-Yuan Dong.

ournal of Biomedical Optics 024013-
differences in the pathogens responsible for the infection pro-
cesses do exist. In developed countries, the major predispos-
ing factor of corneal ulcer is related to the increase in contact
lens usage,1 and in tropical countries, fungal infection may
play a more significant role.2 The timing of diagnosis and
1083-3668/2007/12�2�/024013/8/$25.00 © 2007 SPIE
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pplication of proper antimicrobial treatment may be crucial
or the clinical outcome. Currently, clinical diagnosis relies
ainly on the results of cultures of corneal scrapings and

iopsies. However, recalcitrant infectious keratitis may be dif-
cult to be differentiated according to existing clinical
rotocols,3–5 and an early and correct diagnosis may be crucial
or selecting the appropriate antimicrobial therapy to be used.
n the case of fungal infection, the diagnostic procedure usu-
lly involves more than one week of in-vitro culturing for
dentification of the responsible pathogen. Such a process can
ossibly delay the appropriate application of antimicrobial
reatment. Therefore, an imaging technique that can provide
arly identification of pathogens is of great value for the clini-
al diagnosis of infected corneas.

Reflected confocal microscopy has been widely applied for
maging normal and diseased corneas, including infectious
eratitis.6–13 While reflected confocal microscopy can provide
seful structural information of cellular components within
ormal and pathological corneas, it is also an effective tool for
maging the relatively large invading pathogens such as fungi
nd Acanthamoeba.9–13 However, confocal microscopy is not
ffective for identifying the structural alterations of stromal
ollagen within infected corneas. Therefore, it is difficult to
dentify the extent of stromal damage from confocal imaging
lone. Furthermore, the increase in corneal turbidity can lead
o additional background reflection. As a result, image con-
rast obtained through confocal imaging can be compromised.

In recent years, multiphoton fluorescence microscopy has
ained significant popularity in biomedical imaging.14,15 The
onlinear excitation of fluorescence photons using ultrafast,
ear-infrared excitation sources has provided important ad-
antages in its ability to acquire images with enhanced axial
epth discrimination, reduced sample photodamage, and in-
reased imaging penetration depths. The greatly reduced pho-
odamage enables multiphoton fluorescence microscopy to be
sed in long-term observation of living cells without detect-
ble damage.16,17 In addition to morphological information,
haracteristic autofluorescence from various cells and compo-
ents of the extracellular matrix can help to identify features
f interest.18,19 In addition to multiphoton fluorescence imag-
ng, the nonlinear polarization effect from a special class of
iological materials also can provide morphological informa-
ion of biomedical significance. In biological structures lack-
ng an inversion symmetry, a nonvanishing second-order sus-
eptibility can contribute to the second harmonic generation
SHG� signal. A variety of biological materials such as col-
agen, muscle fibers, and microtubules have been shown to be
ffective in generating second harmonic signals.19–23 Specifi-
ally, collagen is a particularly interesting structure for SHG
maging due to the fact that it is widely distributed in extra-
ellular matrices of various tissues, including the cornea. The
ombination of multiphoton fluorescence and the SHG tech-
ique in biological imaging has been applied in medicine,
ncluding dermatology and ophthalmology.24–26 Previously,
he application of multiphoton fluorescence and SHG micros-
opy in mapping spectrally resolved morphological features
f the cornea has been demonstrated.27 It was found that the
orneal epithelium is strongly autofluorescent and no SHG
ignals can be detected within the epithelial layer. Since cel-
ular autofluorescence comes largely from NAD�P�H and the

ucleus is devoid of NAD�P�H, halo-like structures with dark

ournal of Biomedical Optics 024013-
central regions may be identified as epithelial cells.28 In addi-
tion, SHG images of normal corneal stroma showed regular
distribution patterns of collagen fibers. The inability to image
keratocytes suggests that normal quiescent keratocytes are
less fluorescent than corneal epithelial cells. In addition to
imaging the normal cornea, it was found that quantitative
SHG microscopy is effective in characterizing the
temperature-related collagen changes in porcine corneas.29 In
this work, we extend the applications of multiphoton fluores-
cence and SHG microscopy for imaging corneal infection
from the various pathogens of bacteria, fungus, and Acan-
thamoeba. We hope to demonstrate the potential of multipho-
ton microscopy as a noninvasive diagnostic and monitoring
tool for corneal infections in clinical applications.

2 Materials and Methods
The study protocol was approved by an institutional review
board and informed consent has been obtained from the pa-
tients. We conformed to the Helsinki Declaration with respect
to human subjects in biomedical research. The infected human
corneal samples with culture-proven pathogens were obtained
from surgical procedures. The trephined corneal buttons were
placed on slides and flattened with coverslips for imaging. All
the imaging procedures were performed at room temperature
and completed within 12 h after surgery.

The multiphoton fluorescence and SHG microscopic sys-
tem used in this study is similar to the system previously
described.27,29 A diode-pumped solid state �Millennia X, Spec-
tra Physics, Mountain View, California�, titanium-sapphire la-
ser �Ti:sapphire Tsunami, Spectra Physics� was used as the
excitation source. The 760-nm output of the Ti:sapphire laser
is scanned in the focal plane by a galvanometer-driver x-y
mirror scanning system �Model 6220, Cambridge Technology,
Cambridge, Massachusetts�. For high resolution imaging,
high-numerical-aperture water immersion objectives �Fluor
40�, NA 0.8, Nikon; Fluor 20�, NA 0.8, Nikon� were used.
The SHG signal centered at 380 nm was reflected by the sec-
ondary dichroic, and further filtered using a bandpass filter
�HQ380/20, Chroma Technology�, while the longer wave-
length fluorescence passed through the dichroic mirror and a
filter �E435LP, Chroma Technology� before being detected.
For large area scan of the corneal specimens, a stage scanning
system �H101, Prior Scientific, United Kingdom� was used for
specimen translation. After imaging, the specimens were fur-
ther processed for histological examination for comparison.

To quantify the structural information obtained both from
fluorescence and SHG signals, we adopted the index that was
previously applied for quantifying aging change of skin
�SAAID� to evaluate the structural destruction within infected
stroma.30 Briefly, the number of SHG pixels within each im-
age are defined as a, that pixels of the multiphoton fluores-
cence area image is defined as b. Finally, the SAAID is de-
fined as �a−b� / �a+b�. The index of SAAID decreases as the
SHG area decreases, which represents the destruction of col-
lagenous stroma during the infectious process.

3 Results
To investigate the possibility of characterizing the extent of
structural damage and to identify the pathogens within in-

fected corneas, we performed ex-vivo multiphoton imaging on
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hree corneas with culture-proven infections from the bacte-
ium �Serratia marcescens�, fungus �Alternaria sp.�, and
canthamoeba castellanii with coinfection of Pseudomonas
eruginosa. Our multiphoton images are compared with his-
ological results and are presented next.

.1 Ex-Vivo Multiphoton Imaging of Bacterial
Keratitis
�Serratia marcescens�

he first infected cornea we present was obtained from a 72-
ear-old male who experienced redness and pain in his post-
eratoplastic left eye. A large central ulceration with dense
tromal infiltration was noted on arrival �Fig. 1�a��. Corneal
craping was performed for laboratory examination, and em-
irical antibiotic treatment was prescribed immediately. Ser-
atia marscecens growth was identified days later, and despite
edical treatment, stromal melting continued. Due to the

hreat of perforation, therapeutic penetrating keratoplasty was
erformed one week later. The removed cornea specimen was
ent for multiphoton examination.

The combined fluorescence and SHG images of the speci-
en are shown in Figs. 2 and 3, and the histological image is

hown in Figs. 1�b� and 1�c� for comparison. At the surface of
he ulcerated region �Fig. 2�a��, no corresponding fluorescent
pithelial cells can be identified, which is compatible with
istological findings �Fig. 1�b��. In addition, unlike the normal
troma, which is composed largely of a regular pattern of
HG collagen fiber network with minimal fluorescence signal,
ignificant increase of fluorescent clusters in the background
an be identified within Fig. 2�a�. To illustrate additional fea-
ures within the large-area image, magnified images from se-
ected regions of interest are shown in Figs. 2�b� and 2�c�. In
hese images, infiltration of round inflammatory cells can be

ig. 1 �a� The clinical photography of Serratia marcescens keratitis. A
arge ulcerated, turbid stroma with dense infiltration can be identified.
nly a small part of the cornea at the upper portion remains clear and
naffected. �b� The histological image taken from the ulcerated area of
corneal specimen. The normal parallel aligned collagen lamellae
as altered within infected stroma, and replaced with irregularly
acked necrotized collagen structure. �c� The histological image taken
rom the relatively optical clear region of a corneal specimen. The
ormal parallel aligned collagen lamellae remain within the unin-
ected area.
dentified within the turbid, infected area �Fig. 2�b��, and in-

ournal of Biomedical Optics 024013-
creased fluorescence in the background was detected in areas
lacking SHG signals �Fig. 2�c��. Furthermore, we compared
the multiphoton image of the infected area �Fig. 3�a�� to that

Fig. 2 The multiphoton images of Serratia marcescens keratitis. �a�
The large-scale image taken at the surface of the ulcerated area of the
corneal specimen. The infected stroma is composed of irregularly dis-
tributed fluorescent signals and collagen remnants. The detailed im-
ages from areas b and c in �a� are displayed in �b� and �c�, respec-
tively. Infiltration of fluorescent inflammatory cells within infected
stroma can be seen in detailed image �b�. The collagen remnants
identified with SHG signals was observed in �c�.
of the relatively uninfected area �Fig. 3�b�� at the depth of

March/April 2007 � Vol. 12�2�3
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00 �m from the surface. In the infected area, significant
ncrease of fluorescence in the background as well as irregu-
arly aligned SHG signals can be observed, while in the less
nfected area, a homogenous distribution of SHG collagen
ithin the stroma can be identified. Moreover, a comparision
f the multiphoton images of purified Serratia marscecens in
uspension �Fig. 3�d�� with a detailed image of the infected
rea �Fig. 3�c�� suggests that the high-intensity fluorescent
pots �yellow arrows in Figs. 3�c� and 3�d�� may be the infil-
rated bacteria, although further investigation is needed to
onfirm this hypothesis.

.2 Ex-Vivo Multiphoton Imaging of Fungal Keratitis
�Alternaria sp.�

he second sample we present was obtained from a 70-year-
ld female patient who experienced eye pain in her left eye
or days. On arrival, a large central ulceration was noted �Fig.
�a��. The suspicion of fungal infection led to the immediate
rescription of topical natamycin 10%. Eventually, superficial
eratectomy was performed to eradicate the lesion. One week
ater, laboratory examinations revealed that the fungus Alter-
aria sp. was the responsible pathogen. The trephined corneal
pecimen was then sent for multiphoton examination immedi-
tely, and histological examination was performed for com-
arison �Fig. 4�b��.

The large-scale multiphoton image is shown in Fig. 5�a�.

ig. 3 The multiphoton images of Serratia marcescens keratitis. �a�
he image taken at the ulcerated area at the depth of 100 �m. The

nfected stroma is found to be composed of irregularly distributed
uorescent signals and collagen remnants. �b� The image taken at the
ptical clear area at the same depth. On the other hand, the unin-
ected stroma is composed mainly of uniformly distributed SHG sig-
als, with minimal fluorescent signal present. �c� The detailed image
rom area c in �a�. Fluorescent spots �yellow arrowheads�, possibly
ue to the infecting bacteria, were visualized. �d� The multiphoton

mage from isolated Serratia marcescens taken from a colony. Autof-
uroescent bacteria can be visualized �yellow arrowheads, color on-
ine only�.
imilar to the case of bacterial infection, fluorescence within

ournal of Biomedical Optics 024013-
the stroma markedly increased. The patterns of increased fluo-
rescent signals and remaining SHG signals are distributed in
parallel, crossed patterns �Figs. 5�b� and 5�c��, similar to that
found within the less affected stroma of Serratia marcescens
keratitis �Fig. 3�b��. Similar to the bacterial keratitis case, the
SHG signals from stromal collagen diminished. In both the
large scale �Fig. 5�a�� and magnified images �Fig. 5�d��, tube-
like structures can be identified. Comparison with the multi-
photon image of purified Alternaria �Fig. 5�e�� suggests that
these structures are most likely the hyphae of the infecting
fungus.

3.3 Ex-Vivo Multiphoton Imaging of Acanthamoeba
castellinii Keratitis �Coinfection with
Pseudomonas aeruginosa�

The third specimen we present was obtained from a 12-year-
old male who suffered from severe eye pain in his right eye
for days. No significant trauma history was recalled except for
the regular wearing of overnight vision-correcting orthokera-
tology lenses. Large ring-shaped infiltration was noted in his
right eye on arrival. Since Acanthamoeba infection was sus-
pected, intensive antimicrobial treatment was applied, and
cultures were performed after the patient was admitted. Days
later, the culture result revealed the coinfection of Acan-
thamoeba castellinii and Pseudomonas aeruginosa. Despite
medical treatment, the infection aggravated �Fig. 6�a��. To
achieve a complete eradication of the pathogens, therapeutic
penetrating keratoplasty was performed. The specimen was
then sent for multiphoton imaging and later processed for his-
tological examination �Fig. 6�b��.

Fig. 4 �a� Clinical photography of the Alternaria keratitis case. Central
ulceration and turbid stroma can be identified. �b� The histological
image taken from the corneal specimen. Thinning of corneal stroma
and destruction of normal parallel aligned collagen lamellae can be
visualized.
In the large scale image shown in Fig. 7�a�, fluorescent

March/April 2007 � Vol. 12�2�4
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canthamoeba cysts �yellow arrowheads� as well as fluores-
ent bacilli �red arrow� can be identified within the infected
orneal stroma. Compared to the less infected stroma �Fig.
�b��, Fig. 7�a� shows a markedly increased fluorescence
evel, which may represent the pathological destruction of
orneal stroma. The decrease of normal stromal collagen re-
ponsible for the SHG signals and the increase in fluorescence
ndicate the destruction of stromal structure during the infec-
ion process. While second harmonic generating collagen fi-
ers can still be found �Fig. 7�d��, the responsible structures
ack the regular collagen organization found within the less
nfected stroma.

Our results suggest that during the infection process, the
ormal, regularly organized stromal architecture has been ad-
ersely altered. In addition, fluorescent Acanthamoeba cysts
nd bacilli can be identified within the turbid stroma. In the
etailed images, in addition to the observation of fluorescent

ig. 5 The multiphoton images of Alternaria keratitis. �a� The large-
cale image taken at the surface of the ulcerated area of a corneal
pecimen. �b�, �c�, and �d� The magnified image of areas b, c, and d,
espectively. The infected stroma is found to be composed of fluores-
ent signals and irregularly distributed collagen remnants �a�. Parallel
istributed fluorescence in the background and residual SHG-
enerating collagen remnants were found in images �b� and �c�. Pos-
ible fungal hyphae with characteristic morphology of bifurcation and
egmentation can be visualized both in the large-scale and detailed
mages �white arrows� �a� and �d�. �e� Multiphoton imaging of Alter-
aria sp.
canthamoeba cysts �Fig. 7�c�, yellow arrowhead�, individual

ournal of Biomedical Optics 024013-
spots can also be visualized with fluorescence �Fig. 7�b�, red
arrowhead�. Comparison with the multiphoton image of iso-
lated Pseudomonas aeruginosa �Fig. 7�e�� suggests that these
spots are the individual bacteria.

In addition, we also found Acanthamoeba cysts within the
less affected area with preserved collagen structure demon-
strated by SHG signals and minimal infiltration of inflamma-
tory cells �Fig. 7�d�, yellow arrowhead�, which may implicate
the possible residence of quiescent Acanthamoeba cysts
within the clinically clear area. This observation may be help-
ful for designing treatment strategy at the late stages of infec-
tion.

The indices of SAAID �ratio of the difference and sum of
the SHG and fluorescence areas� from three representative
infectious cases are shown in Table 1. For the infected cornea
specimens due to Serratia marscecens and Acanthamoeba-
Pseudomonas aeruginosa, the respective SAAID values of
−0.25 and −0.60 were obtained. On the other hand, the
SAAID ratios for the less infected Serratia marscecens and
Alternaria cases were −0.02. These results suggest that the
SAAID ratio may be used to characterize the extent of corneal
damage in cases of infectious keratitis.

4 Discussion
Infectious keratitis is of great significance in clinical practice.
It is one of the major causes responsible for visual loss. A
rapid clinical diagnosis sometimes can be difficult, and the
delay in diagnosis can hinder appropriate treatment to be ap-

Fig. 6 �a� The clinical photography of Acanthamoeba keratitis. Large
central ulcerated stroma lacking of epithelium can be demonstrated
with fluorescein staining. �b� The histological picture taken from the
corneal specimen. The Acanthamoeba cysts can be identified within
stroma �red arrowheads�.
plied. In addition, during the later stages of treatment, it is

March/April 2007 � Vol. 12�2�5
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ften difficult to evaluate the tissue response to treatment. The
urbid cornea caused by infectious processes may hinder the
linical evaluation of disease progression. Sometimes the
rug-related toxic effect may be difficult to be differentiated

ig. 7 The multiphoton images of Acanthamoeba keratitis. �a� The
arge-scale image taken at the ulcerated area of the corneal specimen.
b�, �c�, and �d� Detailed images from areas b, c, and d in �a�. Acan-
hamoeba cysts �yellow arrowheads� and Pseudomonas bacteria �red
rrowheads� were identified with fluorescence. �e� The image of iso-
ated Pseudomonas aeruginosa from a colony.

able 1 The indices of SAAID from three representative infectious
ases. The definition of the SAAID index is the size difference be-
ween the area with SHG signals and the area with autofluorescence,
ivided by their sum �SHG−AF� / �SHG+AF�. These ratios may be
sed to characterize the extent of corneal damage during infectious
rocesses.

Group SAAID index

Infected with Serratia marcescens −0.25

Less infected area in the sample infected
with Serratia marcescens

−0.02

Infected with Alternaria sp. −0.02

Coinfected with Acanthamoeba
castellanii and Pseudomonas
aeruginosa

−0.60
ournal of Biomedical Optics 024013-
from the subtle exacerbation of infection or the retardation of
wound healing due to coexisting inflammation.31 In the case
of fungal and Acanthamoeba infections, clinical consequences
are usually longer and easily relapsed if traces of pathogens
remain within the cornea. In less certain cases, repeated biop-
sies may sometimes be necessary for deciding on a treatment
strategy. Yet the threat of perforation is always a concern.
Therefore, the development of a noninvasive in-vivo monitor-
ing system for the detection of pathogens and the extent of
destruction may be beneficial in cases of recalcitrant infec-
tions.

In our work, we successfully demonstrated the ex-vivo,
multiphoton fluorescence and SHG imaging for visualizing
infectious keratitis caused by various pathogens of Serratia
marscecens, Alternaria, and Acanthamoeba-Pseudomonas
aeruginosa. In our previous work, we had demonstrated that
in a normal cornea, the cellular architecture of the corneal
epithelium can be visualized with fluorescence microscopy,
while the stromal collagen can be visualized using SHG im-
aging. Under normal physiological conditions, the quiescent
keratocytes are ineffective in generating fluorescence. Here
we further demonstrated both the structural alterations of cel-
lular and collagenous components of the cornea without the
need of additional sample processing procedures. First, we
found the absence of fluorescent epithelial cells, which is
compatible with the histological findings of epithelial defects
in ulcerated cornea. In the infected stroma, we found disorga-
nized or absent SHG signals within the infected areas, which
may correspond to the destruction or regeneration of stromal
collagen during infection processes. The altered turbid stroma
of the inflamed cornea may sometimes be difficult to be dif-
ferentiated by clinical observations. Our results show that
multiphoton imaging has the potential to monitor the destruc-
tion and the regeneration of stromal collagen. In regions with
more severe stromal damage, the SHG signal may be greatly
diminished or absent when collagen structures are altered.
This feature may provide important information in deciding
the treatment strategy in the late wound healing stage of cor-
neal infection. We also found that increased fluorescence can
be observed in the infected stroma, especially within regions
lacking SHG signals. Even with significant background fluo-
rescence, inflammatory cells can still be observed. The exact
nature of the increased fluorescence signals in the infected
cornea is unknown at this point. There are several possible
origins of the fluorescence signals. One possibility is that the
fluorescence came from the degenerated collagen. It has been
shown that fluorescence signals increase in thermally treated
dermis where collagen is denatured.32 Another explanation for
the increased fluorescence is that fluorescent substances can
be released by the causative agents during the infection pro-
cess. It is likely that inflammatory cells may also contribute to
fluorescence signals. The exact mechanism contributing to the
increased fluorescence during infection processes needs fur-
ther investigation.

An important advantage of multiphoton microscopy in di-
agnosing corneal keratitis is the identification of infecting
pathogens. Our results suggest that bacteria, fungi, and Acan-
thamoeba cysts within corneal specimens may be visualized
without additional histological processing. Therefore, multi-
photon imaging may be effective for real-time detection of

pathogens at early stages of infection, and for detecting re-
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idual recalcitrant pathogens such as fungi and Acanthamoeba
n the late stage of infection. Therefore, multiphoton micros-
opy may provide information for on-the-spot determination
f treatment strategy. In addition, the spectral properties of
ifferent pathogens may be investigated for more precise
dentification.

Due to the limited cases available to us, we were not able
o investigate the effects of age on corneal infection. Aging
as been demonstrated to affect the infectious process by in-
uencing the immune reaction.33 In addition, normal stromal
rchitecture has been proven to be altered during the aging
rocess. Specifically, it was found that the number of collagen
bers, interfibrillar spacing, and the degree of cross-linking all

ncreased with age.34 However, the destruction of corneal ar-
hitecture that we observed in the keratitis specimens does not
orrelate with age-related changes. Therefore, the conclusions
eached by our study are most likely unaffected by the age of
he cornea specimen. Since the interplay of host tissue and
nvading pathogens is a complex phenomenon, future studies
f corneal keratitis should systematically investigate the ef-
ects on the corneas from parameters such as patient age and
he duration of infection. This work merely demonstrates the
otential of multiphoton microscopy in investigating the
hysiological changes associated with corneas due to infecti-
ious keratitis.

In conclusion, we demonstrated that multiphoton fluores-
ence and SHG microscopy can be used for the characteriza-
ion of morphological alterations in corneal infections and as
n effective diagnostic tool for pathogen detection. With ad-
itional development, multiphoton imaging may be developed
nto a noninvasive diagnostic and monitoring system for cor-
eal infections, and can potentially be applied to studying
nfectious processes of other tissues.
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