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Abstract
Background Previous studies have initially reported accompanying elevated 2-deoxy-2[18F]fluoro-D-glucose  ([18F]F-FDG) 
inflammatory activity in the remote area and its prognostic value after acute myocardial infarction (AMI). Non-invasive 
characterization of the accompanying inflammation in the remote myocardium may be of potency in guiding future targeted 
theranostics.  [68Ga]Ga-Pentixafor targeting chemokine receptor 4 (CXCR4) on the surface of inflammatory cells is currently 
one of the promising inflammatory imaging agents. In this study, we sought to focus on the longitudinal evolution of  [68Ga]
Ga-Pentixafor activities in the remote myocardium following AMI and its association with cardiac function.
Methods Twelve AMI rats and six Sham rats serially underwent  [68Ga]Ga-Pentixafor imaging at pre-operation, and 5, 
7, 14 days post-operation. Maximum and mean standard uptake value (SUV) and target-to-background ratio (TBR) were 
assessed to indicate the uptake intensity. Gated  [18F]F-FDG imaging and immunofluorescent staining were performed to 
obtain cardiac function and responses of pro-inflammatory and reparative macrophages, respectively.
Results The uptake of  [68Ga]Ga-Pentixafor in the infarcted myocardium peaked at day 5 (all P = 0.003), retained at day 7 (all 
P = 0.011), and recovered at day 14 after AMI (P > 0.05), paralleling with the rise-fall pro-inflammatory M1 macrophages 
(P < 0.05). Correlated with the peak activity in the infarct territory,  [68Ga]Ga-Pentixafor uptake in the remote myocardium 
on day 5 early after AMI significantly increased (AMI vs. Sham: SUVmean, SUVmax, and TBRmean: all P < 0.05), and 
strongly correlated with contemporaneous EDV and/or ESV (SUVmean and TBRmean: both P < 0.05). The transitory remote 
activity recovered as of day 7 post-AMI (AMI vs. Sham: P > 0.05).
Conclusions Corresponding with the peaked  [68Ga]Ga-Pentixafor activity in the infarcted myocardium, the activity in the 
remote region elevated accordingly and led to contemporaneous left ventricular remodelling early after AMI. Further studies 
are warranted to clarify its clinical application potential.
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Introduction

Acute myocardial infarction (AMI) is one of the leading 
causes of morbidity and mortality worldwide [1]. Escalated 
inflammatory cascade response is recognized as a major 
injury mechanism [2, 3]. Anti-inflammatory strategies 
specific to the peak inflammatory response after AMI may 
alleviate left ventricular (LV) improper remodeling [4, 5]. 
Besides, preclinical studies have shown severe inflammatory 
response in the infarct territory affect the remote area, which 
may contribute to adverse LV remodelling and heart failure 
[6, 7]. Thus, non-invasive and dynamic characteristic assess-
ment of the accompanying inflammation followed by AMI 
is essentially critical in guiding future targeted theranostics.

2-deoxy-2-[18F]fluoro-D-glucose  ([18F]F-FDG) imaging 
is widely used in clinical practice for the assessment of myo-
cardial viability and cardiac function, when pretreated with 
heparin, it can also be used to assess myocardial inflamma-
tion [8–10]. Given controversial observations of previous 
studies regarding  [18F]F-FDG inflammation in the remote 
region and the unexpected physiological uptake in the myo-
cardium, other specific inflammatory molecular probes are 
emerging [10, 11] .

The combination of C-X-C  chemokine receptor 4 
(CXCR4) and its ligands play a pivotal role in cell migra-
tion (“homing”), recruitment, adhesion, growth and prolif-
eration, which was involved in broad-spectrum diseases like 
hematologic malignancies, more than 30 different types of 
solid tumors, infectious disease, autoimmune diseases, and 
et al. [12]. CXCR4 is thus a promising target in the theranos-
tics [13, 14]. More currently, preclinical and clinical studies 
proved the corresponding novel tracer  [68Ga]Ga-Pentixafor 
can sensitively and non-invasively visualize the expression 
of CXCR4 on the surface of variety of cells in-vivo [15–17]. 
Meanwhile, the corresponding radio-targeted therapeutic 
probes like LY2510924, 177Lu- and 90Y-Pentixather are in 
active exploration [5, 18].

Most recently, limited preclinical and clinical studies 
indicated the predictive value of  [68Ga]Ga-Pentixafor in 
the infarcted myocardium, which associated with a wide 
range of leukocyte subtypes [13, 19, 20]. However, its 
dynamic evolution in the remote myocardium post AMI 
and the inflammatory cellular basis are yet to be elucidated 
currently. In this study, we sought to spy on these ques-
tions based on serial cardiac positron emission tomogra-
phy/computed tomography (PET/CT) scans and histologic 
methods in AMI rats.

Methods

Animal Model and Experimental Protocols

A total of 12 AMI models and 6 Sham models were suc-
cessfully established (Fig. 1). Male Sprague-Dawley rats 
(10–13 weeks old, 280–330 g) were used in order to main-
tain homogeneity. Rats were anesthetized with 2% isoflu-
rane gas and artificially ventilated (9 ml/kg body weight, 
75–85 stroke/min) with an animal ventilator. Twenty μg 
(0.2 ml) of flurbiprofen axetil was injected intramuscularly 
(lower limb) for preoperation sedation after inducing anes-
thesia. After left thoracotomy was performed, the left ante-
rior descending coronary artery was permanently ligated 
by 7–0 poly suture to induce AMI models. Infarction was 
visually assessed by regional cardiac cyanosis. The Sham-
operated controls underwent all surgical procedures except 
the coronary artery ligated. All animal procedures were 
approved by the Animal Care Committee of the Shanxi 
Medical University. All experiments were carried out in 
accordance with the Guide for the Care and Use of Labora-
tory Animals (NIH, 8th Edition, 2011).

Fig. 1  Working flow of the 
study. AMI = acute myocar-
dial infarction, OP = opera-
tion, preOP = pre-operation, 
pOP = post-operation, F = final-
ise. # Data from two groups of 
four rats on day 3 were used 
for histopathological pre-
assessment
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In vivo Cardiac PET/CT Imaging

Radiosynthesis of  [68Ga]Ga‑Pentixafor and  [18F]F‑FDG

[68Ga]Ga-Pentixafor was synthesized by the following steps. 
Firstly, 68Ga was eluted from 68Ge/68Ga generators, concen-
trated using a cation exchange cartridge, mixed with a solu-
tion of Pentixafor, and then heated at 100 °C (PH ~ 4) for 
15 minutes.  [68Ga]Ga-Pentixafor was purified using a C18 
solid phase extraction cartridge, and then removed using 
ethanol/water. Lastly, chemical and radiochemical purity 
of  [68Ga]Ga-Pentixafor was analyzed by high-performance 
liquid chromatograph (HPLC) system [21].  [18F]F-FDG was 
synthesized as previously described [22].

In‑vivo Imaging

[68Ga]Ga-Pentixafor and  [18F]F-FDG PET/CT scans were 
performed pre-operation and 5, 7, 14 days post-operation on 
a dedicated small-animal microPET/CT scanner (Inviscan, 
IRIS PET/CT, France). The anesthetization was conducted 
with 2 ~ 3% isoflurane and remained over the entire imag-
ing. Rats were placed supine within the scanner. Heart rate, 
temperature and respiration were monitored continuously. 
 [68Ga]Ga-Pentixafor static imaging was performed without 
special preparation.  [18F]F-FDG gated imaging was per-
formed 12 hours after  [68Ga]Ga-Pentixafor imaging at each 
time-point, with rats fasted no less than 4 h. Additionally, 
the electrode pads were attached to dynamically monitor 

cardiac cycle for function parameters assessment.  [68Ga]Ga-
Pentixafor (5.5 ± 1.7 MBq) or  [18F]F-FDG (6.5 ± 2.1 MBq) 
were administered as a 0.10 to 0.15 ml bolus via the tail 
vein. A 10 min scan was acquired at 50 min after injection. 
The matrix size was 101 × 101 × 120, voxel dimension was 
0.85 mm, and field-of-view was 80 mm × 95 mm. All PET 
images were reconstructed using the 3D-ordered-subsets 
implementations-Monte Carlo algorithm, with 8 subsets 
and 8 iterations.

Imaging Analysis

Two experienced physicians in cardiac PET imaging visually 
assessed the PET/CT images and were in consensus for the 
image interpretation. The accumulation of  [68Ga]Ga-Pentix-
afor and the cardiac function measured by  [18F]F-FDG gated 
imaging were analyzed by Osirix Imaging Software (Version 
3.5.1) and PMOD software (Version 4.1), respectively. The 
cardiac functional parameters included LV ejection fraction 
(LVEF), end-diastolic volume (EDV) and end-systolic vol-
ume (ESV).  [18F]F-FDG imaging was also referred to locate 
the myocardium, and the defect of  [18F]F-FDG uptake rep-
resented the infarct territory.

Briefly, 5 ~ 15  mm2 of appropriate regions of interest 
(ROIs) were manually brushed on infarcted (anterior apical 
wall, Fig. 2A) and remote (opposite and far away from the 
infarct area, like septum, inferior or lateral wall, Fig. 2B) 
myocardium to obtain mean and maximum standardized 
uptake value (SUVmean and SUVmax), respectively. The 

Fig. 2  Quantitative analysis of 
 [68Ga]Ga-Pentixafor imaging: 
delineation in the infarcted 
myocardium (A), remote 
myocadium (B), liver (D), and 
inflammation volume sketch 
layer by layer referred to  [18F]
F-FDG imaging (C)
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inflammatory volume was calculated by manually sketching 
the whole consecutive area with increased activity layer by 
layer, with a reference from the absent area in  [18F]F-FDG 
imaging (Fig. 2C). For background assessment, SUVmean 
of the middle liver parenchyma (a 1.0 ~ 2.0  cm2 ellipse, 
Fig. 2D) were measured in view of the smaller heterogeneity 
in the liver activity inter-individuals and its high reproduc-
ibility. Of note, regions with large blood vessels or heavy 
respiratory artifacts were avoided. All ROIs were drawn on 
trans-axial PET images, and if necessary, were checked on 
trans-saggital and trans-coronal sections. For remote myo-
cardium and liver, at least 3 consecutive layers of SUVmean 
were measured and then averaged as final. The target-to-
background ratio (TBR) of  [68Ga]Ga-Pentixafor was cal-
culated to correct the heterogenous background among 
rats by dividing SUVmax or SUVmean of myocardium by 
SUVmean of liver.

Ex‑vivo Immunohistological Staining

At least three rats in AMI group and one rat in Sham group 
were finalised at each time point post operation. The hearts 
were harvested, fixed in 4% paraformaldehyde solution, and 
cut into 4 μm paraffin sections. All sections were stained 
with Hematoxylin–eosin (HE) to assess morphological 
changes and the infarct area in percentage in the largest 
infarct section. The latter was determined by mean value of 
three successive layers of sections of the infarct central area.

To illustrate the pathological change of the PET activity, 
the dynamic evolution of polarized M1/M2-macrophages 
was semi-quantified by immunofluorescence double stain-
ing. CD68 staining (green) was used to identify mac-
rophages, and further iNOS/CD206 counterstaining (red) 
to identify M1/M2-macrophages. DAPI staining (blue) was 
to identify nuclei. Briefly, sections were deparaffinized and 
rehydrated through a series of xylene and graded alcohols. 
Then, antigen retrieval was performed by EDTA buffer 

(PH = 9). After blocking (5% bovine serum albumin in 
PBS) for 30 min at room temperature, sections were incu-
bated overnight with the primary antibody including mouse-
anti CD68 (Invitrogen, 1:100), rat-anti iNOS (Invitrogen, 
1:100), and rabbit-anti CD206 (Invitrogen, 1:100) at 4 °C. 
The secondary antibody incubated for 1 h at room tempera-
ture with anti-mouse IgG Alexa Fluor™ 488, anti-rat IgG 
Alexa Fluor™ Plus 594, and anti-rabbit IgG Alexa Fluor™ 
Plus 555 (Invitrogen, 1:500). Immunofluorescence micros-
copy (Ti-U, Nicon, Japan) was used to visualize sectional 
images. Images were obtained from each slide using × 20 
objective. ImageJ software (version 1.8.0 National Institutes 
of Health, Bethesda, MD, USA) was used to analyze M1/
M2-macrophages positivity and infarct area in percentage.

Statistical Analysis

Statistical analysis was performed using SPSS statistics 25 
(IBM Corp.). Kolmogorov–Smirnov testing was explored 
to observe the data normality. Continuous variables are 
expressed as mean ± SD. Comparisons between AMI and 
Sham groups at individual time points were performed with 
Mann-Whitney U-test. Correlations of  [68Ga]Ga-Pentixafor 
uptake in different myocardial region,  [68Ga]Ga-Pentixafor 
uptake with the size of inflammation area, parameters of 
cardiac function, and percentage of M1/M2 macrophages 
were analyzed by Pearson correlation analysis. A two-tailed 
P value < 0.05 was considered statistically significant.

Results

The Longitudinal Cardiac Function by  [18F]F‑FDG 
Imaging

As illustrated in Fig. 3 and Table 1, LVEF was significantly 
dropped at day 5 early after AMI versus the Sham group 

Fig. 3  Longitudinal evolution of cardiac function post-operation. AMI vs Sham: * P < 0.05, ** P < 0.01. AMI = acute myocardial infarction, 
preOP = pre-operation, pOP = post-operation
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(45.34 ± 8.14% vs. 64.10 ± 13.08%, P = 0.028), and dete-
riorated over 14 days (34.12 ± 3.87% vs. 61.88 ± 6.32%, 
P = 0.049). ESV significantly elevated in AMI group 
around 1 week after AMI (day 5: 173.03 ± 38.94 μl vs. 
125.40 ± 27.94 μl, P = 0.039；day 7: 148.75 ± 21.87 μl vs. 
106.83 ± 10.38 μl, P = 0.011). There was no significant dif-
ference of EDV between groups (P > 0.05).

The Longitudinal Evolution of  [68Ga]Ga‑Pentixafor 
Imaging

The uptake evolution of  [68Ga]Ga-Pentixafor in the two 
groups was shown in Fig. 4 and Table 2. For the infarcted 
myocardium, both SUV and TBR of  [68Ga]Ga-Pentixafor 

peaked on day 5 after AMI (all P = 0.003), retained on 
day 7 (all P = 0.011), and gradually declined until 14 days 
(P > 0.05). The typical images of one AMI rat were shown 
in Fig. 5. The volume of the inflammatory area was largest 
at day 5 and gradually reduced at day 7 and 14 after AMI 
(P = 0.011). Both SUV (SUVmean: r = 0.815, P < 0.001; 
SUVmax: r = 0.711, P =  0.001) and TBR (TBRmean: 
r = 0.731, P = 0.001; TBRmax: r = 0.613, P = 0.007) in the 
infarct area was positively correlated with the inflammatory 
volume.

For the remote myocardium, significantly elevated 
activity of  [68Ga]Ga-Pentixafor on day 5 (AMI vs. Sham: 
SUVmean: 0.14 ± 0.03 vs. 0.07 ± 0.04, P = 0.016; SUV-
max: 0.20 ± 0.04 vs. 0.11 ± 0.04, P = 0.005; TBRmean: 

Table 1  Comparison of Cardiac Function between Groups

AMI vs Sham: * P < 0.05. LVEF left ventricular ejection fraction, EDV end-diastolic volume, ESV end-systolic volume, preOP pre-operation, 
pOP post-operation, AMI acute myocardial infarction

preOP pOP+5d pOP+7d pOP+14d

AMI Sham AMI Sham AMI Sham AMI Sham

LVEF(%) 64.30 ± 8.77 59.90 ± 6.58 45.34 ± 8.14* 64.10 ± 13.08 47.34 ± 9.72* 70.63 ± 2.89 34.12 ± 3.87* 61.88 ± 6.32
EDV(μl) 314.47 ± 35.86 323.65 ± 42.99 317.09 ± 65.72 361.09 ± 48.28 291.39 ± 63.53 364.27 ± 17.20 242.94 ± 83.12 396.31 ± 85.26
ESV(μl) 108.61 ± 19.65 121.17 ± 6.18 173.03 ± 38.94* 125.40 ± 27.94 148.75 ± 21.87* 106.83 ± 10.38 156.93 ± 44.57 147.65 ± 12.16

Fig. 4  Longitudinal evolution of  [68Ga]Ga-Pentixafor uptake in the infarct (A-D) and remote (E-H) area. AMI vs sham: * P < 0.05, ** P < 0.01. 
AMI = acute myocardial infarction, preOP = pre-operation, pOP = post-operation
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0.32 ± 0.09 vs. 0.20 ± 0.09, P = 0.023) after AMI were 
observed, correlating with the contemporaneous SUVmean 
(r = 0.688, P = 0.04) and TBRmean (r = 0.868, P = 0.002) 
in the infarct territory. The activity in the remote myo-
cardium began to recover from day 7 (AMI vs. Sham: 
P > 0.05). Of note, SUVmean in the remote region of 
 [68Ga]Ga-Pentixafor on day 5 after AMI negatively corre-
lated with contemporaneous EDV (r = − 0.826, P = 0.006) 
and ESV (r = − 0.821, P = 0.007), additionally, TBRmean 
in the remote region was also correlated with contempo-
raneous EDV (r = − 0.667, P = 0.049). No correlation of 
uptake intensity of remote myocardium was found with 
the inflammation area and cardiac functional parameters 
at other time points (P > 0.05). No difference of  [68Ga]

Ga-Pentixafor uptake was detected on serial imaging in 
Sham group.

Associations Between Macrophages and  [68Ga]
Ga‑Pentixafor Activity

AMI groups showed disorderly myocardial fibers with myo-
cardial cells necrosis and inflammatory cell infiltration in 
the infarct region (Fig. 6). The infarct area in percentage 
determined by HE staining was 18 ± 2%.

Immunofluorescence images are shown in Fig.  7A, 
Macrophage infiltration in the infarcted myocardium was 
dramatically increased and peaked approximately at day 
5 after AMI, with pro-inflammatory M1-macrophages 

Table 2  Longitudinal Evolution 
of  [68Ga]Ga-Pentixafor Uptake 
in the Infarct and Remote 
Myocardium

AMI vs Sham: * P < 0.05, ** P < 0.01. preOP pre-operation, pOP post-operation, SUV standard uptake 
value, TBR target background ratio, AMI acute myocardial infarction, LV left ventricular

Time Point Group Evaluated Area SUVmean SUVmax TBRmean TBRmax

preOP AMI LV myocardium 0.10 ± 0.03 0.15 ± 0.05 0.29 ± 0.09 0.46 ± 0.15
Sham 0.09 ± 0.03 0.15 ± 0.05 0.23 ± 0.10 0.37 ± 0.10

pOP+5d AMI Infarct 0.50 ± 0.07** 0.72 ± 0.13** 1.30 ± 0.28** 1.90 ± 0.47**
Remote 0.14 ± 0.03* 0.20 ± 0.04** 0.36 ± 0.08* 0.53 ± 0.14

Sham LV myocardium 0.07 ± 0.04 0.13 ± 0.04 0.21 ± 0.09 0.36 ± 0.14
pOP+7d AMI Infarct 0.21 ± 0.04* 0.35 ± 0.12* 0.59 ± 0.10* 0.97 ± 0.23*

Remote 0.10 ± 0.04 0.13 ± 0.05 0.27 ± 0.07 0.37 ± 0.08
Sham LV myocardium 0.08 ± 0.03 0.13 ± 0.05 0.26 ± 0.07 0.43 ± 0.15

pOP+14d AMI Infarct 0.17 ± 0.02 0.22 ± 0.02 0.39 ± 0.09 0.53 ± 0.18
Remote 0.14 ± 0.04 0.17 ± 0.04 0.33 ± 0.11 0.40 ± 0.11

Sham LV myocardium 0.07 ± 0.04 0.16 ± 0.07 0.26 ± 0.07 0.58 ± 0.20

Fig. 5  Typical evolution images of an AMI rat. (A)  [68Ga]Ga-Pentix-
afor PET/CT fused images pre- and post- AMI; (B)  [18F]F-FDG PET/
CT fused image pre-AMI; (C)  [18F]F-FDG/[68Ga]Ga-Pentixafor fused 

images post-AMI. The white arrow indicated the myocardial infarc-
tion area. preOP = pre-operation, pOP = post-operation
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predominating (Fig. 7B). As pro-inflammatory M1-mac-
rophages decreased, the proportion of M2-macrophages 
progressively increased over 14 days (Fig. 7C).

There were strong correlations between  [68Ga]Ga-Pen-
tixafor activity and percentage of M1/M2 macrophages 
(M1: P < 0.05; M2: P < 0.01). The tendency of  [68Ga]
Ga-Pentixafor evolution was consistent with the rise-fall 
M1 macrophages (SUVmean: r = 0.870, P = 0.002; SUV-
max: r = 0.921, P < 0.001; TBRmean: r = 0.780, P = 0.013; 
TBRmax: r = 0.829, P = 0.006). Furthermore, the inflam-
matory area of  [68Ga]Ga-Pentixafor was correlated with 

both M1 and M2 macrophages (M1: r = 0.811, P = 0.008; 
M2: r = − 0.880, P = 0.002).

Discussion

Previous molecular imaging studies have exemplified that 
persistent pro-inflammatory response in the infarct area 
after AMI can contribute to adverse LV remodelling and 
heart failure [7]. Our study demonstrated that the  [68Ga]
Ga-Pentixafor inflammatory activity elevated significantly 

Fig. 6  HE staining of myo-
cardial tissue in Sham (A) 
and AMI (B) rats 3 days after 
operation

Fig. 7  Longitudinal evolution of M1/M2-macrophages: (A) Typical 
immunofluorescent double-stained pictures of M1/M2-macrophages 
in the AMI and Sham groups pre- and post-surgery; (B) Percent of 

M1-macrophages in AMI group; (C) Percent of M2-macrophages in 
AMI group. iNOS+/CD68+ and CD206+/CD68+ represent M1 and 
M2 macrophages, respectively
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at 5 days after AMI in both the infarcted and remote regions 
and then gradually decreased. In addition, an association 
between radioactivity in the remote area and LV remodeling 
was initially observed in our experiments. Ex-vivo tissue 
work-up confirmed a corresponding evolutionary trend of 
pro-inflammatory M1-macrophages in the infarct area.

The orchestrated recruitment transition from proinflam-
matory to reparative cell may mitigate AMI injury, promote 
repair, and improve prognosis [2, 23], in vivo non-invasive 
monitoring of these processes is important for selecting the 
appropriate timing and intervention protocol. The CANTOS 
trial and a large body of clinical trials followed in patients 
with AMI have proved this [23, 24]. Currently, the applica-
tion of  [68Ga]Ga-Pentixafor in AMI is in the most initial 
stage. To the best of our knowledge, only single-digit rel-
evant original articles have been published currently. Studies 
remain pending regarding the dynamic evolution of CXCR4-
inflammatory response, clinical significance of the radioac-
tive activity, the interaction between organs, as well as the 
therapeutic guidance potentials.

Regarding the prognostic value of  [68Ga]Ga-Pentixa-
for activity in the infarcted myocardium, inconsistencies 
occurred in the animal and clinical studies currently. For 
example, Reiter et al. enrolled 13 patients 2–13 days post-
AMI, and revealed that the higher the  [68Ga]Ga-Pentixafor 
activity, the smaller the following scar volumes [25]. Yet, 
Hess et al. demonstrated that persistently high  [68Ga]Ga-
Pentixafor activity in the infarct zone within 3 days predict 
a higher incidence of acute LV rupture and chronic con-
tractile dysfunction [13]. Preliminary intervention trials 
found that an opportune inflammation blocking (early after 
infarction) produce a positive outcome [13], whereas block-
ing at an inappropriate timing (depletion of macrophages 
prior to AMI) will aggravate a poor prognosis [26]. These 
have raised the demand for longitudinally in-vivo inflamma-
tory characterization, the success of inflammation-targeted 
therapy largely depends on the appropriate target cells and 
timing.

Integrated from previous results, the  [68Ga]Ga-Pentixafor 
activity of the infarcted myocardium surged immediately 
after surgery, peaked approximately at day 3, and decreased 
visibly after 7 days [19, 27]. The persistency of  [68Ga]Ga-
Pentixafor activity after AMI is shorter than  [18F]F-FDG, 
the latter can persist to at least 14 days after AMI [11]. The 
evolution of  [68Ga]Ga-Pentixafor activity observed in our 
study was comparable to previous results, with the follow-
ing updates. Firstly, previous studies used the remote region 
as a background for uptake correction of interindividual 
heterogeneity, however, this is probably not the optimal 
choice. According to previous studies, severe inflammatory 
response may affect the remote area and even the kidney [6, 
27], whereas  [68Ga]Ga-Pentixafor uptake in the liver is rela-
tively stable [28]. Therefore, in the current study, the liver 

was used as the site for background correction, which may 
objectively reflect the evolution of inflammatory activity in 
the non-infarcted area. Secondly, the  [68Ga]Ga-Pentixafor 
activity almost recovered to baseline on day 7 post-infarction 
in previous studies. Yet, in our study, although the  [68Ga]
Ga-Pentixafor activity in the infarct area was reduced on day 
7 versus day 5 post-AMI, it remained significantly higher 
than that in the Sham group, which was consistent with the 
ex-vivo autoradiography results on day 7 by Hess et al. They 
concluded that the higher sensitivity and lack of background 
activity with autoradiography result in the positive results 
[13]. Besides, the correction using the activity in the remote 
area might be another speculation. Our results may further 
justify the correct choice of using the liver as a background 
[19, 27, 28]. Third, previous studies have mostly set time 
points of 3 days, 7 days, and 6 weeks post-AMI for assess-
ment, we set 2 extra time points at 5 days and 14 days after 
AMI, filling the gap of  [68Ga]Ga-Pentixafor evolution in pre-
vious studies. Regarding the clinical translation in future, 
the extended time window may implicate more feasibilities 
in patients monitoring after AMI. Furthermore, the back-
to-baseline (significance lost) activity at 14 days after AMI 
can be considered as the end of the early surged inflam-
matory activity after AMI in rodents, which has not been 
clarified in previous  [68Ga]Ga-Pentixafor studies. Fourth, 
Hess et al. found the early (1 and 3 days after AMI) CXCR4 
activity in the infarct area correlated well with subsequent 
LVEF, however, the correlation at day3 days started to get 
weakened [13]. It can be speculated that the correlation will 
further weaken with time. The temporal bias of monitoring 
(relatively later) might be an explanation of the absent cor-
relation between  [68Ga]Ga-Pentixafor activity post-operation 
and LVEF in the present study.

Regarding the prognostic value of remote area, previous 
 [18F]F-FDG inflammatory imaging studies indicated con-
troversial  [18F]F-FDG activity elevated in the remote myo-
cardium [6, 10, 11]. Wollenweber et al. detected increased 
 [18F]F-FDG uptake in the non-infarcted area, spleen and 
bone marrow of AMI patients [10]. However, a recent study 
by Xi et al. in infarcted pigs did not observe a meaningful 
increase in  [18F]F-FDG uptake in the non-infarcted region 
[11]. In a mice and clinical study by Werner et al.,  [68Ga]
Ga-Pentixafor activity in the infarcted and remote myocar-
dium were both correlated with the activity in the kidney, 
moreover, the remote activity in AMI patients within 4 days 
of reperfusion was the only independent predictor of renal 
events [27]. However, none of aforementioned studies focus 
on the dynamic evolution and predictive value of  [68Ga]
Ga-Pentixafor activity in the remote region. Our study pre-
liminarily displayed the longitudinal  [68Ga]Ga-Pentixafor 
evolution in the remote area after AMI, and observed the 
capacity of  [68Ga]Ga-Pentixafor in detecting the unobtru-
sively increased inflammation in the remote myocardium 
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early after AMI, as well as its potential value in predicting 
cardiac remodelling, which lays the foundation for further 
prognostic studies in the future.

As for the predictive mechanisms of the activity in the 
remote region, firstly, spreading of the severe inflammatory 
response from the infarct area to the non-infarct area was 
concerned an established mechanism [6]. Secondly, abnor-
mal first-pass perfusion or reduced microcirculatory reserve 
(ie. coronary flow reserve) were also identified in the non-
infarct area following revascularization in AMI patients [29, 
30]. Our previous clinical observational research also identi-
fied the presence of coronary microvascular disease in the 
non-obstructed coronary territory in patients with obstruc-
tive coronary artery disease [31]. Furthermore, amplification 
of extracellular matrix, upregulated matrix metalloprotein-
ases, systolic dysfunction, and thinning of the ventricular 
wall were also observed in the remote myocardium after 
AMI, all of which may be associated with poor prognosis.

Regarding the type of inflammatory cells targeted by 
 [68Ga]Ga-Pentixafor, an in-vitro study confirmed a broad 
 [68Ga]Ga-Pentixafor accumulation in monocytes/mac-
rophages and lymphocytes, and for the former, comparable 
uptake was observed in M1- and M2-polarized macrophages 
[32]. Our in-vivo studies clarified a strong rise-fall parallel 
between  [68Ga]Ga-Pentixafor accumulation and infiltrated 
M1-macrophages in infarct territory, despite there was also 
a correlation between M2-macrophages and  [68Ga]Ga-
Pentixafor accumulation. Thus, here it can be speculated 
that pro-inflammatory M1-macrophages attributed more 
to the subsequent cardiac dysfunction or adverse remodel-
ling. Regarding the observed profitably predictive value of 
 [68Ga]Ga-Pentixafor in AMI patients by Reiter et al. [25], 
the relatively later monitoring time-frame possibly reflected 
mainly reparative inflammatory cells, exactly as the signifi-
cantly increased M2-macrophages percent around day 7–14 
after AMI we observed. The controversial correspondence 
between macrophage phenotype and  [68Ga]Ga-Pentixafor 
in-vivo and ex-vivo may attribute to multi-factors including 
species characteristics, diverse assessing time point, and het-
erogeneity among individuals, which warrant further studies.

Given broad spectrum of leukocytes identified by  [68Ga]
Ga-Pentixafor, the research for more specific radiotracers 
is ongoing. So far, large amount of neuro-inflammatory 
research reflected  [18F]F-GE-180 that targets translocator 
protein (TSPO) as a novel better PET radiotracer than  [11C]
C-R-PK11195, which markedly identify M1-macrophages 
[33]. Over recent years, novel promising tracer such as 
 [68Ga]Ga-mCXCL12,  [68Ga]Ga-DOTATATE, and  [68Ga]
Ga-DOTA-ECL1i allosterically binding to CCR2 performed 
a potentially valid assessment in cardiovascular inflamma-
tion [34]. More work is needed to validate the value of these 
novel radiotracers in guiding theranostics of cardiovascular 
disease.

Limitations

Certain noticeable limitations of our study need to be 
acknowledged. The first major limitation concerns the 
small sample size, which constrained to further explore 
the relevant association at various time points, and con-
clusions should be drawn prudently. Further verification 
needs to be confirmed in large samples. Second, our work 
has not yet carried out an explanation for the prognostic 
mechanism, i.e., no in-depth histological studies have been 
conducted to quantify the evolution of macrophages more 
precisely, the cell origin and the gradient distribution in 
infarct regions. Third, we did not perform blocking experi-
ments towards  [68Ga]Ga-Pentixafor activity and observe 
its longer-term change as well. For the infarct area, Hess 
et al. have shown that early  [68Ga]Ga-Pentixafor activ-
ity can predict chronic contractile dysfunction at 6 weeks 
[13]. For the remote myocardium, due to non-significant 
difference in activity between the AMI and Sham groups 
at day 7 and day 14, further assessment was not necessarily 
conducted. Fourth, we used gated  [18F]F-FDG metabolic 
imaging than the gold criteria cardiac magnetic resonance 
imaging (CMRI) to evaluate the cardiac function, which 
may trigger questioning. However, prior comparative study 
has proved an excellent agreement of cardiac function 
between gated  [18F]F-FDG and CMRI [29], additionally, 
we eliminated the outlier values in the parameters of car-
diac function, which may compensate for the deficiency.

Conclusions

Corresponding with the peaked  [68Ga]Ga-Pentixafor activ-
ity in the infarcted myocardium, the activity in the remote 
region also elevated accordingly and led to left ventricular 
remodelling early after AMI, which was attributed to the 
early surged pro-inflammatory response. Further stud-
ies concerning the remote myocardium are warranted to 
clarify the post-inflammation mechanism and the clinical 
application potential.
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