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Hereditary tyrosinemia type I (HT1) is a severe autosomal recessive inherited metabolic disease, which can result
in severe damage of liver and kidney. Photoacoustic imaging (PAI) uses pulsed laser light to induce ultrasonic
signals to facilitate the visualization of lesions that are strongly related to disease progression. In this study, the
structural and functional changes of liver and kidney in HT1 was investigated by cross-scale PAI. The results

showed that the hepatic lobule and renal tubule were severely damaged during HT1 progression. The hemo-
globin content, vessel density, and liver function reserve were decreased. The metabolic half-life of indocyanine
green declined from 59.8 s in health to 262.6 s in the advanced stage. Blood oxygen saturation was much lower
than that in health. This study highlights the potential of PAI for in vivo evaluation of the liver and kidney lesions

in HT1.

1. Introduction

Hereditary tyrosinemia type-1 (HT1) is a autosomal recessive
inherent error of metabolism caused by the deficiency of fumar-
ylacetoacetate hydrolase (FAH) [1]. The FAH enzyme mainly in the liver
and kidney catalyzes the last step of tyrosine metabolism [2,3]. Meta-
bolic block of the step of FAH induces accumulation of toxic metabolites
and further results in severe liver damage, nodular liver cirrhosis, renal
tubular defects, and risk of hepatocellular carcinoma [4-6]. Survivors of
these devastating complications often transitioned to hepatocellular
carcinoma with lifetime frequencies as high as 37 % [7,8]. Variable
degree of renal dysfunction ranges from mild tubular dysfunction to
chronic renal disease, and the characteristic renal disease is a tubular
disorder [9]. HT1 is a rare disease that occurs worldwide with an inci-
dence of 1/120,000-1,/100,000 [1]. In the absence of treatment, most
patients with HT1 die of acute severe liver and kidney failure in early
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infancy [10]. Therefore, it is of great significance to further detailedly
examine the liver and kidney lesions in HT1.

Clinical manifestations and special laboratory tests are the routine
clinical examination for the diagnosis of HT1, and gene mutation anal-
ysis is the gold standard of definite diagnosis [11]. FAH activity and liver
nodules are the two important diagnostic indexes. FAH activity has been
measured in liver biopsy specimens. Since reversion of mutations in one
allele of the FAH gene might take place and lead to mosaicism, enzyme
determinations from liver tissue can be usually misleading and results in
normal hepatic enzyme levels [10,12]. Multiple nodules in the liver
parenchyma are typical for HT1. Biopsy of small nodule (less than 1 cm)
is fraught with problems such as inadequate tissue or sampling errors.
Furthermore, these nodules are not easily distinguishable from tumors
[13].

Imaging studies are important and visual for evaluating and moni-
toring the pathophysiological state in HT1. Current guidelines
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Fig. 1. Transverse US and PA images of mouse liver at different stages of modeling. A-C, Transverse US, PACT, PAM images of mouse liver. D, Filter and binary

processing of PAM image. E, sO» of mouse liver.

encourage that single abdominal ultrasound (US) can detect nodules
larger than 2 mm in diameter, and renal US can also observe the changes
of renal structure, such as renal enlargement and tubule dilatation [14].
Magnetic resonance imaging (MRI) is more helpful than CT for detection
and characterization of the sub centimeter liver nodules, and is the most
reliable technique to evaluate liver lesions in HT1 patients [15]. How-
ever, the sensitivity of MRI is reduced to 33-67 % for nodules less than 1
cm in cirrhosis, while the sensitivity is 58.5-93 % for nodules larger than
1 cm [16]. Furthermore, these imaging techniques are still insufficient in
terms of the microstructure and blood oxygen function of liver and
kidney.

Photoacoustic (PA) imaging (PAI) is currently one of the most
promising non-invasive biomedical imaging techniques [17,18]. Unlike
the conventional clinic techniques, PAI provides the optical absorption
differences of molecules including endogenous absorption group [19],
and exogenous contrast agent [20]. The endogenous contrast reveals the
histological, anatomical, functional and metabolic properties of tissue,
while the exogenous contrast can provide molecular and cellular spec-
ificity [21,22]. The absorption spectra obtained with PAI can be
analyzed by applying spectral unmixing, allowing the extraction of
molecular information such as oxyhemoglobin and deoxyhemoglobin to
rapidly obtain the microvascular structure information and blood oxy-
gen saturation (sO3) [23]. With the help of exogenous probes, PAI can
selectively detect specific molecular markers with high sensitivity [24,
25]. So far, PAI has been used in preclinical study [26], with major
potential for clinical applications in the future [27]. Generally, subjected
to different methods of optical illumination and acoustic detection, PAI
systems can be grouped into computed tomography (or tomography),
mesoscopy and microscopy systems [21,28]. The spatial resolution of
photoacoustic computed tomography (PACT) scales with the imaging
depth over wide range from the quasi-ballistic regime (typically <1 mm
in tissue) to the diffusive regime (typically > 10 mm in tissue), up to the
dissipation limit (~ 10 cm in tissue) [29]. Photoacoustic microscopy
(PAM) enables organelle and cellular level imaging from its high lateral

resolution spanning hundreds of nanometer to several micrometers
[30]. The spatial scale of PAI covers organelles, cell, tissues, organs, and
small animals [31]. Thus, PAI has great potential to examine the
microstructural and functional change in HT1.

In recent years, PAI has been widely used for the diagnosis and
treatment of liver and renal disease [32,33]. (1) PAI mediated diagnosis
of liver and renal diseases. Biopsy-free assessment of hepatic Cu via PAI
was successfully identified Wilson’s disease from healthy group [34].
Drug-induced liver injury [35], small hepatocellular carcinoma detec-
tion [36] and visualization of peroxisomal viscosity in non-alcoholic
fatty liver [37] were also performed by PAI. Collagen, the principal
component of fibrotic tissue in kidney has been mapped for assessing
pretransplant organ quality by PAI [38]. (2) PAI evaluation of liver and
kidney function. Real-time PACT system was proposed to in vivo non-
invasively access liver function reserve based on indocyanine green
(ICG) concentration change [39]. With the aid of ultra-small black
phosphorous quantum dots, PAI was applied to evaluate the clearance
function of acute kidney injury and chronic kidney disease, and has
higher detection sensitivity than the clinical serum indices examination
method [40]. (3) PAI guidance of therapy and surgery. With the help of
Au@liposome-ICG), PAI shows effective guidance from tumor detection
to surgery guidance in orthotopic liver cancer mouse models [41].

In previous work, our research group has carried out a series of
studies on the diagnosis of liver diseases by PAIL. The metabolic capacity
evaluation model was established to dynamically monitor the circula-
tory dynamics of ICG in real time, and to evaluate the metabolic capacity
of fibrosis liver at different stages by dynamic contrast-enhanced PAI
[42]. The precise location and size of early hepatic micrometastases
were determined at the submillimeter level [43]. Furthermore, a new
method of PAI guided photothermal ablation under laparoscopic guid-
ance was proposed to ablate orthotopic hepatocellular carcinoma [44].
To our knowledge, visualization of microscopic pathological features of
liver and kidney in HT is rarely reported, which impelled us to further
investigate the lesion characteristics of HT1 taking the special
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Fig. 2. US and PACT images of mouse liver in the coronal and sagittal plane. A, Coronal US images. B, Coronal PACT images. C, Sagittal US images. D, Sagittal PACT
images. Arrow indicates the cross section of the blood vessel. E, Quantification of PA average signals of mouse liver. a.u. = arbitrary units, Avr. = average.

advantages of PAIL

The purpose of this work is to show the feasibility of PAI to obtain the
microstructural information and functional parameters of the liver and
kidney in mouse model of HT1. The morphology of liver and kidney was
presented by an integrated US and PACT system. The microvascular
structure and sOy were obtained by PAM. Furthermore, the assessment
of liver function reserve and hemoglobin content was performed. The
results can promise to provide new reference methods for HT1 diagnosis
and monitoring with high spatial imaging resolution.

2. Materials and methods
2.1. Photoacoustic imaging system

PACT was performed using a Vevo LAZR-X instrument (Vevo, Fuji-
film Visual Sonics), where a laser excitation source (680-950 nm) gen-
erates a pulse of light every 0.2 s via optical fibers. The acoustic signal is
measured with an linear US transducer operating at a central frequency
of 40 MHz.

PAM was carried out by a commercial convertible optical and
acoustic resolution PAM instrument (G2, Inno Laser), equipped with
series of 532 nm, 559 nm, 750-840 nm multi-wavelength lasers. The
central frequency of US transducer is 50 MHz, providing an optical
resolution of 5 um and an acoustic resolution of 40 pm.

2.2. Disease models

The research complied with Laboratory Animal Center standards for
the care and use of laboratory animals. All experiments were approved
by the Animal Research Ethics Committee and were performed by
relevant guidelines and regulations. FAH heterozygous gene (FAH-+/-)

ICR mice (body weight range, 25-30 g) were purchased from Xiamen
University used for breeding. On the feeding conditions: 12 h light/12 h
dark rhythm, all animals were fed with standard feed and water.
Knockout (FAH-/-) mice (n = 28) and healthy (FAH+/+ or FAH+/-)
mice (n = 14) were obtained.

2.3. Experimental procedure

2.3.1. US and PACT imaging of liver and kidneys

During the experiments, the mouse was anesthetized with 2 % iso-
flurane. Firstly, the hair on the abdomen was removed and then fixed on
the imaging platform. Three-dimensional PA images of whole-liver and
kidney were acquired at 680 nm, as the absorption signals of hemo-
globin in blood were relatively strong under this wavelength. The
scanning step size was 0.08 mm. After that, the mean value of PA signals
in each B-scan frame was calculated by using the image processing
software of the PAI system, and then the sum of the PA signals was
obtained. The final average value of the PA signal was obtained by
dividing the total number of B-scan frames.

2.3.2. Liver function reserve

An indwelling needle was inserted into the tail vein, and then 0.3 mL
(3 mmol per kilogram of body weight) of ICG solution was injected at a
constant rate of 0.1 mL/s. PACT scan at 800 nm (absorption peak of ICG
in the blood) was performed, and the PA signal was continuously ac-
quired for additional 5 min after the injection of ICG. The control group
was injected with 0.9 % physiologic saline.

2.3.3. PAM imaging of liver and kidneys
Mice were anesthetized with 2 % isoflurane. A small laparotomy was
performed to expose the liver lobe, while the kidneys were exposed after
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Fig. 3. Time course of ICG clearance studies by PACT. A, PA imaging of mouse liver before (Bef.) and after injection of ICG. B-D, Relative enhancement of liver
function curves in the healthy, early and advanced stage of modeling, respectively. E, F, Quantitative Tn,, and Ty s, respectively.

a small incision on the side of the spine. Structural and functional in-
formation on liver and renal surface was acquired under dual-
wavelength (532 nm and 559 nm). The scanning range was 0.9 x 0.9
mm? with a step of 3 um. The percentage of blood vessel area was

calculated by dividing the total observed area.
2.4. Data analysis

The PA spectra were recorded and saved in the Vevo Lab software for
the subsequent spectral unmixing and deconvolution. The self-written
MATLAB R2021 b (Mathworks Inc. South Natick, MA, USA) program
was used for image processing, such as structural imaging, calculation of
blood vessel density and sO,. Blood vessel density (BVD) reflects the
amount of blood vessel distribution in a given region, and it is defined as:

BVD = Total vessel length/Observed volume (€8]

where observed volume (mm?) is the volume of the region under

interest, and total vessel length (mm) is the accumulated length of all the
measured blood vessels in this region. sO, mapping was calculated as
follows [45]:

s0, = HbO, /(HbO, + HbR) 2

PA signal intensity (SI) was measured for each PA image. Relative
enhancement (RE) of SI was calculated using Eqs. (3) and (4):

RE(t) = ([SI(t) - S1(0)]/[S1(0)] 3

where SI(0) is the average SI before injection of ICG, SI(t) is the time
course S after injection. The time course of liver RE to reflect the change
of ICG concentration was fitted using an mathematical method [46].

0 .t < t
REO = { 1 o o5 gz | N

Where A is the maximum value of the RE, o is the rate of contrast uptake
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Fig. 4. Transverse US and PACT images of mouse kidneys at different stages of modeling. A, US and PACT images of left kidney. B, Quantification of the vessel
density of left kidney. C, US and PACT images of right kidney. D, Quantification of the vessel density of right kidney.

(s'l), B is the rate of contrast washout (5'1), q is a parameter related to the
slope of the early uptake, and ty is the rise time point (s). The maximum
peak time Tyq of RE and the half life period T, of the elimination RE
were calculated from the fitted curve.

SPSS software (IBM 22) was used for statistical analysis. Statistical
differences among groups were determined by using the Kruskal-Wallis
test followed by the Kruskal-Wallis one-way analysis of variance (k
samples) test for multiple comparisons. A p-value < 0.05 was considered
significant.

For the image binaryzation, the algorithm was based on Matlab
software to extract the vascular morphological features as previous
report [47]. Firstly, the original MAP PA image was filtered and
enhanced to obtain the best contrast, and the false negative pixels were
removed. Then, the blood vessels were segmented by threshold pro-
cessing and image binaryzation was performed. All the images share the
same threshold of 0.3. Vessel density was calculated as the ratio of the
number of pixels occupied by the vessels to the total number of pixels.

3. Results
3.1. Three-dimensional US and PAI of liver

Compared with healthy mice, transverse US images showed pro-
gressive nodular changes in liver parenchyma in HT1, accompanied by
blunting of liver margins and loss of intrahepatic luminal structures as
disease progressed (Fig. 1A). Transverse PACT images (Fig. 1B) exhibi-
ted that under healthy conditions, the vascular structure of the liver
surface was continuous. In HT1 state, the vascular structure was
damaged and blurred in the early stages, and became more severe in the
advanced stages. PAM images (Fig. 1C) shows that the overall structure

of the hepatic lobule, the smallest unit on the liver surface, is polygonal
on the transverse plane as indicated in the healthy state. One side of the
hepatic sinus was connected with the portal vein and hepatic artery, and
the other side was connected with the central vein. The hepatic sinuses
radiate around the central vein. However, in the disease model, the liver
surface structure was no longer complete. The hepatic sinuses were
discontinuous and gradually disappeared. The lobules are destroyed and
the their microstructure could not be distinguished in severe cases. To
better quantify the structural changes in hepatic lobule, the binarization
of Fig. 1C was performed to obtain the images in Fig. 1D. The results
showed the percentage of blood vessel area decreased gradually with
disease progression (control group, 47.7 %; early stage, 23.8 %;
advanced stage, 16.9 %), indicating the vascular network was severely
damaged in HT1. Changes of sO2 were measured to better assess the
changes of hepatic lobule function (Fig. 1E). The quantitative results
displayed that the sO2 of mice in HT1 was significantly lower than that
of normal healthy group (control group, 0.91; early stage, 0.83;
advanced stage, 0.70), revealing that the decrease of sOy occurred
simultaneously with the destruction of the vascular structure.

Fig. 2 shows the US and PACT images of the mouse liver in the
coronal and sagittal plane, respectively. There were no significant dif-
ferences in the vascular microstructure between the control group and
disease groups in US images (Fig. 2A, C). Both from the coronal and
sagittal sections, PACT demonstrated that the hemoglobin content
decreased gradually as tyrosinemia worsened (Fig. 2B, D). The number
of identifiable blood vessels in the liver is also reduced as indicated by
the arrows. Fig. 2E shows the PA signals of total hemoglobin also
declined (control group, 6.9 + 1.5 a.u.; early stage, 2.8 + 0.5a.u.;
advanced stage, 1.2 + 0.4 a.u.; P < 0.05).
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Fig. 5. US and PACT images of mouse kidneys in the coronal and sagittal plane. A, US and PACT images of left kidney. B, Quantitative PA average signals of left
kidney. C, US and PA images of right kidney. D, Quantitative PA average signals of right kidney. Arrows indicate the hemoglobin signal. a.u. = arbitrary units,

Avr. = average.

3.2. PACT measurement of liver function reserve

Time course of ICG clearance studies of mouse liver by real-time
PACT were shown in Fig. 3. Compared with the before injection
group, the PA signal had a significant enhancement and changed over
time after injection of ICG (Fig. 3A). Quantitative PA signal enhance-
ment curves in the healthy, early and advanced stages of modeling were
recorded in Fig. 3B-D, respectively. The control group showed a rapid
decrease after the peak point, while the elimination of ICG for the dis-
ease groups was much slower. Quantitative T and Ty, were pre-
sented in Fig. 3E and F, respectively. Compared with the control group,
the T,.x of disease models was prolonged (control group, 11.4 + 2.0s;
early stage, 20.1 &+ 1.1 s; advanced stage, 22.8 + 1.6 s; P < 0.05). The
T/, was also slowing down in the disease models (control group, 59.8

+4.5s; early stage, 189.0 +£9.1s; advanced stage, 262.6 + 9.0s;

P < 0.05). The results suggested that the metabolism of ICG in liver was
related to the degree of HT1 progress, and PAI can be used to in vivo
evaluate the liver function reserve.

3.3. Three-dimensional US and PAI of kidneys

Transverse US images revealed the macroscopic morphology of the
kidneys with insufficient microscopic detail (Fig. 4A, C). Transverse
PACT images exhibited that under the healthy conditions, renal arteries
and veins including all of the anterior, superior, inferiory, posterior
segment were obvious and continuous. The renal medullas were char-
acterized by a large number of interlobar arteries and veins. However,
the vascular structure was damaged and blurred in the early stages of
HT1, and became more severe and faded away in the advanced stages.
After filtering and then binary processing of the PACT images, the

network skeleton of blood vessels could be obtained and the effective
BVD was calculated. Fig. 4B shows the BVD of left kidney (control group,
1.2 +0.2 mm/mrnz; early stage, 0.6 + 0.1 mm/mmz; advanced stage,
0.4 + 0.1 mm/mm?; P < 0.05), while Fig. 4D gives the BVD value of
right kidney (control group, 1.1 +0.1 mm/mm? early stage, 0.6
+ 0.1 mm/mm? advanced stage, 0.3 £ 0.1 mm/mmz; P < 0.05). The
BVD gradually decreased as the microvasculature was severely damaged
with the progress of HT1.

Fig. 5 shows the US and PACT images of the left kidney (Fig. 5A) and
right kidney (Fig. 5C) both in the coronal and sagittal plane. The US
images demonstrated the macroscopic morphology of the kidneys. PACT
images showed that the hemoglobin content as indicated by the arrows
in the kidneys gradually decreased as HT1 progresses. Fig. 5B and D
show the averaged PA signals of hemoglobin from left kidney (control
group, 6.3 + 0.9 a.u.; early stage, 3.0 + 0.3 a.u.; advanced stage, 1.2
+ 0.1 a.u.; P < 0.05) and right kidney (control group, 6.8 + 0.5 a.u.;
early stage, 3.4 + 0.6 a.u.; advanced stage, 1.2 + 0.3 a.u.; P < 0.05),
respectively.

Fig. 6 presents the renal surface structure at a much smaller level
from the PAM imaging compared with that from PACT. Fig. 6A clearly
shows the vascular changes between the healthy and diseased kidney.
The capillaries that bend around the renal tubules were found on the
surface of the kidney. The smallest microvessel obtained by PAM was
about 8 um in diameter. The microvessels were destroyed, part of them
disappear, and the overall distribution became uneven in the disease
stages. Fig. 6B shows the binarization of PAM images, and then the
percentage of blood vessel area was calculated (control group, 37.1 %;
early stage, 21.2 %; advanced stage, 11.9 %). sO2 of mouse kidney at
different stages of modeling was examined in Fig. 6E, and the quanti-
tative levels decreased significantly (control group, 0.91; early stage,
0.79; advanced stage, 0.62).
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Fig. 7. Pathological examination of the mouse liver and kidney at different stages of modeling. A, H&E staining of mouse liver. B, Inmunohistochemical staining of

mouse liver. C, H&E staining of left kidney. D, H&E staining of right kidney.

3.4. Pathological examination

H&E staining demonstrated that in the control group, cells arranged
closely and orderly, and the cell morphology was full and filled with
cytoplasm. In the early stage, the denatured nuclei of hepatocytes were

concentrated, and the structure of liver plate disappeared. Ground glass
change was observed in the hepatocytes. In the advanced stage, hepa-
tocytes were enlarged in size and had shrunken nuclei with loose cyto-
plasm. Numerous fat vacuoles could be seen in the cytoplasm,
accompanied by a large number of inflammatory cells and cell necrosis



G. Huang et al.

(Fig. 7A). Rabbit anti-mouse FAH antibody and goat rabbit IgG (HRP
conjugate) were used for immunohistochemical staining (Fig. 7B), the
nuclei of liver samples in the control group showed positive FAH
staining, whereas the diseased groups showed no expression. In the HT1
model, both of the left and right kidney tissues appeared a certain degree
of damage. H&E staining in Fig. 7C and D showed that in the control
group, the structure of kidney tissue was complete, the outline of renal
tubules and glomeruli was clear and distinguishable. The structure dis-
appeared, neutrophils, lymphocytes and other inflammatory cells
gradually infiltrated in the early stage of HT1. A large number of fat
vacuoles and balloon like degeneration appeared in the cytoplasm,
accompanied by serious inflammatory and apoptosis in the advanced
stage.

4. Discussion and conclusion

Currently, in vivo clinical imaging techniques such as MRI and US
are utilized in the study of HT1 to detect the lesions and monitor their
development [15-17]. PAI is a promising technique for the
high-resolution observation of the microvascular structure and function
of liver and kidneys in HT1. As light is absorbed by oxygenated hemo-
globin, deoxyhemoglobin or exogenous agents and converted to heat,
the subsequent thermoelastic expansion generates an acoustic wave. The
morphological characteristics, sO, and metabolic capacity can be ob-
tained with a rich optical contrast and high acoustic resolution. This
study was carried out to investigate the feasibility of using PAI to
perform the structural and functional information, and then provide a
new diagnostic basis for imaging compared with clinical conventional
imaging methods.

Our results suggested that PAI can uncover diagnostic information of
liver and kidney injury and severity in HT1 mouse models. For the
structural information of the lesion, PACT can selectively observe the
changes of the vessel skeleton in the liver and kidney at the submilli-
meter scale, while US only gives the overall morphology at the milli-
meter scale. PAM can present the changes of the hepatic lobule which is
the smallest structural unit of liver, and the capillaries that bend around
the renal tubules at the micro scale. The results of PAM showed the
microvascular network which is up to 8 pm in diameter in the surface of
liver and kidney at the microscopic level. For the function monitoring,
PACT can observe the changes of the hemoglobin content in vivo during
the course of HT1. With the aid of exogenous contrast agent ICG, liver
function reserve was successfully evaluated by PACT. The results
exhibited that Ty and Ty, of ICG metabolic capacity of liver during the
HT progression. As previous studies indicating, ICG enters into hepatic
sinuses after intravenous injection, is efficiently absorbed by hepato-
cytes, and undergoes exponential concentration reduction, as it is
secreted into bile rapidly, without secondary absorption occurring under
normal healthy circumstances [42]. In the liver fibrosis model, Tpax of
advanced stage group (8 weeks) is 11.6 times larger than that of control
group (9 s vs 104 s), while T; »is 11.4 times (28 s vs 318 s). In the HT1
model, both Tpe (11.4s vs 22.8s) and Ty)» (59.8s vs 262.6s) are
prolonged in the control and advanced stages, respectively. It can be
concluded that HT1 mainly restricted the elimination of ICG, while
fibrosis has a greater effect on liver clearance of ICG than HT1. The large
amount of extracellular matrix deposition, hepatocyte necrosis and
apoptosis which were observed in pathological examination would ac-
count for the inhibition of ICG uptake and excretion in HT1. Taking
advantage of the optical absorption difference of endogenous oxygen-
ated hemoglobin and deoxyhemoglobin, PAM depicted the sO2 profile
on a micro-scale.

Oxygenation depends on a balance between vascular blood flow and
oxygen consumption, which finally results in the vascular injury and the
loss of hepatic and renal function. The use of noninvasive PAI to monitor
the vascular changes and dysfunction of liver disease or renal tubular in
HT could complement conventional US measurement since the
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vasculature has been implicated in playing a role in hepatic and renal
function. US imaging is based on differences in tissue acoustic imped-
ance and provides only limited information in the diagnosis of HT1. In
contrast, it is exciting to note that PAI basing on the optical absorption
properties of tissues, showed great advantages in monitoring the surface
microstructure of liver and kidneys at the micron scale, which is very
helpful for the accurate diagnose. In the clinic, liver transplantation
would be performed for those who have severe liver failure and fail to
respond to nitisinone therapy or have documented evidence of malig-
nant changes in hepatic tissue [48]. Fittingly, PAI has provided an in
vivo assessment method for liver function reserve, which could guide
the operation of liver transplantation. Pathological examination
confirmed that many cells undergo necrosis, which is consistent with the
previous studies that acute accumulation of fumarylacetoacetic acid
triggers apoptosis in both hepatocytes and renal tubular cells [49,50].
Cell death would further lead to the vascular damage and dysfunction of
liver and kidneys.

Several limitations exist in this study. First, due to the limited im-
aging depth, only the surface microvascular information (usually less
than 200 um in depth) can be clearly obtained. However, deeper
vascular lesions play an important role in the diagnosis and treatment of
HT1. As human liver and kidney are posed in 15-cm depth, the imaging
setup used in this study will not be sufficient and PA endoscopy will be of
great use for clinical HT1 diagnostics after making a small hole in the
abdomen. Second, the staging of tyrosinemia lacked strict criteria in this
study. Different degrees of disease model in HT1 should be considered
and relative modeling method should be established for further valida-
tion. How to match the microstructural and metabolic capabilities based
on PAI with US or MR, as well as in vitro molecular biomarker testing, is
a key question, which restricts the clinical translation of PAI for clinical
HT1 diagnostics. Third, large population of prospective preclinical and
clinical study should be performed in the future. Regulatory red tapes by
regulatory authorities present one of the challenges in translating PAI to
the clinics. At present, only imagio Breast Imaging System by Seno
Medical Instruments, Inc has been approved by FDA. To accelerate the
application of photoacoustic imaging in the diagnosis of HT, more PAI
systems need to be approved for clinical use in the future.

In summary, using cross-scale PAI to quantitatively monitor the liver
and kidney lesions in HT1 is a safe, versatile and effective method for
characterizing vascular structure, blood oxygen function, and liver
reserve assessment during the progression of HT1. PAM with a high
frequency transducer is more suitable for microstructure visualization,
while PACT with a low frequency transducer is recommended for deep
lesion detection and metabolic level monitoring. PAI has provided the
structural and functional information on a cross-scale, and is potentially
promising for clinical diagnosis of HTI in a new perspective.
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