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

 



 





            





 


             



          



 








 


 




   



             





         



          



          
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          

         

               

      



            
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


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 



           



              

         
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

            























             



             







 

           



           

             



          











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           



 

 
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



 
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           










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








 



          







 

       





             












 




            

          



            



          

         

                













 

 


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

    

        



 







II 


                



               

          



 



 

            



         



 



 



             

         



 



 



 
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        



 

    



            

             



                

         



               



 



 

           



 



 

           



             



 



               

            







VIII 


 

        
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












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 





  

 







































        









   

 

































              










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
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Abstract: Head and neck squamous cell carcinoma (HNSCC) is linked to significant morbidity, ad-
versely affecting survival and functional capacity. Post-treatment challenges such as pain, dysphonia,
and dysphagia are common, prompting increased attention in survivorship research. Quality of Life
(QoL) questionnaires, especially the MD Anderson Dysphagia Inventory (MDADI), are prevalent
outcome measures in clinical studies but often lack parallel objective swallowing function evaluations,
leading to potential outcome discrepancies. This study aimed to illuminate the relationship between
subjective QoL (EQ-5D-5L and MDADI) measures and objective swallowing function (evaluated
via Fiberoptic Endoscopic Evaluation of Swallowing, FEES) in patients with HNSCC. The analysis
revealed a notable discordance between objective measures of swallowing function, such as the
Penetration–Aspiration Scale (PAS) and residue ratings in the vallecula or piriform sinus, and pa-
tients’ subjective QoL assessments (p = 0.21). Despite the lack of correlation, swallowing-related QoL,
as measured by the MDADI, was more indicative of disease severity than generic QoL assessments.
Generic QoL scores did not demonstrate substantial variation between patients. In contrast, MDADI
scores significantly declined with advancing tumor stage, multimodal therapy, and reliance on feed-
ing tubes. However, the clinical significance of this finding was tempered by the less than 10-point
difference in MDADI scores. The findings of this study underline the limitations of QoL measures as
standalone assessments in patients with HNSCC, given their reliance on patient-perceived impair-
ment. While subjective QoL is a crucial aspect of evaluating therapeutic success and patient-centric
outcomes, it may fail to capture critical clinical details such as silent aspirations. Consequently, QoL
assessments should be augmented by objective evaluations of swallowing function in clinical research
and practice to ensure a holistic understanding of patient well-being and treatment impact.

Keywords: head and neck squamous cell carcinoma (HNSCC); quality of life (QoL); MD Anderson
Dysphagia Inventory (MDADI); post-treatment challenges; swallowing function; fiberoptic endo-
scopic evaluation of swallowing (FEES); Penetration–Aspiration Scale (PAS); subjective vs. objective
assessments; disease severity; therapeutic outcome evaluation

1. Introduction

Head and neck squamous cell cancer (HNSCC) is the 7th most common cancer world-
wide and is associated with a poor outcome [1–4]. Despite aggressive surgery, radiation,
and chemotherapy, ~50% of patients die, while survivors suffer from pain, dysphonia, and
dysphagia [5].

Among these functional impairments, dysphagia assumes particular significance. No-
tably, 45–88% of patients endure dysphagia with pharyngeal residue, laryngeal penetration
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and aspiration. A total of 70% of aspirations occur silently, escaping patient notice [6–10].
Consequently, dysphagia leads to malnutrition, aspiration, and tracheostomies. Given the
comprehensive management of HNSCC, a standardized dysphagia diagnosis is imperative.
Objective swallow assessments via Fiberoptic Endoscopic Evaluation of Swallowing (FEES)
and videofluoroscopy (VFSS) offer direct visualization of the swallowing process, analysis
of anatomical structure movements, anomaly detection, and support for treatment planning.
Owing to dysphagia’s high importance, swallowing function is increasingly employed as
an endpoint in clinical studies. The Orator Study notably introduced swallowing function
as a primary endpoint in a prospective randomized clinical trial, comparing primarily
surgical and radiotherapeutic therapies [11,12]. Swallowing function was assessed using
the MDADI questionnaire, which determines swallowing-related quality of life rather than
an objective swallowing assessment. Likewise, 70% of studies on dysphagia in HNSCC
solely rely on patient-reported outcomes (PRO) [13].

However, the validity of PROs in evaluating swallowing function in HNSCC is con-
troversial: Some studies indicate significant correlations between subjective swallowing
difficulties and objective parameters such as oropharyngeal swallowing efficiency, bolus
transport time, residue, and aspiration [14–17]. Nevertheless, most research suggests a ten-
uous relationship between these measures, particularly concerning penetration and aspira-
tion [18–29]. The present study aimed to determine if central European patients with tumors
primarily attributable to smoking and/or alcohol can accurately assess their physiologic
swallowing functioning using the most widely employed questionnaire, MDADI [12,30–32].
Therefore, this study explored the association of generic and swallowing-related QoL with
patient characteristics such as tumor stage, therapy, nutritional mode, and tumor local-
ization. Likewise, generic QoL (EQ-5D-5L) and swallowing-related QoL (MDADI) were
correlated with objective swallowing function (FEES).

2. Materials and Methods

Study Design: A cross-sectional study was conducted to compare the generic QoL,
swallowing-related QoL, and objective swallowing function among patients with HNSCC
during their cancer aftercare. This study investigated the influence of therapy and patient
characteristics on QoL and swallowing function. Additionally, the subjective QoL was
correlated with the objective outcomes obtained from the FEES.

Participants: Patients were approached during cancer aftercare at a tertiary university
hospital with a certified head and neck cancer center. Written informed consent was
obtained from all participants following the local ethics committee (A 2021-0024) according
to the 1964 Declaration of Helsinki. Only patients with histologically confirmed head
and neck squamous cell carcinoma were included. Eligibility for the study was open to
consecutive patients of any age, gender, and treatment modality. Due to the cross-sectional
study design, these data (questionnaires and swallowing assessments) were collected at a
single time point, without subsequent follow-up.

Assessment Protocol: The German adaptation of the EQ-5D-5L questionnaire was used
to evaluate general health-related QoL comprehensively. This questionnaire is designed
to explore a spectrum of life domains, specifically mobility, self-care, the performance of
usual activities, the experience of pain or discomfort, and the presence of anxiety or de-
pression. Each dimension is individually scored, culminating in an aggregated index value
representing the patient’s overall health status. A higher index value indicates a superior
QoL. Simultaneously, the study incorporated the German MDADI [33]. The MDADI is an
in-depth questionnaire divided into four subscales, each examining a different facet of the
impact of dysphagia. The ‘Global’ subscale provides an immediate personal perception of
the impact of dysphagia, while the ‘Emotional’ subscale addresses the psychological effects.
The ‘Functional’ subscale considers how dysphagia affects daily activities, and the ‘Physical’
subscale measures the somatic aspects of swallowing difficulties. Together, these subscales
converge to form a total score that ranges from 20, signaling severe dysphagia-related QoL
impairment, to 100, which reflects no such impairment. Higher scores on this scale denote
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a less affected swallowing-related QoL, providing a detailed understanding of the physical
and emotional well-being of the patients in the context of their swallowing abilities [33,34].
Questionnaires were administered digitally or on paper via Evasys Survey Software, ver-
sion 8.0 (Evasys GmbH, Lüneburg, Germany). Paper-based questionnaires were printed on
DIN A4 sheets and distributed on clipboards. Digital questionnaires were presented on
12.9” tablets (Apple iPad Pro, Cupertino, CA, USA) without a stylus, allowing responses to
be marked using finger touch. All questions were displayed in a format consistent with
the DIN A4 layout. The decision to use digital or paper-based questionnaires was made
randomly, depending on the day of assessment.

FEES was performed to assess swallowing function. Consecutive patients assigned
to phoniatrics were recruited. All patients with head and neck tumors were eligible. The
procedure was conducted in the phoniatrics department by one experienced and trained
laryngologist according to a standardized protocol: After an anatomical and sensory-motor
assessment, a distal-chip endoscope was used for endoscopic evaluation of swallowing
during the administration of three standard consistencies (International Dysphagia Diet
Standardization Initiative [IDDSI] consistency, starting at 7 and then transitioning to 0):
pureed solids (apple puree/plain yogurt; IDDSI consistency, 4), thin liquids (water; IDDSI
consistency, 0), and solids (cracker; IDDSI consistency, 7) in successive boluses that in-
creased in size, starting with a level teaspoon amount (puree/water) or small sip followed
by larger boluses (heaped teaspoon puree/several sips of water out of medicinal cup). At
least three teaspoon amounts were administered to evaluate spilling, residue, penetration,
and aspiration. If aspiration occurred, the examiner decided if it was safe to administer
another bolus of the same size and viscosity to determine whether the patient still demon-
strated aspiration-otherwise the remaining boluses of this consistency were skipped, and
the smallest amount of the next consistency was administered. In cases of gross aspiration,
the examination was aborted. Food coloring was used to enhance contrast, and all FEES
examinations were video and sound-recorded for later assessment. Swallowing efficacy
and safety were quantified utilizing two scales: The Penetration–Aspiration Scale (PAS),
an eight-point scale developed by Rosenbek, was employed to characterize the depth of
bolus misdirection and the patient’s response to it [35,36]. The highest PAS score achieved
by a participant, indicative of the greatest impairment across all bolus consistencies, was
recorded for subsequent analysis. Additionally, the Yale Pharyngeal Residue Severity
Rating Scale (YPRSRS), a five-point scale, was used to evaluate the presence and severity
of pharyngeal residue in the vallecula and piriform sinus [37]. The FEES and subsequent
scoring were conducted in accordance with validated guidelines to ensure the fidelity and
consistency of the evaluation process [38].

Statistics: Statistical analysis was conducted using GraphPad PRISM software, ver-
sion 9 (GraphPad, San Diego, CA, USA). Quantitative variables were presented as means
(±standard deviations) and medians (including ranges min. to max.). Descriptive statistics
were used to summarize these data, and the D’Agostino–Pearson normality test was per-
formed to assess normal distribution. T-tests were employed to compare two independent
parametric samples. The ordinary one-way ANOVA with Tukey’s T3 posthoc test was used
for multiple comparisons. In the case of unequal variances, Welch’s ANOVA, followed by
Dunnett’s T3 posthoc test, was conducted. For non-parametric data, the Mann–Whitney U
test was applied. Non-parametric multiple comparisons were performed using the Kruskal–
Wallis and Dunn’s multiple comparisons tests. Spearman’s non-parametric correlation was
used to calculate correlations between individual parameters, and two-tailed p-values were
reported. Statistical significance was defined as p < 0.05.

3. Results
3.1. Characteristics of the Study Cohort

This study enrolled 307 patients, with a significantly higher proportion of men (79.81%,
n = 245) than women (20.33%, n = 62) (Table 1). The mean age of the participants was
65.88 years, with a standard deviation of 9.98 years. The most frequently affected sites
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were the oropharynx (40.39%, n = 124) and the larynx (32.25%, n = 99). The distribution
of primary tumor sizes was as follows: 29.97% (n = 92) of patients presented with T1
tumors, 26.38% (n = 81) with T2, and an equal prevalence of 18.24% for both T3 and T4
tumors (n = 56 for each category). The assessment of lymph node involvement (N-Stage)
revealed that 44.95% (n = 138) of patients had no lymph node metastasis (N0), 15.31%
(n = 47) were classified as N1, 35.83% (n = 110) as N2a/b/c, and a smaller subset of 3.58%
(n = 11) as N3a/b. Regarding distant metastases (M-Stage), a vast majority of patients
were classified as M0, with 91.53% (n = 281) showing no distant metastasis, while only
0.98% (n = 3) were M1 and 7.49% (n = 23) were denoted as Mx. The treatment modalities
varied, with 24.10% (n = 74) undergoing only surgery, 18.89% (n = 58) having surgery
plus radiotherapy, and 19.87% (n = 61) receiving surgery plus chemoradiotherapy. 36.72%
(n = 113) received primary radiotherapy or chemoradiation without surgery. The timing for
post-therapy evaluations was: 10.42% (n = 32) were evaluated at ≤5 months, 13.36% (n = 41)
at 6–11 months, 45.93% (n = 141) between 1–5 years, and 30.29% (n = 93) were evaluated at
>5 years after therapy. A subset of the population, representing 15.31% (n = 47), depended
on feeding tubes for nutrition.

Table 1. Characteristics of the Study Cohort.

Group Characteristics EQ-5D-5L, MDADI
n = 307

FEES, EQ-5D-5L, MDADI
n = 59

Age [years] 65.88 (±9.98) 63.20 (±9.32)
Female 62 (20.33%) 13 (22.03%)
Male 245 (79.81%) 46 (77.97%)

Primary tumor T size
T1 92 (29.97%) 11 (18.64%)
T2 81 (26.38%) 11 (18.64%)
T3 56 (18.24%) 17 (28.81%)
T4 56 (18.24%) 19 (32.20%)
Tx 22 (7.21%) 1 (1.69%)

Primary tumor location
Oral cavity 24 (7.82%) 10 (16.95%)

Nasopharynx 4 (1.30%) 0
Oropharynx 124 (40.39%) 33 (55.93%)

Hypopharynx 30 (9.77%) 6 (10.17%)
Larynx 99 (32.25%) 9 (15.25%)

CUP 22 (7.17%) 1 (1.69%)
Other 4 (1.30%) 0

Therapy
Surgery only 74 (24.10%) 9 (15.25%)

(Chemo)Radiotherapy 113 (36.72%) 26 (44.06%)
Surgery + Radiotherapy 58 (18.89%) 13 (22.03%)

Surgery + Chemoradiotherapy 61 (19.87%) 11 (18.64%)
Time after therapy

≤5 months 32 (10.42%) 28 (47.46%)
6–11 months 41 (13.36%) 12 (20.34%)

1–5 years 141 (45.93%) 15 (25.41%)
>5 years 93 (30.29%) 4 (6.78%)

Feeding tube use 47 (15.31%) 33 (55.93%)

A total of 59 patients completed the EQ-5D-5L, MDADI, and standardized FEES
assessments. This subgroup had an average age slightly lower than the broader group at
63.20 years (±9.32), with a male representation of 77.97% (n = 46). This subgroup showed
a higher presence of advanced tumors, with 60% being classified as T3 or T4. Within
the subgroup, the distribution of lymph node involvement (N-Stage) was comparable
with the main cohort: 37.29% of patients (n = 22) had no lymph node metastasis (N0),
while 13.56% (n = 8) were classified as N1, 37.29% (n = 22) as N2, and 11.86% (n = 7)
as N3. Likewise, regarding the presence of distant metastases (M-Stage), a significant
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majority, 93.22% (n = 55), had no distant metastasis (M0), with a minimal 1.69% (n = 1)
showing distant metastasis (M1), and 5.08% (n = 3) were categorized as Mx. In the FEES
subgroup, dependence on feeding tubes was higher at 55.93% (n = 33). Treatment types
within this group were nearly evenly split between primary surgery (56.94%, n = 33) and
prior (chemo)radiation (44.06%, n = 26), with a larger percentage evaluated within one year
post-therapy (67.8%).

3.2. Generic and Swallowing-Related QoL

This study’s analysis of general quality of life (QoL) through the EQ-5D-5L index
suggested minimal variation across HNSCC patient groups, with consistently high scores
averaging 0.88 ± 0.20 (Figure 1). In patients with T1 glottic laryngeal carcinoma, where
minimal impact on quality of life is expected, the EQ-5D-5L score was found to be the
same, at 0.89 ± 0.19. Notably, a significant difference emerged when comparing patients
with oral nutrition to those with feeding tubes, indicating better QoL for the former
group (0.89 ± 0.17 vs. 0.80 ± 0.28, p < 0.05). No significant differences were found when
QoL was analyzed against tumor size, treatment method, tumor location, HPV status, or
nutritional status.
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tumor locations, the MDADI score was highest for surgery only and significantly lower for combi-
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Figure 1. Swallowing-related QoL (MDADI total score) deteriorates in advanced head and neck
cancer, while generic QoL (EQ-5D-5L) remains unrelated to cancer T-stage. (a) Low MDADI scores
were associated with increasing cancer T-stage (* p < 0.05 vs. T1). (b) Cancer of the oral cavity, of
the larynx, and unknown primary (CUP) were associated with high MDADI scores. Oropharyngeal
and hypopharyngeal cancer scored a decrease (* p < 0.05 vs. oropharynx). (c) Among all patients
and tumor locations, the MDADI score was highest for surgery only and significantly lower for
combination therapies such as surgery + radiotherapy (RT) and chemoradiation (CRT) * p < 0.05 vs.
surgery). (d) Feeding tube dependence scored a significant decrease for the MDADI (* p < 0.05 vs.
oral nutrition). (a–c) However, generic quality of life did not change for increased cancer stage, cancer
location, or therapy (p < 0.05). n = 59–112. Mean ± SD, (a–c) two-way ANOVA, Tukey; (d) Welch’s
t-test.

In contrast, swallowing-related QoL, measured by the MDADI, was notably affected
in severe HNSCC. Patients with T1 tumors reported the highest swallowing-related QoL
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(MDADI total score of 81.03 ± 14.20), while scores decreased in T3 (71.86 ± 17.99) and T4
(73.88 ± 14.94) tumors, indicating a statistically significant difference (p < 0.05). The highest
scores were recorded for T1 glottic laryngeal carcinomas, with an average of 83.82 ± 11.60.

However, this disparity did not meet the clinically significant threshold of a 10-point
difference. Surgery as a singular treatment modality was associated with better swallowing-
related QoL than combined surgery + radiotherapy and primary radio(chemo)therapy,
with significant and clinically meaningful differences noted.

QoL was also superior in patients who maintained oral nutrition (79.00 ± 14.82) as
opposed to those dependent on tube feeding (62.55 ± 16.17), with both statistically and
clinically significant findings (p < 0.05, r = 0.33). Tumor location influenced swallowing-
related QoL, with the highest scores observed in patients with laryngeal (80.02 ± 15.59)
and oral cavity cancer (79.71 ± 14.40). MDADI was lowest in oropharyngeal (72.60 ± 16.57;
p < 0.05 vs. larynx) and hypopharyngeal cancers (74.87 ± 16.40).

Interestingly, HPV status showed no difference in swallowing-related QoL among
patients with oropharyngeal cancer (72.58 ± 16.25 and 71.50 ± 16.16; p = 0.48). Addi-
tionally, treatment modality did not significantly affect MDADI scores in oropharyngeal
tumors. When comparing treatment options, primary surgery + (chemo)radiotherapy
yielded 73.31 ± 17, while primary (chemo)radiotherapy resulted in 71.45 ± 16. This
similarity extended to MDADI subscales, the composite score, and global scores. For
the time elapsed after therapy, a longer duration was associated with improvements in
swallowing-related quality of life (QoL), with the association being statistically significant
(p < 0.05). Patients surveyed more than five years after their treatment reported notably bet-
ter scores (79.95 ± 14.43) compared with those surveyed less than six months post-therapy
(70.86 ± 13.51, p < 0.05) and those surveyed between six to twelve months post-therapy
(71.39 ± 15.29, p < 0.05). However, the statistical strength of this effect was relatively weak
(f = 0.20). The Pearson correlation also revealed a weak positive correlation between time
after treatment and the total MDADI score (r = 0.13, p < 0.05).

3.3. Fiberoptic Endoscopic Evaluation of Swallowing

The objective evaluation of swallowing function via FEES across the study cohort
(n = 59) yielded a median PAS score of 2 (range 1 to 5.25). Residue in the valleculae, as
measured by the YPRSRS, was scored at 4 (range 3/5), and residue in the pyriform sinus at 2
(range 1/4). There was no observed correlation between the MDADI and objective measures
of swallowing function; Spearman’s ρ between the MDADI total score and PAS was 0.20
(p = 0.27) (Figure 2). Mean MDADI scores did not significantly differ between patients with
and without aspiration as per FEES (64.79 ± 12.71 vs. 63.76 ± 17.08, respectively; p = 0.94),
nor did YPRSRS correlate with MDADI (valleculae residue: r = −0.05, p = 0.8; pyriform
sinus residue: r = 0.12, p = 0.44).

The analysis also revealed that larger tumors were associated with higher PAS scores,
indicating more pronounced penetration or aspiration events (Figure 3). Stage T1 tumors
had significantly lower PAS scores (median 1, range 1/2) compared to stage T4 tumors
(median 4, range 2/6) (p < 0.05). Tumors classified as T2 and T3 showed a median PAS
of 2 (range 1/5), with an effect size (r) of 0.4, suggesting a moderate effect. Patients
receiving oral nutrition demonstrated significantly better PAS scores (median 1, range
1/3.5) compared to those on PEG feeding (p < 0.05). The distribution of PAS scores was
not significantly influenced by tumor location (p = 0.29) or treatment modality (p = 0.26).
The most significant swallowing impairments were noted in hypopharyngeal tumors (PAS
6, range 3.2/7), followed by tumors in the oral cavity (median PAS 2.5, range 1/5.3),
oropharynx (median PAS 2, range 1/4.5), and larynx (median PAS 1, range 1/2). Moreover,
the type of therapy administered did not significantly affect penetration or aspiration rates
(p = 0.26). However, a slight correlation was found with primary surgery showing a lower
median PAS than definitive radio(chemo)therapy (median 2, range 1/4 vs. median 3, range
1/6), although this was not statistically significant.
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Figure 3. Fiberendoscopic swallow examination demonstrates a high specificity in identifying
severely affected patients. (a) High Rosenbeks Penetration–Aspiration scale (PAS) scores were
associated with advanced cancer T-stages (* p < 0.05 vs. T1). (b) PAS scores were comparable
in patients after primary surgery and primary radiation (RT) or chemoradiation (CRT) (p = 0.15).
(c) Impact of tumor location on penetration and aspiration scale (p = 0.10). (d) Association between
feeding tube dependence on penetration and aspiration scale (* p < 0.05). n = 5–25. Median (95% CI);
(a,c) Kruskal–Wallis test, Dunn’s multiple comparisons; (b,d) Mann–Whitney-U test.
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3.4. Completion Rates of Digital Questionnaires in Cancer Aftercare

Regarding adopting digital technology for completing the questionnaires, of the
204 patients who attempted, 79% (n = 161) did so independently, and 21% (n = 43) needed
help. Among those who completed it independently, 88% (n = 143) answered all questions.
The completion rate for digital questionnaires (88%) was similar to the completion rate
for paper-based questionnaires (82%, n = 75), with no significant difference in completion
rates (p = 0.25). The ability to use the tablet decreased with age, with a 91% proficiency
rate (n = 11 out of 12) for those under 50 years, 83% (n = 35 out of 42) for those aged 50
to 59 years, 85% (n = 75 out of 88) for the 60 to 69 age group, 68% (n = 27 out of 40) for
those aged 70 to 79 years, and 59% (n = 13 out of 22) for those over 80 years old, showing a
significant correlation with age (p < 0.05, R2 = 0.076).

4. Discussion

The present study investigated the correlation between subjective swallowing-related
QoL and objective swallowing function in HNSCC. While the swallowing-related QoL
correlated with the severity of the tumor disease, generic QoL remained unchanged in
advanced disease. Notably, this study revealed an absence of correlation between objective
swallowing measures (PAS; vallecula or piriform sinus residue) and patients’ perception
of their level of pathophysiology using questionnaires. Due to this absence of correlation,
in studies and clinical practice, the swallowing function should be assessed objectively
alongside the patients’ subjective perception of swallowing.

In this context, generic QoL does not provide insight into the severity of head and neck
cancer nor the functional success of the therapy. The generic QoL scores were relatively
elevated across the entire group (0.88 ± 0.20). T1 glottic laryngeal carcinoma patients also
demonstrated stable EQ-5D-5L values at 0.89 ± 0.19. Given the low disease burden and the
effects of therapy, this group is not expected to experience a considerable impact on generic
and, specifically, swallowing-related quality of life, thereby serving as a potential internal
control group with similar socioeconomic status, age, and risk factors. The scores exceeded
the German elderly population norms (0.84 ± 0.22) recently reported by Marten et al.,
indicating that the EQ-5D-5L questions are unsuitable for the head and neck cancer study
cohort [39]. Additionally, no substantial disparities were detected among the different
groups. For example, the QoL for T1 tumors was 0.87 ± 0.20, and for T4 tumors, it was
0.89 ± 0.13 (p = 0.95). Only tube feeding had such a negative impact on the QoL that it even
reached significance in the generic quality of life assessment. This disparity highlights the
complex nature of patients’ experiences, where their perception of well-being may differ
from measurable physiological indicators. It underscores the need to incorporate a more
comprehensive and nuanced approach to evaluating treatment outcomes.

Swallowing-related QoL (such as MDADI) is better suited to assess the severity of
tumor disease and therapy success. While generic QoL offers insights into overall well-
being, swallowing-related QoL assessments provide a deeper understanding of the specific
challenges faced by head and neck cancer patients, particularly about their ability to
swallow and maintain proper nutrition. This specialized focus makes swallowing-related
QoL a more appropriate and informative tool for assessing treatment success and tailoring
interventions to improve patients’ functional outcomes and, therefore, the overall QoL. In
contrast to generic QoL, extensive tumors, feeding tube dependency, and a short time after
therapy were significantly associated with low swallowing-related QoL. This correlation
becomes particularly evident when examining tumor size in terms of T-Stage. Patients
with T1 tumors, and especially those with glottic T1 tumors, exhibited significantly better
quality of life (QoL) scores compared to those with advanced tumors. Specifically, patients
with T1 tumors reported the highest swallowing-related QoL, as reflected in the MDADI
total score of 81.03 ± 14.20. In contrast, QoL scores for T3 and T4 tumors were lower, at
71.86 ± 17.99 and 73.88 ± 14.94, respectively (p < 0.05). Notably, the highest scores were
observed in T1 glottic laryngeal carcinomas, which averaged 83.82 ± 11.60. Overall, the
values presented in the MDADI were relatively high compared to the head and neck cancer
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patients validation cohort of the German MDADI (60.9 ± 25.7) [33]. The values, however,
are only limitedly comparable as the validation study included only patients with oral
cavity carcinoma, and these patients were significantly younger.

The therapy itself had a low impact on the swallowing-related QoL. In the oropha-
ryngeal carcinoma group, <12 months after the treatment, a similar pattern emerged as
in the Orator study, with higher swallowing-related QoL among primarily irradiated
patients [11,12]. Beyond 12 months, the benefit diminished, with surgery patients ex-
periencing better swallowing-related QoL. Thus, these data support the hypothesis that
function and QoL are independent of the treatment decision, except when the therapy is
transoral surgery only. This finding aligns with previous research reporting that surgery
only in oropharyngeal cancer is beneficial and highlights the potential of reducing radiation
doses in HNSCC [40–43]. However, it is important to consider that the stage of the tumor
correlates with the escalation of therapy. Surgery-only is typically indicated for T1/T2 N0
stage tumors.

However, data regarding subjective swallowing function must be interpreted with
caution; to gauge the extent of dysphagia, it is essential to measure objective parameters. For
instance, the MDADI was similar for patients with and without aspiration (63.94 ± 12.86;
64.02 ± 17.33, p = 0.20). Thus, the MDADI may not reliably identify severely affected
patients with a potentially dangerous swallowing disorder. An objective examination, such
as FEES, was essential to identify patients with severe impairments, such as silent aspiration.
This emphasizes the need for a more robust evaluation that considers objective indicators.
Incorporating both patient-reported outcomes and objective parameters in dysphagia
assessment allows for a more comprehensive and nuanced approach to understanding
the condition. While self-assessment tools provide valuable insights into the patient’s
perspective, objective measures offer crucial clinical information that can guide treatment
decisions, interventions, and rehabilitation strategies. This holistic approach enables
patients to receive appropriate care that addresses both their individual experiences and
the underlying physiological challenges they may be facing.

Several factors can diminish the validity of patient-reported outcome measures in HN-
SCC. Nerve injuries, tracheotomies, and radiotherapy can alter the subjective perception of
dysphagia due to sensory loss [44]. This sensory loss can lead to a cessation of protective re-
flexes, thereby promoting silent aspirations. The incidence of silent aspirations is estimated
to be 50–75% [44–47]. Additionally, QoL is a multifactorial construct: Swallowing-related
QoL may be affected by dysphagia and other symptoms of oral dysfunction, such as dry
mouth or loss of taste. Patients with oral cavity carcinoma and depression reported poor
swallowing-related QoL in the MDADI [48]. Statements such as “I take longer to eat
because of my swallowing problem” or “I feel like I have to swallow large amounts at once”
can also be influenced by the presence of dry mouth. For patients, aspiration, penetration,
or residue may be less restrictive to swallowing-related QoL than a disruption in the oral
phase. This is supported by the finding that patients with oral cavity and oropharyngeal
cancer, which frequently involve oral phase dysfunction, reported significantly worse
swallowing-related QoL than patients with laryngeal or hypopharyngeal cancer [48]. In the
present study, however, swallowing-related QoL was better in oral cavity cancer than in
oro- and hypopharyngeal cancer. This discrepancy can be explained by the heterogeneity in
the respective experimental groups, with more advanced hypopharyngeal than oral cavity
cancer in this study (58% vs. 32%).

Previous research on the correlation between objective findings and QoL is highly
controversial. In head and neck cancer patients, this limited correlation was observed
when comparing multiple questionnaires alongside different accurate diagnostic methods
in heterogeneous patient cohorts [18–29,49,50]. Standardized objective diagnostics, such
as FEES [17,20–24] or VFSS [18,19,22,25–29], were commonly utilized, primarily focusing
on measuring penetration and aspiration during swallowing. Among the questionnaires
employed, the MD Anderson Dysphagia Inventory (MDADI) emerged as the most fre-
quently used [17,19,20,22,23,26,27,34]. Further less often used questionnaires are Eating
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Assessment Tool (Eat-10) [18], Head and Neck 35 (H&N35) [21,28], and study-specific
questionnaires [24,29]. Florie et al. found a lack of correlation using the Dutch MDADI and
FEES in a cross-sectional design. Pedersen et al. used a prospective design to confirm the
weak correlation between MDADI and FEES. Despite the overall weak correlation between
the MDADI scores and objective diagnostic results in severely affected patients, statistically
significant and occasionally clinically relevant differences of 10 points were observed by
other studies: A substantial study on mainly oropharyngeal squamous cell carcinoma (OP-
SCC) (HPV Status not given) by Hutcheson et al. found associations between dysphagia in
VFSS and the MDADI. A difference of 10 points in the MDADI composite was considered
clinically significant [34]. Wishart et al. revealed significant correlations between objective
measurements of pharyngeal swallow physiology and swallowing-related QoL [27]. These
findings suggest a more robust concordance between VFSS and MDADI, primarily during
the first three months after (C)RT. Hedström (FEES) and Pauloski (VFSS) found similar
moderate correlations using study-specific questionnaires. The patient cohort was primar-
ily composed of HPV-positive cases (88%) [15,24]. Studies that have identified a correlation
between objective and subjective results are mainly from the Anglo–American region and
included a high proportion of OPSCC cases. Overall, up to 88% were HPV-associated.
However, Kendall et al. found a remarkable lack of correlation in a similar group of OPSCC
patients [26]. The current understanding of the agreement between clinician-rated and
patient-reported measures of dysphagia in HNSCC is still limited. The inconsistencies
in study findings are attributed to several factors: sample sizes, cross-sectional analyses
used in most studies, and population variables, including the heterogeneity in HPV posi-
tivity, treatment modalities, the severity of presenting symptoms, and the timing of data
collection post-treatment. The present study further enhances the evidence that subjective
QoL is a poor indicator of swallowing function, especially in predominantly HPV-negative
patient populations.

In the discourse surrounding the adequacy of collecting subjective parameters related
to swallowing function, the current study’s findings illustrate that disease-related QoL is
considerably more appropriate than generic QoL. Nevertheless, this study further proves
that disease-specific QoL, as observed in the ORATOR study, falls short of adequately
assessing outcomes in everyday practice and clinical investigations.

The assessment of PROs in clinical studies and everyday practice should complement
the objective measurement of swallowing function. Capturing disease-specific QoL is valid
for eliciting the patient’s perspective on the issue of functional impairment. However,
a comprehensive evaluation of the therapeutic success and determining the need for
intervention requires the inclusion of objective functional assessments. This approach is
essential to detect dangerous complications, such as silent aspiration. FEES and VFSS
are the established methods of choice for this purpose. However, both methods have the
drawback of being time-consuming and resource-intensive, leading to their utilization in
only 30% of studies focusing on swallowing function [13]. In the present study, FEES was
chosen as the standard examination due to its ability to allow multiple assessments without
radiation exposure and its direct visualization of laryngeal function, including aspiration
and penetration. FEES facilitates the visualization of aspiration and allows for assessing
airway protection mechanisms. However, its capabilities have significant limitations. The
evaluation of the oral phase of swallowing is constrained. The visualization of the larynx
during the pharyngeal phase is interrupted due to the transient ‘white out’ effect, which
occurs when the soft palate elevates and pharyngeal constriction occurs. In instances
of intradeglutitive aspiration, the quantity of aspirated material can only be estimated.
Factors such as secretions and post-therapeutic alterations in anatomy can impair visibility.
Additionally, FEES does not provide the ability to assess disturbances in the esophageal
phase of swallowing.

Conversely, VFSS offers dynamic imaging that extends from the oral to the esophageal
phases. This modality provides comprehensive insights into the movement of all perti-
nent structures and the bolus, including the precise quantification of aspirated material.
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However, it has drawbacks; VFSS necessitates the use of radiation and contrast medium,
which can alter the viscosity of the bolus. Moreover, research indicates that VFSS tends to
systematically underrate the presence of residue and penetration/aspiration events.

Despite these drawbacks, VFSS is exceptionally suited for specific inquiries concerning
swallowing functions. It is essential to recognize that FEES and VFSS are complementary
diagnostic tools for a comprehensive evaluation of swallowing function.

Regarding skills in handling information technology, the patient cohort performed
well. The acceptance and proficiency in managing tablet-based questionnaires were high
within the HNSCC patient group. A total of 79% of the patients could independently
complete the questionnaires, and the level of completeness was comparable with that of
analog questionnaires. The ability to engage with digital questionnaires was significantly
associated with age. The age group of 60 to 69 years, which also exhibited the highest
incidence of HNSCC in this study and the general population, demonstrated an 85%
capability in independently completing the digital questionnaire. The findings support the
implementation of digital questionnaires with automated analysis, enabling the sustainable
collection of PROs.

This study encompasses a heterogeneous cross-section of Central European head and
neck cancer patients: This patient cohort comprised various age groups, tumors from
diverse locations, and a broad post-treatment period. The patients differ significantly
from previous studies due to a high proportion of cancer attributable to smoking and/or
alcohol (-non-HPV) in advanced stages. This group of patients substantially diverges from
the typical Anglo–American study subjects and necessitates supplementary evaluation.
Therefore, the examined patients provide an overview of this often-underrepresented clien-
tele. Notable parallels are evident with Dutch patients, where only a modest association
between H&N35 and VFSS could be established [28]. However, an actual swallowing-
related questionnaire was yet to be available in Dutch at the time of the study. Recently,
the MDADI has established itself as the most widely used QoL questionnaire for head and
neck tumor patients in clinical studies (ORATOR, E3311, Pathos, HN002) [12,30–32]. Hence,
the examination of an evaluated and translated MDADI was imperative.

This study design is primarily suited to provide an overview of HNSCC patients. The
heterogeneous etiology, varying treatments, and a limited number of patients with MDADI
and FEES made sufficient stratification into etiological and treatment groups unfeasible.
Moreover, each patient was assessed only at a single time point. Although this approach
demonstrated minimal changes in functional impairment after one year, the repeated
evaluation of the same patients, especially regarding MDADI, could have eliminated
patient-specific variations. This limitation partly explains the detection of <10 points
differences in MDADI, particularly given that MDADI was designed as a prospective study
component [34]. Therefore, the transferability of these data to other patient groups and
different diseases is limited due to the heterogeneity in the study participants and the
design as a cross-sectional study (including lack of causality, time-dependent biases, and
cohort effects).

A significant limitation of this study is its exclusive reliance on FEES. The predomi-
nance of previous research utilizing VFSS affects comparability due to its advanced capabil-
ities in analyzing bolus movement and detailed structure assessment. However, FEES was
selected for this study’s swallowing assessments for its thorough anatomical evaluation of
the pharynx and larynx. FEES is a recognized, safe (radiation-free), and commonly used
diagnostic tool in the management and therapeutic planning of swallowing disorders [51].
It enables frequent re-evaluations with minimal patient risk, proving particularly beneficial
for tailoring therapeutic interventions to meet oncological treatment patients’ evolving
needs and symptoms.

Despite these advantages, it’s important to note that FEES may underrepresent chal-
lenges encountered during the oral swallowing phase, which can significantly impact the
patient’s quality of life. Therefore, a comprehensive clinical assessment of the oral phase
remains essential to understand and address swallowing difficulties fully.
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The study results have practical implications, indicating that an objective assessment
is essential for each swallowing evaluation in clinical studies. We recommend FEES
due to its repetitive applicability and ability to identify hazardous complications reliably.
Through standardized execution, according to Langmore, the amount of residue and risk
of penetration/aspiration can be examined for different consistencies [38].

To accommodate limited resources, an initial screening assessment can be carried
out. The 100 mL swallowing test [52,53] and the Water Swallowing Test (WST) [54] exhibit
high sensitivity and specificity in diagnosing dysphagia. In the presence of abnormal
findings, an indication for further assessment using FEES or VFSS is warranted. However,
the screening tests above possess limited predictive ability for detecting (silent) aspirations
due to sensory impairments following treatment.

Silent aspiration is also a limitation for the revision of questionnaires to identify
potentially dangerous complications. The commonly used swallowing-related QoL ques-
tionnaires include specific questions about aspiration. For instance, the MD Anderson
Dysphagia Inventory (MDADI) asks, ‘I cough when I try to drink liquids,’ and the recently
updated extensive EORTC QLQ–H&N43 includes questions such as ‘Have you had prob-
lems with coughing?’ and ‘Have you had problems swallowing liquids?’. These questions
could potentially be refined to more precisely inquire about dangerous complications such
as aspiration, or they could be given greater weight in the analysis. However, this approach
does not address the critical issue of silent aspiration. Questionnaires are limited in their
length and cannot effectively capture complications that are not noticed by patients.

Further research should confirm the findings in a multicentric fashion on stratified
patients (based on localization, therapy, and HPV status). Additionally, future investi-
gations should employ a prospective design with different evaluation time points (e.g.,
pre-therapeutic, at 3-, 6-, and 12-months post-therapy) to account for the slight differences
in MDADI scores and find specific functional problems during the post-therapy stages.
Furthermore, research on MDADI should examine whether more minor differences than 10
points hold clinical significance.

5. Conclusions

This study’s results indicate that patient-rated questionnaires, such as the MDADI, can
provide valuable insights into assessing swallowing-related QoL among patients with Head
and Neck Squamous Cell Carcinoma (HNSCC). However, these findings do not correspond
with objective measures of swallowing function. Relying solely on PROs leads to omitting
crucial aspects of swallowing function, which needs to be improved in clinical studies,
registries, and everyday situations. This lack of correlation underscores the significance of
adopting a comprehensive approach that considers both PROs and objective evaluations,
such as FEES or VFSS.
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Establishing safe high hydrostatic pressure devitalization
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High hydrostatic pressure specifically devitalizes cells and tissues without major changes in their molecular structure. Hence, high
hydrostatic pressure may enhance the development of whole-cell anti-tumor vaccines, representing tumor heterogeneity and thus
(neo-) antigen diversity. Moreover, safe devitalization of tumor-infiltrated supporting tissue may facilitate reimplantation for
functional reconstruction. However, precise high hydrostatic pressure thresholds for safe cancer cell killing are unknown. Here, we
show that high hydrostatic pressure of at least 315 MPa is necessary to safely devitalize head and neck squamous cell cancer. A
pressure of 210 MPa, which has been used frequently in cancer vaccine preparation, resulted in partial devitalization with 27% live
cells in flow cytometry and 4% remaining autofluorescence in cell culture after one week. The remaining cells could form vital
tumors in the chorioallantoic membrane assay. In contrast, 315 MPa killed all cells in vitro and prevented tumor outgrowth in ovo.
The effectiveness of 315 MPa was attributed to the induction of DNA double-strand breaks, independent of apoptosis, autophagy,
or methuosis. Furthermore, 315 MPa continued to induce immunogenic cell death. Our results demonstrate that 315 MPa of high
hydrostatic pressure induces safe and sustained devitalization of head and neck cancer cells and tissues. Because of the
heterogeneity in pressure resistance, we propose our approach as a starting point for determining the precise thresholds for other
cancer entities. Further studies on head and neck cancer should focus on immunological co-cultures, combinations of immune
checkpoint inhibition, and accurate anatomical reconstruction with pressure-treated autografts.

Cell Death Discovery (2023)9:390 ; https://doi.org/10.1038/s41420-023-01671-z

INTRODUCTION
High hydrostatic pressure (HHP) enables complete devitalization
of complex tissues of any origin without major changes in
structure and biomechanics [1–9]. On the one hand, HHP triggers
specific cell death by altering the plasma membrane and the
tertiary/quaternary protein structure [1, 2]. In contrast, HHP
preserves the biomechanics of the extracellular matrix and tumor
neoantigens [2–9]. In addition, HHP treatment is cost-effective and
avoids toxic substances [4]. Another advantage is the high
standardization according to Pascal’s law: pressure acts isostati-
cally and immediately at any cell within complex tissues [10].
Therefore, dose gradients and build-up effects were not observed
in this study [4]. At the same time, HHP acts rapidly and can be
applied to tissues ex situ during surgery.
Two significant complications in head and neck squamous cell

cancer (HNSCC) are loss of function due to tissue defects and

recurrence, with a low response to secondary treatment options,
including immunotherapy. Therefore, head and neck surgeons can
use HHP to kill all tumor cells while preserving a biomechanically
stable extracellular matrix for reimplantation. In addition, the
natural extracellular matrix and preserved cytokines can induce
tissue-specific remodeling, proliferation, and migration into bone,
cartilage, and skin. Hence, HHP may be highly beneficial for
anatomical and functional reconstruction of head and neck
defects [11–19].
The second application of HHP could be autologous anticancer

vaccination for re-activating antigen-specific immune responses.
HHP constitutes an excellent alternative to devitalization methods,
such as radiotherapy, freeze-drying, and solvents [8, 20]. Indeed,
dendritic cells loaded with HHP-treated tumor cells elicited
specific anti-tumor immune responses in co-culture with immune
cells [20–24]. Furthermore, the injection of HHP-treated melanoma
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cells into mice inhibited tumor growth when combined with
irradiation [9, 10, 25]. Hence, HHP is promising for anatomical
reconstruction using tumor-infiltrated tissue autografts and
immunotherapy for restoring immunosurveillance.
A precondition for the clinical application of HHP-treated tumor

cells is safe devitalization. The threshold for the complete
devitalization of various cancer entities has been reported to be
250–210MPa [4–10, 17, 20, 21, 23, 26–32]. However, most studies
do not specify a threshold, leaving great uncertainty about the
amplitude required to yield complete devitalization (Table 1).
Owing to their immunological focus, most previous studies
recommend 200 and 210MPa to achieve an optimal balance
between devitalization and preservation of the tumor-specific
immune response [9, 20, 21]. However, the use of low pressure
carries the risk of transplanting the remaining vital cells. Such
residual cells pose a high risk of tumor recurrence; indeed, viable
cells have remained in some studies. Therefore, to minimize the
risk of vital tumor cell transplantation, it is necessary to define safe
devitalization thresholds for each tumor entity.
In this study, a safe threshold for the devitalization of HNSCC

was determined to enable the future application of HHP treatment
in clinical trials. Commercial and patient-derived cell lines were
treated at pressures between 105–420 MPa for 10–60min. The
percentage of dead cells and markers of processes involved in cell
death were analyzed in vitro. In addition, engraftment was
analyzed using the chorioallantoic membrane (CAM) in ovo
model. Compared to previous research, a significantly higher
threshold of 315 MPa was identified for safe devitalization. The
application of this HHP amplitude is a precondition for the use of
HHP in further studies on reconstruction and autologous anti-
tumor vaccination.

RESULTS
HHP treatment with 210 and 315MPa devitalized established
(UT-SCC-14) and patient-derived cell lines (HNSCC16 and
HNSCC46) in the crystal violet assay
Both cell growth (Supplementary Fig. 1) and viability (Fig. 1A) were
moderately reduced following exposure to 105 MPa for 10 min;
however, the cells recovered completely over time. Quantification
of the viable biomass showed a reduction with 105 MPa treatment
compared to 0 MPa (100%) for all three cell lines: UT-SCC-14
82 ± 8%, HNSCC16 64 ± 18%, and HNSCC46 73 ± 5%; P < 0.05,

105 MPa vs. 0 MPa (Fig. 1A). The absorption of viable biomass after
210 MPa was 2 ± 4% (UT-SCC-14), 1 ± 2% (HNSCC16), and 1 ± 2%
(HNSCC46); P < 0.05, 210 MPa vs. 0 and 105 MPa. Even after the
application of 315 MPa HHP, viable biomass was detected with
absorptions of 2 ± 3% (UT-SCC-14), 1 ± 1% (HNSCC16), and 1 ± 1%
(HNSCC46); P < 0.05, 315 MPa vs. 0 and 105MPa (Fig. 1A).

Flow cytometric apoptosis/necrosis analysis revealed
complete devitalization for HHP treatment with 315MPa, but
not for 210MPa
HHP treatment at 105 MPa had no persistent impact on viability,
as compared to the 0 MPa control (87.1 ± 5.0%), and a similar
percentage of vital cells (87.7 ± 5.5%) was detected after 105 MPa
(Fig. 1B). In addition, no induction of apoptosis or necrosis was
observed (0 MPa: early apoptosis 2.6 ± 2.1%, late apoptosis
7.5 ± 3.5%, necrosis 2.8 ± 1.5%; 105 MPa: early apoptosis
3.3 ± 2.1%, late apoptosis 6.9 ± 3.4%, necrosis 2.1 ± 1.3%). In
contrast, 210 MPa induced significant apoptotic cell death, but
26.9 ± 10.4% of the cells remained viable (210 MPa: early apoptosis
12.2 ± 12.4%, late apoptosis 44.1 ± 11.7%, necrosis 16.7 ± 11.0%;
P < 0.05, 210 MPa vs. 0 and 105 MPa). HNSCC cell treatment at
315 MPa resulted in complete devitalization. As a result of the
pressure exposure, only 0.6 ± 0.5% of treated cancer cells were
identified as viable (P < 0.05, 315 MPa vs. 0, 105, and 210 MPa).
Furthermore, 12.2 ± 12.4% of the treated cells were early apoptotic
(P < 0.05, 315 MPa vs. 210 MPa), while a late apoptotic phenotype
was characterized for 44.0 ± 11.7% of the treated cells (P < 0.05,
315 MPa vs. 0, 105 and 210MPa), and 16.7 ± 11.0% were necrotic
(P < 0.05, 315 MPa vs. 0 and 105MPa). The significance of the
remaining viable cells was examined in further experiments using
autofluorescent cells.

315MPa HHP was the threshold for complete suppression of
NIR680 autofluorescence in transfected PE/CA/PJ-15
After treatment with 105 MPa for 10min, colony formation was
delayed (Fig. 2A), and relative viability decreased moderately to
85.9 ± 1.2% at 120 h post-treatment (compared to 100% fluores-
cence following 0 MPa, Fig. 2B). As most cells remained viable,
continued proliferation led to 108.9 ± 21.9% viability at 168 h (Fig.
2B). A more extended HHP treatment significantly enhanced cell
death: In cells treated with 105 MPa for 60min, viability decreased
to 12.1 ± 0.8% at 120 h (P < 0.05, 105 MPa, 60min vs. 105 MPa,
10min). However, at 168 h, cells recovered to 48.3 ± 30.2%

Table 1. Cancer devitalization using high hydrostatic pressure.

Authors Pressure amplitude
[MPa]

Complete devitalization
[MPa]

Time
[min]

Cancer Remaining viable
cells

Rückert et al. [25] 200 N/A 5 Melanoma,
mammary

N/A

Seitz et al. [10] 100–500 300 10–15 Melanoma, colon None

Urbanova et al. [20] 150–350 200 10–15 Prostate, ovary,
lung

None

Hradilova et al. [22] 250 250 10 Lung N/A

Mikyskova et al. [21] 200 N/A 10 Lung,
prostate

<10%

Chen et al. [26] 0.01–0.1 N/A >60 Urothelial 75 × 104

Fucikova et al. [23] 150–350 250 10 Leukemia, ovary
prostate

N/A

Weiss et al. [4] 100–500 300 5 Melanoma, colon,
lymphoma

“Few viable cells”'

Schauwecker et al. [27] 150–300 300 10 Chondrosarcoma,
ostesarcoma

None

Eisenthal et al. [7] 60–120 N/A 15 Melanoma N/A
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viability (P < 0.05, 105 MPa, 60min vs. 105 MPa, 10 min). Cytotoxi-
city of 210 MPa for 10 min (20.3 ± 0.3%) was slightly lower than
105MPa for 60min at 120 h (12.1 ± 0.8%). However, cells treated
at 210 MPa did not recover over time, and viability further
decreased to 8.3 ± 10.9% at 168 h (P < 0.05, 210 MPa, 10 min vs.
105 MPa, 10 min). Pressures of 315 and 420MPa for 10 min led to a
depression of autofluorescence, indicating extensive cell death.
Viability decreased to 1.1 ± 1.6% following 315MPa treatment
(P < 0.05, 315 MPa, 10min vs. 105 MPa, 10 min) and further
decreased after 420 MPa (0.9 ± 1.3%; P < 0.05, 420 MPa, 10 min
vs. 105 MPa, 10 min) at 120 h. Notably, no recovery was seen, and
viability remained low even after 168 h of re-culture (315 MPa:
0.4 ± 1.1%, 420 MPa: 1.6 ± 3.8%; P < 0.05, 315/420 MPa, 10 min vs.
105 MPa, 10min). In conclusion, at least 315 MPa was necessary
for all-out HNSCC cell death in vitro.

Devitalization by HHP was more effective than high
irradiation doses (75 and 150 Gy) and ethanol treatment
To compare the devitalization efficiency of HHP, irradiation as a
clinically established method and 70% ice-cold ethanol, which is
recommended for cell killing in live/dead assays, were used as cell
death controls. NIR-680 fluorescence of PE/CA-PJ15 cells was
moderately reduced at 120 h after irradiation with 75 Gy
(85.4 ± 6.6%) and following treatment with 150 Gy (70.6 ± 15.3%;
P < 0.05, 75/150 Gy vs. 210, 315, 420 MPa and 105MPa, 60 min)
(Fig. 2B). At 168 h, the cells were viable, but did not proliferate.
Consequently, compared to the untreated control, fluorescence
decreased to 61.1 ± 44.4% after exposure to 75 Gy and
59.9 ± 39.3% after irradiation with 150 Gy (P > 0.05, 75/150 Gy,
168 h vs. 75/150 Gy, 120 h). At 120 h, ethanol treatment
(12.6 ± 6.5%) was more effective than irradiation and as effective
as 210 MPa (P > 0.05). However, the remaining cells continued to
grow after ethanol treatment, and viability increased to
49.1 ± 36.3% at 168 h.

210MPa HHP was insufficient to prevent tumor growth in the
CAM assay
To verify whether HHP-treated HNSCC cells are capable of
proliferating and forming tumors in ovo, CAM assays were
performed. Macroscopic and histological examination revealed
that untreated HNSCC cells were able to proliferate and form
tumors in ovo, while cells treated with 315 MPa showed no growth
(Fig. 3A). The tumor engraftment rates of stable NIR-expressing PE/
CA-PJ15 cells detected by fluorescence imaging were high at
0 MPa and 105 MPa (Fig. 3B). 0 MPa treatment led to 17 tumor
engraftments out of 21 implantations. Fluorescence counts were

722 cts/s median, 25%/75%-percentile: 58/1283 cts/s. 105 MPa
treatment led to 10 tumor engraftments out of 19 implantations
(554 cts/s median, 25%/75%–percentile: 0/1933 cts/s). After
210 MPa treatment, moderate tumor growth was observed, and
the engraftment was 7 tumor engraftments out of 19 implanta-
tions with a low fluorescence median of 0 cts/s (25%/75%-
percentile: 0/470 cts/s). However, some tumors were viable with
high fluorescence of 1334, 1654, and 1666 cts/s (P > 0.05, 210 MPa
vs. 0 MPa, and 105MPa, respectively). Finally, 315 MPa prevented
tumor engraftment (0 tumor engraftments out of 19 implanta-
tions, 0 cts/s median, 25%/75%-percentile: 0/0 cts/s; P < 0.05,
315 MPa vs. 0 MPa and 105 MPa). One CAM exhibited a minimal
fluorescence of 9 cts/s at 315 MPa. H&E histology revealed an
empty Matrigel matrix without viable tumor cells (Supplementary
Fig. 2). HHP at 315 MPa led to comprehensive cell death and
prevented in ovo tumor growth, whereas HHP up to 210MPa was
not safe for HNSCC devitalization. There were no differences in
susceptibility to pressure between the cell lines.

HHP treatment with 315MPa was associated with DNA
double-strand breaks and induction of immunogenic
cell death
A comprehensive cell death panel confirmed the decreased
viability and proliferation of UT-SCC-14, HNSCC16, and HNSCC46
after HHP treatment at 210 MPa and 315MPa (P < 0.05, 315 MPa
vs. 0 MPa) (Fig. 4A, B). Hallmarks of immunogenic cell death, such
as calreticulin translocation and adenosine triphosphate (ATP)
release, remained high with increased pressure amplitudes
(Fig. 4C, D). Notably, calreticulin showed a pressure amplitude-
dependent increase (Fig. 4C). HHP exposure had no effect on
programmed death-ligand 1 (PD-L1) abundance, which remained
high in all treatments (P > 0.05) (Fig. 4E). A significant difference
between 210 and 315 MPa was found in phosphorylated histone
variant H2A.X (pH2A.X) positive cells (for HNSCC16/46: P < 0.05,
315 MPa vs. 0 and 210 MPa), indicating DNA double-strand breaks
(Fig. 4F). Considering the results of UT-SCC-14 cells, pH2A.X was
detected in 2.9 ± 1.4% of the 0 MPa control cells. pH2A.X positive
cells increased to 5.0 ± 0.7% after 210 MPa (P < 0.05, 210 MPa vs.
0 MPa). Moreover, 315 MPa HHP led to a significant increase:
25.5 ± 10.0% (P < 0.05, 315 MPa vs. 210 MPa). Pressure-related
changes in pH2A.X were consistent in all cell lines (UT-SCC-14,
HNSCC16, and HNSCC46).
In addition, BCL2-independent and PARP-dependent apoptosis

was observed after 210MPa, but no apoptotic cells (cleaved PARP/
Apotracker Green positive) were observed after 315MPa HHP
(Fig. 4G, H). Autophagy levels were not increased by HHP (P > 0.05),

Fig. 1 High hydrostatic pressure (HHP) leads to the devitalization of head and neck cancer cells (HNSCC). A Biomass reduction as function
of relative crystal violet absorption measurement 72 h after treatment. HHP caused dose-dependent cell death in UT-SCC-14 and HNSCC16/46.
At 105 MPa, relative absorption reduced by 18–27%. Cytotoxicity increased at 210 MPa and 315MPa with a maximum absorption for UT-SCC-
14: 2.4 ± 4% (210 MPa) and 1.6 ± 3% (315 MPa). Results shown as means and standard deviations; n= 5. Statistical analysis: two-way ANOVA,
Tukey’s multiple comparison post hoc test; *P < 0.05, vs. 0 MPa (UT-SCC-14/HNSCC16/46); #P < 0.05, vs. 105 MPa. B Cell death analysis using Yo-
Pro 1 iodide/propidium iodide (Yo-Pro 1/PI) flow cytometry 24 h after treatment with UT-SCC-14. HHP at 105 MPa had no effect on vital,
apoptotic, and necrotic cell populations. At 210 MPa, the number of apoptotic and necrotic cells increased significantly, but 27 ± 10%
remained viable. At 315 MPa, viable cells reduced to 0.6 ± 0.5%. Values are given as means and standard deviations; n= 18; two-way ANOVA,
Tukey’s multiple comparison post hoc test; *P < 0.05, vs. 0 MPa; #P < 0.05, vs. 105 MPa; §P < 0.05, vs. 210 MPa.
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but LAMP-1/Rab7a expression as a methuosis marker was elevated
at 210MPa and 315MPa (Fig. 4I, J). Compared to treatment with
315 MPa, 350MPa caused significantly higher LAMP-1/Rab7a
expression (P < 0.05) (Fig. 4J). Cell cycle analysis showed viable or
proliferating cells in the G1 phase (red) and S/G2/M phases (green)
24 h after exposure to 0 and 210MPa (Fig. 5). However, viability
decreased and no proliferating cells were observed after 48 h.
At 315MPa, no cells in the S/G2/M phase were observed at
24 and 48 h.

315MPa HHP devitalized human HNSCC tissue from surgical
resections
To verify whether HHP treatment can devitalize cells in the tissue
association, fragments of tumor resections were investigated. The
patient characteristics were as follows: An 88-year-old female with
pT4a pN0 cM0 HPV− laryngeal squamous cell cancer (A, D, G & J), a
59-year-old male with pT3 pN0 cM0 HPV+ laryngeal squamous cell

cancer (B, E, H & K), and a 55-year-old male with pT3 pN0 cM0
HPV- oropharyngeal squamous cell cancer (C, F, I & L). Figure 6
displays the live/dead staining and light microscopic images.
Neither viable cancer cells nor viable fibroblasts were observed at
72 and 168 h, respectively. The devitalization of complex HNSCC
tissues confirmed the transferability of the results at the individual
cell level.

DISCUSSION
Devitalization is a crucial step for autologous reconstruction with
tumor-infiltrated tissue and whole-tumor cell vaccination. Devita-
lization must be safe, induce immunogenic cell death, and comply
with the legal requirements [10]. The present study aimed to
establish a safe threshold for HHP treatment in HNSCC devitaliza-
tion. The underlying mechanisms and immunogenic cell death
were investigated using four HNSCC cell lines.

Fig. 2 At least 315MPa of hydrostatic pressure (HHP) is needed for the complete devitalization of PE/CA/PJ-15-NIR-680 autofluorescent
head and neck cancer (HNSCC) cells. A Colony formation of autofluorescent HNSCC cells after HHP treatment (n= 3): 105 MPa treatment for
10 and 60min delayed but did not stop colony formation. 210 MPa showed no colony formation but fluorescent cells remained for 168 h. No
fluorescence occurred after 315 and 420MPa treatment. B Viability measured through NIR-680 fluorescence after HHP, irradiation, and ethanol
(EtOH) treatment. Relative fluorescence shown compared to 0MPa at 120 and 168 h. Values are given as means and standard deviations; n= 3;
two-way ANOVA, Tukey’s multiple comparison post hoc test; *P < 0.05, vs. 105 MPa 10min; #P < 0.05, vs. 105 MPa 60min; §P < 0.05, vs. 210 MPa
10min; $P < 0.05, vs. 315/420 MPa 10min.
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The scale and type of cell death were dependent on HHP
amplitude. The cells recovered and continued proliferating at
105 MPa for 10 min and 60min, respectively. The 60-min
treatment was significantly more effective than the 10-min
treatment. Reversible cell death after pressures ≤105MPa is in
line with previous research showing decent changes in membrane
and protein structure [1]. In our study, high-pressure amplitudes
(rather than treatment duration) were critical for irreversible
devitalization; at higher pressures of 210 MPa for 10min, the cells
did not recover, and viability decreased substantially. Increasing
pressure initially triggered apoptosis and, to an ascending extent,
late apoptosis and necrosis. Flow cytometry confirmed a
significant decrease in viable tumor cells after HHP treatment at
210 MPa; however, some cells remained alive. A minimum
pressure of 315 MPa was required for sufficient cell death. In
contrast to the autofluorescence measurements and flow
cytometry, standard assays, such as colony formation and crystal
violet staining, showed no viable cells after 210 and 315MPa.
Given that even small numbers of viable cancer cells can cause
recurrence, a combination of different methods is crucial to allow
reliable conclusions on the efficacy of HHP devitalization. Using a
CAM assay, HNSCC cells were found to form solid tumors in ovo
following treatment with 210 MPa. In contrast, no growth was
observed at 315 MPa pressure.
Still, in vitro assays identified vital cell remnants. These cell

remnants were reduced 10–20 times compared to those at
210 MPa. However, the importance of the few surviving cells
required further investigations when evaluating oncological
safety: Accompanying cell cycle analysis after HHP treatment at
210 MPa identified cells in the S/G2/M phase at 24 h. These
proliferating cells could cause tumor growth under favorable
in vivo conditions, such as microenvironmental niches. No S/G2/M
phase labeling was observed at 315 MPa. Based on the decrease in
apoptosis and methuosis at increasing pressures, it can be
assumed that 315 MPa immediately causes severe cell damage.
No form of programmed cell death or resilience was observed.
Mechanistically, the failure to recover from 315MPa is supported
by profound DNA damage. pH2A.X DNA double-strand breaks
increased significantly after 210 MPa HHP, whereas DNA damage
remained low. This finding contrasts with previous studies on non-
malignant cells in which DNA was reported to be the most
resistant to HHP [1, 33]. DNA damage occurred only at higher
pressures of >1000 MPa, whereas membrane and protein damage
were critical for cell killing at pressures >200 MPa [1]. Impaired

DNA repair in cancer cells could explain distinct intrinsic pressure
resistance.
The effects of HHP were highly reproducible. Cell death and

underlying mechanisms were consistent in commercial cell lines,
patient-derived cell lines, and primary tumor tissue from surgical
resections. According to Pascal’s law, the same pressure is applied
at each location in an enclosed space. There are no dose gradients
during HHP treatment. Each cell in suspension or tissue is exposed
to a precise amplitude for a similar time. These properties lead to
complete devitalization. In contrast, alternative methods, such as
75 and 150 Gy irradiation, only reduced viability, but half of the
cells remained viable after irradiation. The effectiveness of HHP
was also confirmed in comparison with ethanol treatment (which
is recommended as a dead control in live/dead assays); ethanol
was initially toxic, but the surviving cells continued to proliferate.
In contrast, virtually all HHP-treated cells were devitalized.
Finally, a proof-of-concept approach was developed for

complex tissues obtained from patients with HNSCC after surgery.
Cell culture results were confirmed for all tumor specimens. HHP-
treated HNSCC (including cartilage infiltration) did not contain any
vital cells after 315 MPa in short-term culture. The devitalization
and reimplantation of non-malignant complex tissues have
already been tested. Subcutaneous implantation of melanocytic
nevi after HHP treatment at 200 MPa resulted in fading of the nevi
in a mouse model [16, 34]. Subsequently, a clinical trial was
initiated to reconstruct the donor site using HHP-treated
autologous nevi [18]. In orthopedics, Schauwecker et al. showed
that no cells grew out of the resected tumor-infiltrated bone after
210 MPa [27, 31]. However, devitalization was only confirmed by
light microscopy. Based on the present results, the threshold of
210 MPa for complete devitalization should be revised in vitro and
in vivo prior to clinical application.
Most oncology studies on HHP have focused on immune

activation and whole-cell vaccination using distinct HHP-treated
cancer cells [4–10, 20, 21, 23, 26, 27, 29, 31]. The research groups
of Adkins et al. [8, 20, 22] and Gaipl et al. [2, 4, 6, 9, 10] contributed
significantly to progress in this field. However, the methodology
was limited in the examination of oncological safety. In vitro
methods, such as clonogenic assays, WST-8, Annexin-V/PI flow
cytometry, and basic histology, were used to establish
200–210MPa as the threshold for cellular devitalization
[4, 6, 8–10, 20, 21, 23]. This threshold was supported by only
one in vivo study with three mice, confirming the absence of
tumor outgrowth at 200 MPa [10]. Thus, relatively low thresholds

Fig. 3 315MPa high hydrostatic pressure (HHP) treatment prevents tumor growth on the chicken chorioallantoic membrane (CAM).
A UT-SCC-14, HNSCC16, and HNSCC46 cells were treated with 0, 105, 210, and 315MPa (n= 9–21). In all, 1 × 106 cells in Matrigel were seeded
on the CAM surface on embryonic development day 7. Tumors were harvested on day 14 (after 7 days of tumor growth and 1 day after topical
bromodeoxyuridine (BrdU) application) for histological assessment. No tumor growth was observed after 315 MPa treatment. Representative
images of HNSCC16 are shown. B NIR-680 fluorescence of PE/CA-PJ15 after CAM implantation at day 14 (after 7 days of tumor growth). Cancer
cells could form fluorescent tumors in vivo after 105 MPa and 210MPa treatment. Neither fluorescence nor tumor growth was observed
following 315MPa HHP. Individual values (photon counts per second (cts/s)) are plotted with median of 25% percentile/75% percentile; n= 19
for 105, 210, and 315MPa; n= 21 for 0 MPa). Kruskal–Wallis test, Dunn’s multiple comparisons; *P < 0.05, 315 MPa vs. 0 MPa; #P < 0.05, 315 MPa
vs. 105 MPa.
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of 300 MPa maximum were defined for devitalization and
preservation of immunogenicity [20]. This is in line with the
findings of the clonogenic assays, Zombie staining, and crystal
violet quantification. However, the critical pressure for safe
devitalization was increased to 315MPa using more sensitive
assays.

Although pressure effects were highly reproducible in the four
HNSCC cell lines, the pressure resistance of previously used cancer
cell lines was heterogeneous. Weiss et al. reported complete
devitalization of mammary adenocarcinoma (MCF7) and mela-
noma (B16-F10) cells by 210 MPa, whereas colon carcinoma (CT26)
cells remained viable even after 500 MPa [9]. In vivo, 200 MPa was
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reported to be safe, and no tumor growth was observed in mice.
Urbanova et al. also found that only 0.8% of viable lung cancer
cells (H522 and A549) remained after 250 MPa treatment [20].
Because the release of immunogenic cytokines was higher at
200 MPa than at 250 MPa, the authors proposed lower pressures
for further experiments. Given the heterogeneity of cell lines and
methods, no reliable thresholds have been established to date.
Nevertheless, treatment at 200–210 MPa is frequently recom-
mended for vaccination in preclinical [4, 8–10, 20, 21, 23] and
clinical trials (NCT03657966, NCT02470468, NCT02111577). In this
study, HNSCC was more resistant to HHP, and safe devitalization
was observed only at pressures above 315MPa.
Antigen loss was previously described to be dependent on cell

origin and was particularly pronounced in lung cancer but low in
prostate and ovarian cancer cells [20]. Other studies have reported
that the shape was maintained and immunity was preserved at
pressures up to 400 MPa [2]. Although the present study focused
on oncological safety, it was found that 315 MPa could still trigger
immunogenic cell death. Calreticulin translocation, which is
essential for phagocytosis by dendritic cells, increased in a
pressure-dependent manner, with a maximum at 315 MPa. ATP
release, another hallmark of immunogenic cell death, was highly

variable, but increased with pressure. In addition, PD-L1 abun-
dance remained high.
Therapeutic application of whole-tumor cells passing through

immunogenic cell death leads to immune activation and exposure
to a variety of tumor-specific (neo-)antigens. Especially in tumors
with a high mutational burden, such as HNSCC, relevant antigens
do not need to be prospectively identified. HHP-treated tumor
cells can be applied directly or used to load dendritic cells [4, 20].
With direct subcutaneous administration in mice, colon (CT26) and
lung (LL2) cancer cells were able to elicit CD4+ and CD8+ T cell-
dependent protective immunity [35]. In other tumor entities, co-
treatment is necessary to bypass immune evasion. Concurrent
radiotherapy, anti-CTLA4/PD1 immunotherapy, and immunoadju-
vants showed promising additive effects in vivo [25]. Dendritic
cells loaded with HHP tumor cells secrete proinflammatory
cytokines and stimulate IFN-γ-producing tumor antigen-specific
CD4+ and CD8+ T cells in non-small cell lung cancer [22].

The second indication for HHP is autologous reconstruction in
oncological head and neck surgery. Invasive tumors of the auricle,
nose, and larynx lead to defects in cartilaginous support due to
infiltration and resection margins [36–39]. Only a few experimental
studies have been conducted on autologous laryngeal reconstruc-
tion [40–42]. However, the complex requirements of form, function,
and immunosuppression (in oncologic patients) forestall allogeneic
or xenogeneic cartilage transplantation in humans. Therefore,
autologous laryngeal reconstruction is an attractive option with a
defined clinical need, success in a structurally related organ
(trachea), and no need for immediate perfusion [14, 43]. For this
purpose, HHP treatment could guarantee the devitalization of all
tumor cells without permanently damaging the cartilage matrix.
This study comprehensively investigated cell death in HNSCC;

however, no other tumor entities have been studied. Previous
research has shown a heterogeneous response between tumor
entities. Owing to this possible heterogeneity in intrinsic pressure
resistance, devitalization thresholds should be determined separately
for each tumor entity before clinical application. While previous
studies have focused on the immunogenicity of HHP-treated tumors,
this study addressed safety. Methodologically, our immunological
studies only provided indications of persistent immunogenic cell
death at pressures above 315MPa. Follow-up studies are needed to
investigate cytokine secretion and T-cell activation in co-culture
experiments. Another limitation of this study is the lack of an in vivo
study using a small animal model. The CAM assay is well suited to
test tumor viability by fluorescence measurement and histology, with
a low experimental animal burden and high growth rates. However,
chicken is evolutionarily distant from mammals; moreover, the tumor
grows on an extracorporeal membrane. Therefore, invasively
growing (cartilage infiltrating) tumors should be generated, HHP-
treated, and reimplanted in rodents before clinical application.

Conclusion
High hydrostatic pressure is suitable for the safe devitalization of
head and neck cancer. Compared with previous studies on other
entities using up to 210MPa, higher hydrostatic pressures of more
than 315MPa are required to devitalize head and neck cancer
safely. A significant difference between 210 and 315MPa was

Fig. 4 Increasing high hydrostatic pressure (HHP) induces immunogenic cell death and DNA damage in spectral multicolor flow
cytometry. HHP-induced cell death was confirmed by Zombie NIRTM (n= 3) (A) and inhibited cell proliferation using phosphor-histone H3
(pH3) (n= 3) (B). Immunogenic cell death was determined by an increase in calreticulin translocation (n= 5) (C) and adenosine triphosphate
(ATP) release (n= 7) (D). Programmed death-ligand 1 (PD-L1) expression remained high in all groups (n= 3) (E). F DNA double-strand breaks,
indicated by phosphorylated histone variant H2A.X (pH2A.X), were significantly increased after 315 MPa treatment (n= 3). Apoptosis marker
cleaved poly (ADP-ribose) polymerase (PARP) was increased after 210 MPa (G), while anti-apoptotic marker B-cell lymphoma 2 (BCL2)
decreased (H). After 315 MPa, all cells were negative for cleaved PARP and BCL2 (n= 3) (G, H). Cyto-ID autophagy detection did not show HHP-
related autophagy (n= 3) (I). Methuosis markers lysosomal-associated membrane protein 1 (LAMP-1) and Ras-related protein Rab7a (Rab7a)
increased following HHP treatment. Methuosis markers were higher following 210MPa than 315MPa (n= 3) (J). Values are given as means and
standard deviations, two-way ANOVA, Tukey’s multiple comparison post hoc test; *P < 0.05.

Fig. 5 Cell cycle analysis confirmed viable cells in the S/G2/M
phase following 210MPa high hydrostatic pressure compared to
315MPa. NIR-680 autofluorescent cells were tagged with RFP in the
G1 phase and GFP2 in the S/G2/M phase. Following 210MPa and
315MPa treatment, viability (red) decreased over time. After
315 MPa treatment, no proliferating cells (green) were observed.
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observed in the induction of DNA double-strand breaks. In
addition, immunogenic cell death accelerated with increasing
pressure amplitude. These results demonstrate that HHP is a safe
and reliable technology to complement autologous head and
neck reconstruction and whole-cell anti-tumor immunotherapy for
high mutational burden cancer.

MATERIALS AND METHODS
The full methods are described in the supplemental material (see
Supplemental Methods) and are summarized herein.

Cell lines
HNSCC cells from the tongue (UT-SCC-14, PE/CA-PJ15), larynx (PDX-derived
HNSCC16) [44], and hypopharynx (PDX-derived HNSCC46) [44] were used.

The PE/CA-PJ15 cells were transduced to stably express iRFP680. All the cell
lines were HPV-negative.

High hydrostatic pressure treatment
Cells were suspended in the culture medium and added to cryotubes for
HHP treatment. Cryotubes were filled with medium, closed without air
bubbles, sealed with Parafilm, and placed in water-filled centrifuge tubes.
The samples were treated for 10 or 60min at high hydrostatic pressures
(Dustec Hochdrucktechnik GmbH, Germany) of 0, 105, 210, 315, or
420MPa. The temperature was maintained at 20 °C. Cell pellets were
resuspended after treatment.

Crystal violet assay for determination of cell viability
UT-SCC-14 and PDX-derived cell lines (n= 5) were incubated after HHP
treatment and stained with 0.2% crystal violet for 10 min. The stained
cells were washed with PBS, 1% SDS was added, and incubated for

Fig. 6 Tissue devitalization by high hydrostatic pressure (HHP). Patient-derived HNSCC tissue culture following high hydrostatic pressure
treatment. Fresh Tumor samples obtained from three different patients (n= 3) were used to analyze tissue devitalization by HHP treatment:
88-year old female, pT4a pN0 cM0 HPV- laryngeal squamous cell cancer (A, D, G, J), 59-year old male, pT3 cN0 cM0 HPV+ laryngeal squamous
cell cancer (B, E, H, K) and 55-year old male pT3 pN0 cM0 HPV- oropharyngeal squamous cell cancer (C, F, I, L). All tissue fragments were
treated with either 0 MPa (A–C, G-I) or 315 MPa (D–F, J–L) for 10min, followed by enzymatic tissue dissociation and cultivation of isolated cells.
After 72 h (A–F) and 168 h (G–L), tissue devitalization was analyzed by light microscopy and live/dead staining. As a result of the treatment
with 315 MPa HHP, no living cells were identified. Bar: 100 µm.
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10 min. Absorbance was measured at 560 nm using a spectrophotometer
after 72 h.

Apoptosis/necrosis and calreticulin flow cytometry
Apoptosis/necrosis was assessed 24 h after HHP treatment using a flow
cytometer. UT-SCC-14 cells (n= 15) were stained with Yo-Pro 1 iodide (Yo-
Pro 1) and propidium iodide (PI). For calreticulin (CalR) analysis, UT-SCC-14,
HNSCC16 and HNSCC46 cells (n= 5) were incubated with primary
antibody, labeled with FITC-conjugated secondary antibody, and analyzed
by subtracting the secondary antibody-positive cells from CalR+ and
secondary antibody-positive cells.

Autofluorescence measurement
The autofluorescence of PE/CA-PJ15-NIR-680 cells was measured after HHP,
irradiation, or ethanol treatment using a fluorescence multi-well plate
reader (Tecan Infinite® M200, Germany) at 680 nm excitation and 720 nm
emission wavelengths. The fluorescence intensities were calculated by
setting the untreated cells at 100%. Data from at least three independent
experiments performed in duplicate are presented.

Spectral flow cytometry
This study utilized spectral flow cytometry with two custom-designed
multicolor panels for functional analysis of non-transduced HNSCC cells
(n= 3). Panel 1 was used to investigate apoptosis, necrosis, proliferation,
and autophagy, while panel 2 was used to examine viability, methuosis,
and immune regulation. To perform the analysis, 0.5 × 106 cells were taken
per panel and processed using staining buffer (PBS, 2 mM EDTA, 2% BSA).
In Panel 1, extracellular staining was conducted using Apotracker green,

MitospyTM Orange CMTMRos, and Cyto-ID autophagy detection kit 2.0, and
intracellular staining was performed using V450 rat anti-histone H3, Alexa
Fluor 647 rabbit-anti-human light chain 3 B (LC3B), Alexa Fluor 700 mouse-
anti-human cleaved poly (ADP-ribose) polymerase (PARP), and PE/
Cyanine7 mouse anti-H2A.X phospho. In Panel 2, viability was assessed
using Zombie NIRTM, and extracellular staining was conducted using PE-Vio
770 REA anti-human CD274, FITC mouse anti-human CD107a (lysosomal-
associated membrane protein 1 (LAMP-1)), and Alexa Fluor 594 rat anti-
human Ras-related protein Rab7a (Rab7a). Intracellular staining was
performed using APC REA anti-human B-cell lymphoma 2 (BCL2) and
Alexa Fluor 405 mouse anti-human Hif1α. After staining, the cells were
washed and treated with the True Nuclear Transcription Factor Buffer Set
for membrane permeabilization and intracellular staining. The associated
flow cytometry gating strategy is shown in Supplemental Fig. 3.

Chorioallantoic membrane assay
Animal procedures were conducted in accordance with national regulations
(TierSchG, Germany). Lohmann Deutschland GmbH & Co. KG provided
fertilized eggs, which were incubated for six days. The CAM was dropped, and
a 1 cm diameter window was opened under sterile conditions [45]. The

window was sealed with wound dressing, and the eggs were incubated
without rotation. On day 7, the pellet of 1 × 106 HHP-treated or untreated
cancer cells was suspended in 20 μL Matrigel and pipetted onto the CAM.
Embryos were monitored daily for one week, euthanized, and CAM tissue was
harvested for ex vivo fluorescence measurements and histology. CAMs were
resected and measured using a NightOWL LB 983 imaging system (Berthold
Technologies, Germany) with a 630-nm excitation filter and a 700-nm emission
filter (PE/CA-PJ15; n= 19 for 105, 210 and 315MPa; n= 21 for 0MPa). The
sample size was calculated using G-Power software (HHU, Germany). Based on
the in vitro experiments, the effect size was estimated to be high with Cohen
η² = 0.14/ f= 0.403. Photon counts per second (cts/s) were analyzed using
Indigo Software. The CAM tissue was embedded in paraffin after fixation in 4%
phosphate-buffered formalin for three days. Paraffin-embedded tissue blocks
were cut into 4 μm sections and stained with hematoxylin and eosin (H&E). For
the experimental groups with non-fluorescent PDX-derived cell lines, 100 μL
BrdU (20mg/mL) was topically administered onto the CAM membrane 24 h
before euthanasia to assess tumor tissue viability (n= 9–21). BrdU immuno-
histochemistry was performed using the DAB method, with mouse anti-BrdU
as the primary antibody and goat anti-mouse HRP as the secondary antibody.
The histology was analyzed by a clinical pathologist Fig. 7.

Patient-derived HNSCC tissue culture and live/dead staining
To study the effect of HHP treatment on tumor tissue, tumor samples were
obtained during surgery (Ethics Committee reference number A2018-000).
After dissection, the samples were sent to the Institute of Pathology,
Rostock University Medical Center, for instantaneous H&E staining. The
pathologist removed the tumor tissue for routine diagnosis and provided
macroscopically vital tumor tissue. Fresh tumor samples (n= 3) were then
treated with 0 or 315MPa for 10min in air-free cryotubes within 90min of
resection. Next, the tumor tissue was dissociated using 2mg/mL
collagenase A at 37 °C under constant agitation for 2 h. The cell suspension
was filtered and washed before resuspension in the cell culture medium
before seeding into 12-well cell culture plates. Live/dead staining was
performed after 72 or 168 h (LIVE/DEADTM Viability/Cytotoxicity Kit).

Statistics
All values are given as mean ± standard deviation (in vitro) or as individual
values with a median of 25% percentile/75% percentile (CAM assay).
Statistical evaluation was performed using GraphPad PRISM software,
version 8.0.2 (GraphPad Software, USA). The criterion for significance was
set at P < 0.05. After proving the assumption of normality (Shapiro–Wilk
test), two-way ANOVA with Tukey’s multiple comparison post hoc test was
performed. If the normality test failed, the Kruskal–Wallis test with Dunn’s
multiple comparison test was performed.

DATA AVAILABILITY
The datasets generated for this study are available on request to the corresponding
author.

Fig. 7 Chorioallantoic membrane (CAM) assay experimental design. Breeding of the fertilized eggs with automatic rotation started from
embryonic development day zero (d 0). Eggs were opened and the CAM was prepared at day 6. On day 7, 1 × 106 cells of the respective head
and neck squamous cell carcinoma (HNSCC) cell line were treated with 0, 105, 210, and 315MPa high hydrostatic pressure (HHP) at 20 °C for
10min. Following 7 days of incubation and tumor growth, euthanasia and harvesting of the CAM were performed. Near-infrared (NIR)
fluorescence was measured, and the CAM tissue was prepared for histology.
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Abstract

The increasing importance of regenerative medicine has resulted in a growing need

for advanced tissue replacement materials in head and neck surgery. Allo- and xeno-

genic graft processing is often time-consuming and can deteriorate the extracellular

matrix (ECM). High hydrostatic pressure (HHP)-treatment could allow specific devi-

talization while retaining the essential properties of the ECM. Porcine connective

tissue and cartilage were HHP-treated at 100–400 MPa for 10 min. Structural mod-

ifications following HHP-exposure were examined using electron microscopy, while

devitalization was assessed through metabolism and cell death analyses. Further-

more, ECM alterations and decellularization were evaluated by histology, biome-

chanical testing, and DNA content analysis. Additionally, the inflammatory potential

of HHP-treated tissue was evaluated in vivo using a dorsal skinfold chamber in a

mouse model. The devitalization effects of HHP were dose-dependent, with a

threshold identified at 200 MPa for fibroblasts and chondrocytes. At this pressure

level, HHP induced structural alterations in cells, with a shift toward late-stage apo-

ptosis. HHP-treatment preserved ECM structure and biomechanical properties, but

did not remove cell debris from the tissue. This study observed a pressure-
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dependent increase of markers suggesting the occurrence of immunogenic cell

death. In vivo investigations revealed an absence of inflammatory responses to

HHP-treated tissue, indicating a favorable biological response to HHP. In conclu-

sion, application of HHP devitalizes fibroblasts and chondrocytes at 200 MPa while

retaining the essential properties of the ECM. Prospectively, HHP may simplify the

preparation of allo- and xenogenic tissue replacement materials and increase the

availability of grafts in head and neck surgery.

K E YWORD S

allogenic and xenogenic tissues, fascia and cartilage regeneration, high hydrostatic pressure
devitalization, reconstructive head and neck surgery, regenerative medicine

1 | INTRODUCTION

In head and neck surgery, trauma, cancer, and infection can lead to tis-

sue defects that impact both function and appearance, presenting a

substantial challenge in tissue reconstruction.1–5 The current gold

standard is autologous tissue, which is naturally limited and requires a

second surgery at the donor site.6 Donor site morbidity, particularly

when involving fascia lata or costal and auricle cartilage tissue, may

increase complications carrying the risk of irreversible functional

impairment. Moreover, delayed recovery conflicts with the trend

toward outpatient head and neck surgery.7

European legal frameworks impose tight constraints on use of

allo- and xenogenic tissue. The application of fresh or fresh-frozen tis-

sue is restricted and mandatory sterilization processes are required to

guarantee biological safety.8 However, contemporary sterilization

methods, including chemical, enzymatic, and physical methods com-

promise the integrity of the tissue and affect biomechanical behavior

and biological remodeling.9–14

In reconstructive procedures addressing various defects, including

those of the skull base and facial nerve paralysis, the use of allogenic

and xenogenic tissues has become an established standard of high-

quality.15 In addition, allo- and xenografts are available in greater

quantity than autologous tissue. However, pathogen transmission and

graft rejection due to increased antigenicity must be avoided.16 Pro-

cessing of soft tissue is often costly, labor-intensive, and critically, it

can compromise biomechanical integrity. This reduction in tissue qual-

ity directly affects the functional outcome and success of the

reconstruction.17

Various approaches for allo- and xenograft processing have been

investigated.18–21 However, an optimal method has not been found.

For example, the cartilage regeneration approaches mostly resulted in

fibrous tissue instead of a hyaline extracellular matrix (ECM).22,23 For

this reason, there is a clinical need for advanced graft processing.

High Hydrostatic Pressure (HHP)-technology is widely used in

the food industry for decontamination while simultaneously retaining

taste and vitamins.24–26 HHP is notable for its ability to maintain the

structural and biomechanical integrity of tissues, which is crucial for

successful transplantations.25,27–30 Depending on the applied pres-

sure, HHP triggers apoptotic or necrotic cell death, by plasma

membrane damage and the tertiary/quaternary protein structure

change.27,30,31 HHP-treatment is cost-efficient and avoids the use of

toxic substances.32 Another advantage is the high standardization, as

the pressure is applied isostatically and instantaneously on every cell

within complex tissues.27,33 Therefore, HHP offers significant poten-

tial in tissue graft processing (Figure 1).

The present study focused on HHP's application in fascia and car-

tilage graft processing. The effects of HHP from 100 to 400 MPa on

cell structure, cell death, biomechanical properties, and immunogenic-

ity were investigated. The primary objective was to assess the poten-

tial of HHP in advanced processing of tissue replacement materials,

with a particular focus on its relevance in head and neck reconstruc-

tive surgery.

2 | MATERIALS AND METHODS

For further methods, please refer to the supplementary material

section “Materials and Method.”

2.1 | In vitro experiments

2.1.1 | Tissue extraction

Human fascia lata and septal nasal cartilage were harvested from body

donors up to 72 h post mortem. This was endorsed by the Ethics

Committee at the Medical Faculty of the University of Rostock

(A2018-0163) in accordance with the 1964 Declaration of Helsinki,

and the body donors provided autonomous consent free from coer-

cion during their lifetime. For preparation of the fascia lata, the body

donor was positioned in a supine orientation, and the lateral thigh was

identified. A longitudinal incision parallel to the femur bone was made,

thereby exposing the fascia lata. The subcutaneous tissue was care-

fully dissected to reveal the tough, fibrous fascia lata, which was sub-

sequently separated from the underlying muscle tissue and trimmed

to a rectangle shape of at least 5 � 10 cm. For the preparation of the

nasal septal cartilage, the body donor was left in the supine position.

A hemitransfixation incision was made to access the septal cartilage,
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and a submucoperichondrial dissection was used to expose the carti-

lage. The 2 � 3 cm septal cartilage was then separated and harvested.

Remaining perichondrium was removed by using a gauze compress

(Gazin, Lohmann & Rauscher GmbH Co. KG, Rengsdorf, Germany).

Subsequently, both tissues were stored in Dulbecco's Phosphate Buff-

ered Saline (PBS) solution supplemented with 1% penicillin/

streptomycin (P/S, Sigma-Aldrich Chemie GmbH, Taufkirchen,

Germany) at 4�C. The PBS solution was previously prepared by mixing

10� PBS (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) and

Ampuwa® rinse solution (Fresenius Kabi AG, Bad Homburg, Germany)

in a ratio of 1:10.

Porcine dura mater and thyroid cartilage were provided by a

local abattoir. For the dura mater preparation, the tissue was gently

detached from the cranial cavity. For thyroid cartilage preparation,

the larynx was dissected, and the thyroid cartilage from the sur-

rounding tissue separated. Both dura mater and thyroid cartilage

were stored in PBS supplemented with 1% P/S at 4�C until further

processing. Animals were up to 6 months old. For the experiments,

the perichondrium was removed from the cartilage and dura mater

and thyroid cartilage were punched out according to the required

diameter (10 mm: Wad punch set, Hoffmann Group, Munich,

Germany; 2 mm: biopsy punch, GSK Consumer Healthcare, Dungara-

van, Ireland). The cartilage was cut to the height of 1 mm

(Rhinogrid® Precisely Measure Dice & Slicing Grid, DrKhan's™ Crea-

tions, Maharashtra, India).

2.1.2 | Cell culture

Fibroblasts were harvested from fascia lata by cell outgrowth experi-

ments at 37�C and 5% CO2 in Dulbecco's Modified Eagle Medium

+ GlutaMAX™ (DMEM, GibcoTM, Paisley, UK) supplemented with

10% fetal calf serum (Sigma-Aldrich Chemie GmbH, Taufkirchen,

Germany), 1% P/S, and 1% amphotericin B (PAN Biotech, Aidenbach,

Germany). Chondrocytes from nasal septal cartilage were harvested

by incubation of minced cartilage for 20 min in Trypsin-

ethylenediaminetetraacetic acid (EDTA) (GibcoTM, Grand Island, NY,

USA) and 3 h in collagenase A (0.46 U/mL, Roche Diagnostics

Deutschland GmbH, Mannheim, Germany) at 37�C in the thermosha-

ker KS 4000 i control (75 rpm, IKA-Werke GmbH & Co. KG, Staufen,

Germany). Cell cultivation was conducted under identical conditions

to those used for fibroblasts, except for the addition of 50 μg/mL

ascorbic acid (Sigma-Aldrich, Munich, Germany). The cells were pas-

saged when they reached 80%–90% confluency.

2.1.3 | High hydrostatic pressure-treatment

Tissue samples or fibroblasts and chondrocytes were transferred into

1.8 mL cryotubes (Thermo Fisher Scientific, Waltham, MA, USA) filled

with the corresponding medium. The cryotubes were inserted into a

50 mL centrifuge tube filled with water and placed in the glycol-filled

F IGURE 1 Tissue-specific recellularization of tissue while preserving the matrix. The treatment of vital donor tissue (1) by high hydrostatic
pressure may enable specific devitalization (2) while preserving the extracellular matrix (ECM) (3). During recellularization by recipient cells (4), the
ECM does not function as an inert tissue, but as a secretion product of the cells containing tissue-specific signaling mediators. The retained ECM
may lead to tissue-specific differentiation of infiltrating cells (5) leading to remodeling by the recipient's cells, which preserves the tissue's
functionality (6).
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pressure chamber of the high-pressure device “205797—Pressure

Testing System 6000 bar” (Dustec Hochdrucktechnik GmbH, Wismar,

Germany). The pressure is measured by the pressure sensor model

HP-2-S 7000 bar (WIKA Alexander Wiegand SE & Co. KG, Klingen-

berg, Germany; calibration curve—Supplement Figure A1 and

Table A1). The samples were treated at 100, 200, 300, or 400 MPa,

each for 10 min. The temperature in the chamber was set to 30�C.

Control groups (ctl) were exposed to atmospheric pressure in the

device.

2.1.4 | Electron microscopy

Cell pellets of human fibroblasts (9 � 105 cells) and chondrocytes

(1 � 106 cells) were HHP-treated, the supernatant discarded and

overlaid with a solution containing 2% glutaraldehyde and 1% parafor-

maldehyde in 0.1 M sodium phosphate buffer at pH 7.3. Then, cell

pellets were incubated for 1 h at room temperature (RT) and stored at

4�C. Porcine cartilage specimens were fixed after preparation in the

same fixative solution as above and stored at 4�C. For subsequent

processing for field emission scanning electron microscopy (FESEM)

with critical-point drying the cell pellets or the cartilage specimens

were washed twice with sodium phosphate buffer, then an aliquot of

the cells was attached to glass coverslips coated with 0.1% poly-L-

lysine for 1 h. Subsequently, samples were dehydrated in an ascend-

ing acetone series, followed by critical point drying using CO2 as an

intermedium (Emitech K850, Quorum Technologies Ltd., East Sussex,

UK). In order to visualize the structure of the cartilage cells with the

extracellular matrix, the dried cartilage pieces were rapidly frozen in

liquid nitrogen and were broken open with the help of tweezers to

obtain cross fracture surfaces, respectively. Surface conductivity was

established by sputter coating the samples with a gold layer of

approximately 10–15 nm thickness (Leica SCD 500, Leica Microsys-

tems, Wetzlar, Germany). Cell surfaces were examined with FESEM

(MERLIN VP Compact, Carl Zeiss, Oberkochen, Germany, applied

detector: HE-SE2, accelerating voltage: 5.0 kV, working distances

approximately 5.2–5.3 mm).

For transmission electron microscopy (TEM), chondrocyte cell

pellets were mixed with pre-warmed 2% low melting agarose and col-

lected again as a pellet in the agarose. After post-fixation with a 1%

osmium-tetroxide solution these specimen blocks were washed with

distilled water and were dehydrated with an ascending acetone series

and embedded in Epon resin. After hardening of the resin, semithin

and ultrathin sections were cut on an ultramicrotome (Ultracut S,

Reichert, Wien, Austria) with a diamond knife. Ultrathin sections of

approximately 70 nm thickness were contrasted with lead citrate and

uranyl acetate and were inspected with TEM at different magnifica-

tions using an acceleration voltage of 80 kV (EM902, Carl Zeiss, Ober-

kochen, Germany). Digital images were acquired using iTEM camera

control and imaging software (Olympus Soft Imaging Solutions, Mün-

ster, Germany) with an 1x2k FT-CCD camera (Proscan, Scheuring,

Germany).

2.1.5 | Metabolic activity

After HHP-treatment of 1 � 104 fibroblasts/chondrocytes (n = 5),

cells were cultivated in a 24-well plate. Following a 24-, 48-, and

72-h incubation period at 37�C and 5% CO2, the supernatants

were removed. The cells were incubated for 1 h with a solution

of Water Soluble Metrazolium (WST)-1 reagent (Premix WST-1

Cell Proliferation Assay System, Takara Bio Europe SAS, Saint-

Germain-en-Laye, France) and the respective culture medium in

relation 1:10. The quantification of formazan dye production was

carried out through extinction measurements using a Tecan Infi-

nite® 200 Pro Reader (Tecan, Maennedorf, Switzerland) at an

absorption wavelength of 450 nm with a reference wavelength of

600 nm.

2.1.6 | Cell death analysis

The APC Annexin-V (AxV) Apoptosis Detection Kit with propi-

dium iodide (PI) (Biolegend, San Diego, CA, USA) was used for

apoptosis/necrosis analysis (n = 5). HHP-treatment was applied

to 2 � 105 fibroblasts/chondrocytes before half of the samples

were analyzed immediately (0 h-samples), while the other half

underwent a 24 h cultivation in 6-well plates at 37�C and 5%

CO2. In both cases, samples were washed twice with 100 μL of

autoMACS® Running Buffer (Miltenyi Biotec, Bergisch Glad-

bach, Germany) followed by addition of 1 μL AxV and 2 μL

PI. After 15 min incubation at RT in darkness, 300 μL Annexin

Binding buffer was added. Analysis was carried out with the

FACS Calibur flow cytometer (BD, Heidelberg, Germany), with

data analyzed using FloJo software (v10.6.1, BD, Heidelberg,

Germany) to determine the percentage of cells displaying posi-

tive signals.

2.1.7 | Immunogenic cell death analysis

The cell pellet of 2 � 105 fibroblasts/chondrocytes (n = 5) was resus-

pended after HHP-treatment in 100 μL PBS supplemented with 2%

bovine serum albumin and 2 mM EDTA, Carl Roth GmbH & Co. KG,

Karlsruhe, Germany. Calreticulin monoclonal antibody (FMC 75, phy-

coerythrin conjugate, Enzo Life Sciences GmbH, Lörrach, Germany)

was added in a ratio of 1:100, and the solution was incubated at 4�C

for 30 min. Then, the cell pellet was washed twice with PBS and

resuspended in 200 μL PBS for measurement at a wave length of

580 nm using the FACSVerse™ flow cytometer (BD, Heidelberg,

Germany). The software FloJo was employed for analysis of the per-

centage of calreticulin-positive cells.

The supernatant of the cells was frozen at �20�C following HHP-

treatment. ATP release was analyzed using the ATP Determination Kit

(Molecular Probes, Eugene, OR, USA). The luminescence was deter-

mined with the Tecan Infinite® F200Pro Reader.
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2.1.8 | DNA content

The dura mater (diameter: 12 mm, ctl: n = 16, treated: n = 8) and thy-

roid cartilage (diameter: 10 mm, ctl: n = 11, treated: n = 8) were frag-

mented into small sections to a size of approximately 1 � 1 mm and

frozen at �20�C post HHP-treatment for subsequent freeze-drying

for a minimum duration of 7 h. Then, the samples were weighed and

digested overnight at 37�C within a thermoshaker (75 rpm) using

3 mL of collagenase A. The DNA isolation was done using the Quick-

DNA Midiprep Plus Kit (Zymo Research, Irvine, CA, USA) and its con-

centration was determined through absorbance measurements at

260 and 280 nm (Tecan Infinite® F200Pro).

2.1.9 | Hematoxylin and eosin stain

Dura mater and thyroid cartilage were fixated for 24 h with buffered

4% formaldehyde-solution (Grimm med. Logistik GmbH, Torgelow,

Germany) at RT immediately after HHP-treatment or after 15 days in

the dorsal skinfold chamber of the mouse. This was followed by wash-

ing for 2 h in running tap water. Tissue samples were placed in Tissue-

Tek (Sakura, Osaka, Japan) and snap frozen in liquid nitrogen.

Cryosections of 6 μm thickness were prepared with a Leica CM

3050S Cryotome (Leica Mikrosysteme Vertrieb GmbH, Wetzlar,

Germany). To assure secure attachment of the samples, loaded slides

were baked for 60 min at 60�C. After cooling down to RT, they were

placed in ice-cold acetone (J.T. Baker, Phillipsburg, PA, USA) for

10 min and dried overnight. Afterwards, the slides were put into PBS

for 5 min followed by 2 min in A. dest. The slides were then stained

with filtered Mayer's Hematoxylin Solution (Sigma Aldrich, St. Louis,

MO, USA) for 15 min followed by washing with flowing tap water for

4 min until nuclei were stained blue. Counterstaining was performed

with aqueous Eosin Y solution (Sigma Aldrich, St. Louis, MO, USA) for

2 min, followed by another washing step in tap water for 4 min. After

drying, slices were analyzed with a light microscope CX41 or BX51

(Olympus, Tokyo, Japan) combined with a digital color camera DP23

(1600 � 1200 pixel, Olympus, Tokyo, Japan).

2.1.10 | Tensile strength and compression test

Porcine dura mater, human fascia lata and Tutoplast® Fascia lata Tis-

sue Matrix (Tutogen Medical GmbH, Neunkirchen am Brand,

Germany) were cut into pieces of 1 � 5 cm. Except for the gamma-

irradiated Tutoplast® Fascia lata, all other tissues were treated with

HHP up to 400 MPa (ctl: n = 24, treated: n = 9). The specimens were

then clamped in the Zwick Roel Z1.0 (ZwickRoell GmbH & Co. KG,

Ulm, Germany) with a test length of 3 cm and an uniaxial tensile test

was performed in the direction of the fibers whenever possible (pre-

tension: 3 N, testing speed: 5 mm/min, measurement of tensile

strength: 0.05%–0.25% strain). The evaluation was performed using

the testXpert® II software (ZwickRoell GmbH & Co. KG, Ulm,

Germany). Thyroid cartilage (diameter: 10 mm, height: 1 mm) was

HHP-treated with up to 400 MPa (ctl: n = 11, 100 MPa: n = 9,

200 MPa: n = 8, 300/400 MPa: n = 10) and an unconfined compres-

sion test was conducted on the Mach-1 v500css (Biomomentum Inc.,

Montreal, Canada) with 100 N load cell (Honeywell, Charlotte, NC,

USA). The evaluation was performed using the Mach-1 Analysis soft-

ware (v4.1.0.17).

2.2 | In vivo experiments

All in vivo experiments were conducted in accordance with the Ger-

man legislation on protection of animals (7221.3-1-012/20) and the

NIH Guide for the Care and Use of Laboratory Animals (Institute of

Laboratory Animal Resources, National Research Council). Male hair-

less SKH1-hr mice without detrimental phenotype (Crl: SKH1-Hrhr

Outbred, 6 weeks of age and weight of 25–30 g) were used for all

experiments. The mice were individually housed under a 12 h light–

dark cycle, with daily health checks and scoring. They had ad libitum

access to food and water, with the latter containing 2.5 mg/mL meta-

mizole (Ratiopharm, Ulm, Germany). The animals were housed in spe-

cial cages designed to prevent contact of the dorsal skin chamber

with the cage roof. Housing multiple animals in the cage after prepara-

tion of the dorsal skin chamber is not possible due to the risk of injury

from the animals' social behavior. Before the actual start of the experi-

ment, a 1-week adaptation to the housing and experimental condi-

tions was conducted. Nesting materials were provided to the animals.

A negative impact on the standardization of wound healing and dorsal

skin chamber due to enrichment was neither described nor expected.

Fifty-two mice were randomly allocated into four groups: dura

mater ctl (n = 14) and 200 MPa (n = 16) as well as thyroid cartilage

ctl (n = 10) and 200 MPa (n = 12). For the calculation of the sample

size, the methodology is predicated upon an analysis of the extant lit-

erature, which suggests a mean group size of 9.7.34–39

Preparation of the dorsal skinfold chamber was carried out 2 days

before tissue implantation to minimize irritation.40–42 This involved

anesthetizing the mice by intraperitoneal injection of ketamine and

xylazine (90 and 25 mg/kg bodyweight, Medistar, Holzwickede,

Germany and Bayer, Leverkusen, Germany), stretching a median dor-

sal skin double fold along the median line, and securing it dorsally if

congruent intracutaneous vessels were present. A chamber was then

fixed to the skinfold, filled with 0.9% saline (B. Braun Melsungen AG,

Melsungen, Germany) and sealed with a cover slip (diameter: 12 mm,

Gerhard Menzel B.V. & Co. KG, Braunschweig, Germany).

For the tissue implantation, porcine dura mater or thyroid carti-

lage sample (diameter: 2 mm) were placed in the prepared skinfold

chamber. This procedure was done under anesthesia using isoflurane

(2.5 L/min, Baxter, Unterschleissheim, Germany) with a UniVet Porta

T8 system (Groppler, Deggendorf, Germany). The coverslip was

removed, tissue inserted, refilled with 0.9% saline, and the chamber

resealed with a new cover slip. Repetitive intravital microscopy (IVM)

was performed on day 3, 6, 10, and 15. The mice were sacrificed after

the last IVM according to EU recommendations through an overdose

of ketamine hydrochloride (100 mg/kg body weight) and xylazine
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hydrochloride (Rompun; 6 mg/kg body weight) intravenously followed

by cervical dislocation. For the purpose of histological examination, all

components of the dorsal skinfold chamber were removed and the tis-

sue under the coverslips, including the implanted tissue, was dissected

out and fixed in 4% formaldehyde-solution.

Cumulatively, in cases of repeated low to moderate stress, a

medium level of stress for the experimental animals was assumed.

Severe distress was prevented by the application of consistent termi-

nation criteria.

IVM was performed as previously described.43 For this procedure,

anesthesia was achieved with a continuous application of isoflurane

(2.5 L/min) using the UniVet Porta T8. This was followed by the

administration of 0.05 mL fluorescein isothiocyanate-labeled-dextran

(5%, MW: 150 kD, Sigma, Deisenhofen, Germany) and 0.05 mL Rho-

damine 6G (2%, MW: 496 D, Sigma, Deisenhofen, Germany). Both

dyes were injected directly intravenously into the lateral tail vein of

the mouse using a 32G microinjection needle (Mesoram® Ri.mos SRL,

Mirandola, Italy). Four measurement fields were established to repeat-

edly assess the functional capillary density (FCD). Specifically, two of

these fields were positioned centrally within the 10� magnification

view around the graft site, while the remaining fields were situated

outside of this central area. Microscopy was conducted at 10� magni-

fication (10�/0.30 W, Plan-NEOFLUAR, Zeiss, Jena, Germany) for

20 s in each field. Image analysis was performed automated with Ima-

geJ (v1.53t) and QuPath (v0.3.0,44) or manual by tracing the individual

capillaries with the ImageJ's Freehand Line Tool.

The exclusion criteria, such as reduction in body weight, deterio-

ration of general condition and spontaneous behavior, as well as early

chamber dropout, anesthesia complications, wound healing disorders,

ascites, and infections, were defined but did not occur within the

experiments.

2.3 | Statistics

All values are presented as means with standard deviations. Statistical

significance was evaluated using GraphPad Prism 8 software

(GraphPad Software, San Diego, CA, USA) with p-values below .05.

Following the assumption of normality, as determined by the

Shapiro–Wilk test, each statistical analysis method utilized in

the study is elucidated in the figure legends.

3 | RESULTS

For further results, please refer to the supplementary material

section “Results.”
This study aimed to investigate the effects of HHP on cell struc-

ture and viability, with a specific focus on fibroblasts and chondro-

cytes. The morphological changes through FESEM, cellular metabolic

activity, and cell death were investigated. Additionally, immunogenic

cell death markers and the potential for decellularization following

HHP-treatments were analyzed. These analyses were complemented

by in vivo studies assessing the inflammatory response elicited by

HHP-treated tissue.

3.1 | Analysis of cell morphology

Scanning electron micrographs were taken to assess the impact of

10 min HHP-treatments on fibroblast and chondrocyte cell morphol-

ogy and membrane integrity (Figure 2). Untreated cells exhibited an

intact membrane surface characterized by numerous smooth, spheri-

cal knob-like elevations corresponding to filopodia and lamellipodia

processes of the cells retracted during detachment from the culture

dish (Figure 2A,F). Exposure to 100 MPa resulted in no obvious mor-

phological alterations (Figure 2B,G). However, when subjected to

200 MPa, these knob-like processes started to collapse leading to a

pronounced roughening of the cell surface and small cell membrane

perforations were clearly visible at higher magnifications. At places,

larger-sized perforations in the cell membranes had developed as well

(Figure 2C,H). Higher pressures up to 400 MPa progressively intensi-

fied these surface alterations, abolishing membrane integrity with

numerous perforations present (Figure 2D,E,I,J).

Further, transmission electron micrographs on sections of embed-

ded chondrocytes were taken and used to assess the alterations of

the HHP-treatments on the integrity of organelles within the cell and

on the cellular ultrastructure compared to control treated cells

(Figure 3). Exposure to 100 MPa caused rearrangements of the cyto-

skeleton with striking accumulations of microfilaments and intermedi-

ate filaments visible as bright spots in the sections. Mild mitochondrial

swelling was noted whereas the rough endoplasmatic reticulum (rER)

did not show obvious structural changes compared to control cells

(Figure 3A,B). In the nucleus some additional spots of condensed het-

erochromatin appeared (Figure 3B). HHP-treatment of 200 MPa

caused similar detrimental effects on the cytoskeleton, in addition

damage and disintegration of mitochondrial structure and of the rER

were obvious. Also, in the nucleus marked changes were noted, spe-

cifically a strong increase of heterochromatin along the nuclear lamina

and in other spots, which indicates significant chromatin damage

(Figure 3C). At 300 MPa most organelles were disrupted with few

remnants of their internal structure and large perforations in the cell

membrane as well as in the nuclear membrane were obvious, comple-

menting the results from the FESEM analysis. Fuzzy chromatin spots

marked the former nuclear territory (Figure 3D).

3.2 | Pressure-dependent metabolic activity
assessment

Cell viability was determined using a metabolic assay (Figure 4A,B).

Twenty-four hours after HHP-treatment, the control cells' relative

absorption of metabolic activity was normalized to 100%. For the

fibroblasts, the metabolic activity significantly decreased to 62.48

± 26.47% after treatment at 100 MPa, further decreased to 0.83

± 1.44% at 200 MPa, to 0.65 ± 1.09% at 300 MPa, and to 0.09
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± 0.21% at 400 MPa (p < .05 vs. ctl/150 MPa). For the chondrocytes,

similar patterns were observed. The metabolic activity decreased to

72.42 ± 10.83% after treatment at 100 MPa (p = .52) and further sig-

nificantly below the detection limit at 200, 300, and 400 MPa (p < .05

vs. ctl/100 MPa). The development of the absorption of metabolic

activity after HHP-treatment was similar after 48 and 72 h, whereby

after 72 h it started for the fibroblasts at 171.60 ± 43.70% for the

untreated control. The metabolic activity decreased significantly to

118.30 ± 30.49% (100 MPa), 1.34 ± 1.51% (200 MPa), 0.77 ± 0.87%

(300 MPa), and 1.02 ± 1.51% (400 MPa) (p < .05 vs. ctl/100 MPa).

For the chondrocytes, the metabolic activity was 435.10 ± 107.50%

after 72 h for the untreated control. The metabolic activity decreased

F IGURE 2 Field emission scanning electron microscopy analysis of human fibroblasts and chondrocytes treated with high hydrostatic
pressure. Overview images of representative cells and details of their cell surface appearance are shown (A–J). Fibroblasts (A–E) and
chondrocytes (F–J) were treated at 100 MPa (B, G), 200 MPa (C, H), 300 MPa (D, I), 400 MPa (E, J), and compared to their untreated controls (ctl)
(A, F). Scale bar: 2 μm and 500 nm for details.
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F IGURE 3 Transmission electron
microscopy analysis of human chondrocytes
treated with high hydrostatic pressure.
Overview images of cross sections of
representative chondrocytes and respective
details of their organelle ultrastructure are
shown (A–D). Chondrocytes were treated at
100 MPa (B), 200 MPa (C), 300 MPa (D), or
were left untreated in atmospheric pressure

as controls (ctl) (A). Compared to controls
accumulations of cytoskeletal elements
(asterisks) are observed at pressures of
100 and 200 MPa along with progressive
organelle damage, for example, of
mitochondria (arrows) and rough
endoplasmatic reticulum (double arrows) as
well as heterochromatin accumulation in the
nuclei (N) highlighting general organelle and
membrane compartment damage, including
large membrane perforations (arrowheads) at
350 MPa. Scale bar: 2 μm and 500 nm for
details.
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significantly to 242.10 ± 61.57% (100 MPa), fell below the detection

limit (200 and 300 MPa), and was 1.21 ± 2.70% after HHP-treatment

at 400 MPa (p < .05 vs. ctl/100 MPa). All unmentioned measured

values can be found in the supplementary material Table A2.

3.3 | Time-dependent metabolic activity
assessment

The metabolic activity of fibroblasts and chondrocytes decreased

after HHP-treatment at 100 MPa compared to the untreated con-

trol, but recovered over time after this initial decrease

(Figure 4A,B). For both, fibroblasts and chondrocytes, there was no

significant increase over time in the 200, 300, and 400 MPa groups

(p > .05 vs. 24 h, Supplement Table A3). In detail, the absorption of

metabolic activity increased in the fibroblasts and chondrocytes

compared to the 24 h samples after 48 and 72 h in the control and

100 MPa groups. For the fibroblasts, the metabolic activity

increased significantly for the control group to 122.60 ± 6.74%

after 48 h (p < .05 vs. 24 h) and to 171.60 ± 43.70% after 72 h

(p < .05 vs. 24 h). For the 100 MPa group, the metabolic activity

increased starting at 62.48 ± 26.47% after 24 h to 76.11 ± 46.53%

after 48 h (p = .50 vs. 24 h) and significantly to 118.30 ± 30.49%

after 72 h (p < .05 vs. 24 h). For the chondrocytes, the metabolic

activity increased significantly for the control group to 233.80

± 73.33% after 48 h (p < .05 vs. 24 h) and to 435.10 ± 107.50%

after 72 h (p < .05 vs. 24 h). For the 100 MPa group, the metabolic

activity increased starting at 72.42 ± 10.83% after 24 h to 134.20

F IGURE 4 Impact of high hydrostatic pressure on viability of human fibroblasts and chondrocytes. This figure illustrates the effects of high
hydrostatic pressure up to 400 MPa on human fibroblasts (A, C) and chondrocytes (B, D). Following pressure exposure, cells were analyzed
immediately (0 h-samples, C, D) or incubated at 37�C and 5% CO2 for 24, 48, and 72 h (A, B). Metabolic activity was assessed using the Water
Soluble Metrazolium (WST)-1 assay (A, B), while cell viability was analyzed through APC annexin-V/propidium iodide flow cytometry (C, D). Data
are presented as mean values with standard deviations. n = 5, two-way ANOVA with Dunnett's or Tukey's multiple comparisons test (A, B),
mixed-effects analysis (C) or two-way ANOVA (D) with Sidak's multiple comparisons test, *p < .05: Untreated control (ctl) versus different HHP-
treatments, #p < .05: 100 MPa versus different HHP-treatments, §p < .05: 24 versus 48 or 72 h (A, B), 0 versus 24 h (C, D: comp. Supplement
Figure A2).
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± 71.70% after 48 h (p = .18 vs. 24 h) and significantly to 242.10

± 61.57% after 72 h (p < .05 vs. 24 h).

3.4 | Flow cytometric analysis of cell death

Flow cytometry was employed to differentiate between apoptosis

and necrosis (Figure 4C,D and Supplement Figures A2 and A3). Subse-

quent to HHP-treatment, 89.58 ± 5.63% of untreated fibroblasts and

89.84 ± 3.52% of untreated chondrocytes were vital. 7.49 ± 4.86% of

the fibroblasts and 8.45 ± 3.72% of the chondrocytes were late apo-

ptotic. After HHP-treatment at 100 MPa, a similar cell distribution

was observed (p > .05 vs. ctl, Supplement Tables A4 and A5). How-

ever, following 200 MPa treatment, vital cells significantly decreased

to 2.18 ± 3.10% for fibroblasts and 2.37 ± 1.34% for chondrocytes,

with a corresponding increase in late apoptotic cells for fibroblasts to

93.00 ± 2.44% and chondrocytes to 87.20 ± 7.23% (p < .05

vs. ctl/100 MPa). The proportion of early apoptotic and necrotic cells

remained largely unchanged (p > .05, except necrotic chondrocytes:

ctl/100 MPa vs. 200 MPa: p < .05, Supplement Tables A4 and A5).

Treatments at 300 and 400 MPa yielded analogous results, with vital-

ity dropping to 1.58 ± 1.86% for fibroblasts and 0.61 ± 0.27% for

chondrocytes at 400 MPa (p < .05 vs. ctl/100 MPa). The proportion

of early apoptotic and necrotic cells remained largely unchanged

(p > .05 vs. ctl/100 MPa, except early apoptotic fibroblasts: 100 vs.

400 MPa: p < .05, Supplement Tables A4 and A5). Analysis 24 h after

HHP-treatment revealed similar trends (Supplement Figure A3,

Tables A6 and A7). The comparison between 0 and 24 h samples only

showed a significant difference in early apoptotic and necrotic

chondrocytes when treated with 200 MPa (Supplement Table A5). All

unmentioned measured values or p-values can be found in the supple-

mentary material Tables A4–A7.

3.5 | Analysis of immunogenic cell death markers

For further analysis of cell death, investigation into the characteristics

of immunogenic cell death included examining calreticulin transloca-

tion and ATP release post HHP-treatment (Figure 5). Both calreticulin

translocation and ATP release exhibited a pressure-dependent

increase. Calreticulin-positive fibroblasts demonstrated a stepwise yet

non-significant increase, starting at 4.04 ± 4.46% in the untreated

control. Calreticulin-positive fibroblasts rose to 5.18 ± 5.73% post

100 MPa treatment, further increased to 14.40 ± 11.92%

post 200 MPa, and reached 30.81 ± 28.54% post 300 MPa treatment

(p > .05, Supplement Table A8). Concerning the chondrocytes, the

calreticulin-positive cells were 9.12 ± 7.12% in the untreated control,

9.04 ± 8.02% post 100 MPa treatment, 13.94 ± 7.75% post 200 MPa

treatment, and reached 17.19 ± 9.67% post 300 MPa treatment

(p > .05, Supplement Table A8).

The extracellular ATP amount of fibroblasts showed a stepwise

increase, starting at 0.005 ± 0.004 μM for the untreated control. The

ATP amount rose to 0.009 ± 0.004 μM (100 MPa) and 0.034

± 0.012 μM (200 MPa) (p > .05 vs. ctl/100 MPa, Supplement

Table A9). Furthermore, the extracellular ATP amount increased sig-

nificantly to 0.074 ± 0.058 μM after treatment at 300 MPa and to

0.177 ± 0.075 μM at 400 MPa (p < .05 vs. ctl/100 MPa). For the

chondrocytes, the extracellular ATP amount was 0.006 ± 0.006 μM in

F IGURE 5 High hydrostatic pressure-induced immunogenic cell death in human fibroblasts and chondrocytes. Human fibroblasts and
chondrocytes were exposed to high hydrostatic pressures up to 400 MPa. Calreticulin presence was assessed by flow cytometry (A), and ATP
levels were determined from supernatants (B). Data are presented as mean values with standard deviations. (A) N = 4, (B) N = 5, RM one-way
ANOVA with Dunnett's multiple comparisons test except (B), chondrocytes: Friedman test with Dunn's multiple comparisons, *p < .05 versus
untreated control (ctl); #p < .05 versus 100 MPa.
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the untreated control and rose to 0.005 ± 0.004 μM (100 MPa),

0.012 ± 0.009 μM (200 MPa) and 0.027 ± 0.026 μM (300 MPa)

(p > .05, Supplement Table A9). 400 MPa treatment resulted in a sig-

nificant difference with an extracellular ATP amount of 0.06

± 0.23 μM (p < .05 vs. ctl/100 MPa).

3.6 | Tissue decellularization and matrix integrity

In order to assess potential decellularization resulting from HHP-

treatment, the DNA content was determined (Figure 6A,B). The DNA

content of the dura mater remained stable after HHP-treatment. In

the untreated control, the DNA content was measured at 620.10

± 190.40 ng/mg. Following exposure to 100 MPa, the DNA content

was 658.00 ± 279.00 ng/mg. At 200 MPa, it was 562.70

± 192.20 ng/mg, at 300 MPa 603.20 ± 214.00 ng/mg, and at

400 MPa 566.80 ± 148.50 ng/mg (p > .05, Supplement Table A10).

The DNA content in the thyroid cartilage also remained stable after

HHP-treatment with one exception after treatment with 300 MPa.

The measured DNA content was 269.20 ± 38.08 ng/mg in the

untreated control and 268.50 ± 45.88 ng/mg subsequent to 100 MPa,

299.70 ± 32.87 ng/mg subsequent to 200 MPa, 325.80 ± 47.66 ng/

mg subsequent to 300 MPa, and 281.80 ± 44.21 ng/mg subsequent

to 400 MPa (p > .05, except p < .05 for 300 MPa vs. ctl/100 MPa,

Supplement Table A10). In dura mater, neither a significance nor a

pressure-dependent trend was apparent. In thyroid cartilage, there

was one significant treatment, but no pressure-dependent trend. In

addition, the hematoxylin and eosin-stained tissues post treatment up

F IGURE 6 Stability of DNA content and biomechanical properties in tissues exposed to high hydrostatic pressure. DNA content (A, B) and
biomechanical properties (C, D) in porcine dura mater (A, C) and thyroid cartilage (B, D) was measured after treatment with pressures up to
400 MPa and compared to untreated controls (ctl). For the dura mater, a uniaxial tensile test was performed, for thyroid cartilage an unconfined
compression test. Data are presented as mean values with standard deviations. Dura mater (A) ctl: N = 16, treated: N = 8, (C) ctl: N = 24, treated:
N = 9, thyroid cartilage (B): Ctl: N = 11, treated: N = 8; (D) ctl: N = 11, 100 MPa: N = 9, 200 MPa: N = 8, 300/400 MPa: N = 10, Ordinary one-
way ANOVA with Dunnett's (A, B) or Tukey's (C, D) multiple comparisons test, *p < .05 versus ctl; #p < .05 versus 100 MPa.
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to 400 MPa exhibited only minor changes, maintaining structural

integrity (Supplement Figure A4). In depth, scanning electron micro-

graphs of thyroid cartilage chondrocytes situated in the extracellular

matrix revealed obvious structural damages of the cells from pres-

sures of 200 MPa onwards. Similar to the observations made on the

isolated fibroblast and chondrocytes these alterations included perfo-

rations of the cell membrane increasing in frequency with the pres-

sure load at 200 and 300 MPa resulting in complete membrane

disintegrity at 400 MPa. In contrast, the structure of the extracellular

matrix remained largely unchanged (Supplement Figure A5).

3.7 | Biomechanical properties

The biomechanical properties were analyzed by an uniaxial tensile test

for dura mater or fascia lata and an unconfined compression test for

thyroid cartilage (Figure 6C,D). The Young's modulus of the dura

mater remained stable after HHP-treatment. In the untreated control,

the Young's modulus was measured at 33.25 ± 9.33 MPa. Following

exposure to 100 MPa, the Young's modulus was 47.94 ± 26.87 MPa.

At 200 MPa, it was 30.35 ± 9.63 MPa, at 300 MPa 30.33 ± 9.47 MPa,

and at 400 MPa, 32.95 ± 13.27 MPa (p > .05, Supplement Table A11).

The Young's modulus was further measured to compare HHP-treated

human fascia lata with the commercially available, gamma-irradiated

Tutoplast® Fascia lata Tissue Matrix (Supplement Figure A6). In the

untreated control of the HHP-treated fascia lata, the Young's modulus

was measured at 58.70 ± 35.97 MPa. Following exposure to

100 MPa, the Young's modulus was 40.45 ± 23.72 MPa. At 200 MPa,

it was 28.63 ± 21.27 MPa, at 300 MPa 67.47 ± 32.74 MPa, and at

400 MPa, 39.01 ± 25.19 MPa. The Young's modulus of the

Tutoplast® Fascia lata Tissue Matrix was measured at 61.68

± 16.77 MPa (p > .05, Supplement Table A12).

The Young's modulus of thyroid cartilage showed stepwise

increase, starting at 1.21 ± 0.55 MPa for the untreated control. The

Young's modulus rose to 1.42 ± 0.733 MPa (100 MPa) and 2.82

± 1.03 MPa (200 MPa) (p > .05 vs. ctl/100 MPa, Supplement

Table A11). Furthermore, the Young's modulus increased significantly

to 3.17 ± 1.84 MPa after treatment at 300 MPa (p < .05

vs. ctl/100 MPa) and was 3.11 ± 1.73 MPa after treatment at

400 MPa (p < .05 vs. ctl, p = .05 vs. 100 MPa). The statistical analysis

revealed a significant difference from the control group starting at a

treatment level of 300 MPa, indicating an increasing stiffness and

reduced damping behavior of the cartilage.

3.8 | In vivo analysis of inflammation

An animal study focusing on the in vivo effects of HHP-treated tis-

sues concentrated on FCD as an indicator of inflammation was per-

formed. Notably, in the mouse model the FCD measurements near

both dura mater and thyroid cartilage exhibited no substantial varia-

tion between the untreated control and the 200 MPa-group over time

(Figure 7). FCD near to the dura mater, determined by the automated

image analysis, was 22.03 ± 5.34 cm/cm2 in the untreated control and

22.52 ± 3.26 cm/cm2 at 200 MPa 3 days post-implantation. FCD rose

to 29.95 ± 7.98 cm/cm2 (ctl) and 27.42 ± 6.12 cm/cm2 (200 MPa) by

the 15th day (p > .05, ctl vs. 200 MPa, Supplement Table A14). Simi-

larly, FCD measurements near the thyroid cartilage commenced at

22.73 ± 3.14 cm/cm2 (ctl) and 25.99 ± 6.93 cm/cm2 (200 MPa) 3 days

following implantation. FCD increased to 28.03 ± 6.50 cm/cm2 (ctl)

F IGURE 7 In vivo assessment of inflammation following implantation of high hydrostatic pressure-treated tissues. The inflammation
originating from the implanted porcine dura mater (A) and the implanted porcine thyroid cartilage (B) treated with 200 MPa was evaluated using
the mouse dorsal skinfold chamber model. Treated and untreated (ctl) tissue samples were implanted, and functional capillary density (FCD) was
analyzed through intravital microscopy on day 3, 6, 10, and 15 post implantation. FCD was determined within one field of view (20�) to the
implanted tissue (center). Data are presented as mean values with standard deviations. Dura mater ctl: N = 13, 200 MPa: N = 16, thyroid

cartilage ctl: N = 10, 200 MPa: N = 12; two-way ANOVA with Sidak's multiple comparisons test, p < .05: Tests show no significant difference
between ctl and 200 MPa, as well as between FCD near and in the peripheral area of the HHP-treated graft (comp. Supplement Figure A5).
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and 28.95 ± 5.02 cm/cm2 (200 MPa) by day 15 (p > .05, ctl

vs. 200 MPa, Supplement Table A14). All measured values can be

found in the supplementary material Table A13. Peripheral area analy-

sis yielded similar non-significant differences (Supplement Figure A7

and Tables A15 and A16). Furthermore, there was no significant dif-

ference when comparing the FCD near and in the peripheral area of

the implanted HHP-treated tissue (p > .05, Figure 7 and Supplement

Figure A7, Table A17). In addition, a manual analysis was used to vali-

date the automated image analysis for determining the FCD. The stan-

dard deviations are quite constant for both methods and there is no

significant difference between the two experimental groups

(Supplement Figure A8, Tables A18 and A19). The hematoxylin and

eosin-stained histological images of the tissues after 15 days in the

dorsal skinfold chamber of the mouse confirm that there are no signif-

icant differences in the tissue after implantation of HHP- and

untreated tissues (Supplement Figure A9).

4 | DISCUSSION

Functional and esthetic reconstruction in head and neck surgery pre-

sents a significant challenge.4 Soft tissue and cartilage grafts are an

integral part in head and neck cancer reconstruction, skull base repair,

and performing nasal, ear, tracheal, and facial surgeries, notably for

correcting tracheal defects in children.1,2,45–48 The current gold stan-

dard of using autologous material for reconstruction is naturally lim-

ited and associated with donor site morbidity.7 Allo- and xenogenic

materials are significant alternatives, continuously undergoing

improvements in quality and biological safety.49 In the European

Union, allografts are subject to mandatory processing protocols,

including sterilization procedures that may compromise the integrity

of the matrix and biomechanical properties.14 The use of HHP on allo-

genic material may be an effective alternative because HHP is recog-

nized for its capacity to preserve the structural and biomechanical

integrity of the tissue.28,50

This study analyzed the HHP processing of fascia and cartilage

grafts. Specifically, it focused on assessing HHP effects on cell struc-

ture, cell viability and devitalization, biomechanical characteristics, and

immunogenicity of the processed grafts.

The devitalization effects of HHP are meticulously dose-dependent,

with a critical threshold at 200 MPa. At this pressure level, HHP

induced notable structural alterations in fibroblasts and chondrocytes.

At lower pressures such as 100 MPa, FESEM images did not show

morphological differences of the cell surface structures compared to

the control group. With pressure levels exceeding 200 MPa, the mem-

brane integrity decreased and the permeability increased. These struc-

tural changes also affected the metabolism of the cells. Metabolic

activity, as measured by WST-1 cell proliferation assay, decreased

after exposure to 100 MPa, but recovered over time. In contrast,

HHP-treatment at 200 MPa resulted in a significant decrease in meta-

bolic activity after 24 h to 0.02 ± 1.51% for fibroblasts and below the

detection limit for chondrocytes. Over time, no cell recovery or prolif-

eration was observed. This was confirmed by light microscopy, as no

adherent cells were present after treatment at 200 MPa. HHP-

treatment at 100 MPa results in reversible cell damage while

200 MPa leads to irreversible cell death.

At 200 MPa, there is a shift toward late-stage apoptotic cells,

highlighting a specific cellular response to this pressure level. HHP

induces specific types of cell death, either apoptotic or necrotic, based

on the level of pressure applied. At 100 MPa, HHP-treatment did not

induce apoptosis or necrosis in cells compared to the untreated con-

trol at 0 h. However, at this time point, fibroblast and chondrocyte

vitality decreased to 2% and further to 1% 24 h after treatment at

200 MPa. For pressure levels exceeding 200 MPa, late apoptotic cell

death predominated, with at least 90% for fibroblasts and 92% for

chondrocytes observed 24 h after treatment. Consequently, HHP-

technology enables specific devitalization at 200 MPa, aligning with

sterilization requisites mandated by Directive 2004/23/EC of the

European Parliament and the Council.

HHP-treatment preserves the structure of the matrix but does not

remove cell debris from the tissue. The structure of the dura mater

remained unchanged after HHP-treatment up to 400 MPa, as can be

seen in the histological images (Supplement Figure A4). Likewise, no

effect on the biomechanical properties of the dura mater due to HHP

was observed in the uniaxial tensile test. HE stain of the thyroid carti-

lage showed that the architecture and layering of the cartilage

remained unchanged even after treatment at 400 MPa. In the uncon-

fined compression test, no significant change in Young's modulus of the

cartilage could be demonstrated up to 200 MPa. However, although

cells within the tissues were devitalized, they were not removed from

the tissue structure. The DNA content did not decrease and the HE

stain confirmed that cells were still present. The process of devitalizing

cells without removing them (decellularization) leaves cellular compo-

nents within the matrix, which could potentially initiate inflammatory

responses following transplantation.51 Enclosed proinflammatory cyto-

kines such as IL-6 may also contribute to such a response.

This study observed a pressure-dependent increase in markers of

immunogenic cell death. HHP-treatment resulted in devitalization with

retention of cellular components within the tissue matrix. This

approach offers potential benefits for tissue-specific remodeling due

to the preservation of the original extracellular matrix. However, it is

important to highlight that proinflammatory cytokines and cell rem-

nants remain within the matrix, posing a risk of initiating inflammatory

responses. Indeed, the residual devitalized cells display markers char-

acteristic of immunogenic cell death. Specifically, the study observed

calreticulin translocation, a crucial process facilitating phagocytosis by

dendritic cells, and ATP release, which is a signal for dendritic precur-

sor cells and macrophages.52 Both markers demonstrated a pressure-

dependent increase, suggesting the occurrence of immunogenic cell

death. Likewise, proinflammatory cytokines such as IL1-α, IL-6, and

MCP-1 were detected after HHP-treatment, whereby only MCP-1

reached notable concentrations. MCP-1 plays a role in recruiting

monocytes and other immune cells to sites of inflammation. However,

other cytokines such as IL-1β and IL-8 were not detected. As a result,

inflammation may occur after HHP-treatment, which could prevent

tissue-specific differentiation and remodeling.
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In vivo investigations revealed an absence of inflammatory responses

to HHP-treated tissue, indicating a favorable biological response.

Although immunogenic cell death was observed in vitro, no signs of

inflammation were detected in vivo after transplantation of xenogenic

HHP-treated tissue. In the mouse model, no increase in FCD was

detected within the peri-implant tissue when compared with periph-

eral areas, nor in comparison to the untreated graft. The residual cells

and cytokines seem biologically insignificant in vivo, likely due to the

low cellular density of fascia and cartilage and the cross-species con-

servation of matrix components. This is further supported by the fact

that the transplantation of fresh tissue is permitted in certain

countries.53,54 It appears that allo- or xenogenic transplantation of

supporting tissue is predominantly bioinert. This suggests that HHP-

devitalized tissue can be transplanted directly without any additional

processing steps.

In comparison to standard tissue graft processing, HHP offers effi-

cient devitalization and rapid processing while maintaining functional

matrix integrity. Common processing methods are chemical (e.g., Tris–

HCl and SDS) or physical (e.g., freeze–thaw cycles or γ-irradiation)

approaches.9,55,56 The preparation process takes several days to

weeks, while HHP-treatment lasts only 10 min. Moreover, conven-

tional processing may result in the degradation of the biomechanical

properties.14 Freeze–thaw cycles can form crystals, which can change

the collagen network integrity.9 Similarly, gamma-irradiation induces

alterations in the biomechanical properties of soft tissues, leading to a

reduction in strength and stiffness.57 However, in the uniaxial tensile

test, no significant difference in the biomechanical properties of

gamma-irradiated Tutoplast® Fascia lata Tissue Matrix was observed

compared to HHP-treated human fascia lata (Supplement Figure A6).

Furthermore, HHP-treatment of bone cylinders for 30 min at

300 MPa did not have any negative effect on the biomechanics.58

Histological analyses of kidney sections showed the best matrix integ-

rity and stability after HHP-treatment compared to other common

methods such as freeze–thaw cycles or chemical treatment.50 Overall,

HHP offers advantages over other methods in terms of devitalization

efficiency, functional matrix integrity, reproducibility, time, effort and

costs.

The devitalization threshold of 200 MPa is consistent with recent

research indicating a comparable response among various mammalian

cells to these pressure ranges. For human fibroblasts, chondrocytes,

and osteoblasts, complete cell death at 300 MPa has been

described.31,59,60 Diehl et al.60 reported that human fibroblasts and

osteoblasts undergo approximately 50% cell death when subjected to

pressures ranging from 130 to 145 MPa. In contrast, the findings of

Waletzko et al. did not corroborate this observation. In their study, a

pressure of 100–150 MPa was found to exert no significant impact

on the viability of human chondrocytes and osteoblasts.31,60 Consis-

tent with the latter observations, the present study identified no sig-

nificant decrease in cell viability following exposure to a pressure of

100 MPa. A pressure of 200 MPa was required to reduce the viability

of fibroblasts and chondrocytes to a minimal fraction. Similar findings

have been reported in other studies, with less than 5% of

chondrocytes and osteoblasts maintaining viability following exposure

to pressures ranging from 250 to 300 MPa.31 Even when fibroblasts

were pre-treated at temperatures of �4 or �8�C and subsequently

subjected to a pressure of 200 MPa, 2%–3% of the cells retained

viability.61

When the amplitude of pressure was adequately high, HHP

emerged as an effective alternative compared to other devitalization

methods. In a comparative analysis of HHP, gamma irradiation, and

ethanol treatment on tumor cells, it was found that irradiation at

doses up to 150 Gy resulted in a 50% reduction in cell viability. While

ethanol treatment exhibited significant toxicity, some cells remained

viable and were capable of subsequent proliferation. Conversely,

300 MPa HHP achieved complete devitalization.62 In general, HHP

devitalization exhibits considerable cell specifity. For tumor cells

300 MPa was necessary for safe oncologic devitalization. At 200 MPa,

more than 20% of the cells remained viable, suggesting that tumor

cells are more resistant to HHP than fibroblasts and

chondrocytes.59,60,62

The exact mechanisms underlying cell death remain incompletely

elucidated. It has been noted that damage resulting from HHP-

treatments up to 300 MPa tends to be reversible, whereas damage

surpassing this threshold becomes irreversible. The absence of revers-

ible cell death following treatment at 300 MPa aligns with prior obser-

vations indicating impairment of membrane and protein structure at

this pressure level.27,31 Significant membrane damage is also visible in

this study at a pressure of 200 MPa in FESEM and TEM images.

Within the scope of HHP-treatment spanning 150–300 MPa, initial

damage predominantly affects quaternary structures, progressing to

impairments in tertiary structures beginning at 200 MPa.63,64 Such

alterations can be reversible. For irreversible damage to secondary

structures, pressures exceeding 700 MPa are necessary. In addition,

the lack of recovery can be attributed to DNA double-strand breaks, a

phenomenon observed in tumor cells.62

Histological analysis revealed that the dura mater and thyroid car-

tilage structure remained unchanged after HHP-treatment. Addition-

ally, there were no significant alterations in biomechanical properties

during tensile and compression tests up to 200 MPa. HHP effectively

preserved the functional integrity of the ECM. However, this does not

exclude the possibility of alterations in molecular morphology that

could have immunological significance. Nevertheless, these alterations

do not seem to affect the function or integration of the HHP-treated

tissues. Watanabe et al.65 showed that the compressive modulus of

menisci did not change significantly even after treatment with

1000 MPa for 30 min. No negative effects on biomechanical proper-

ties have also been found for bone tissue after HHP-treatment at

300 MPa, and HHP has been identified as the best method for kidney

slices in terms of matrix integrity and stability.50,58 Further, Hiemer

et al. demonstrated by histologic, immunohistochemical, and FESEM

analyses that HHP preserves cartilage tissue integrity and ECM pro-

teins such as collagen type II and aggrecan, with no structural changes

or damage observed. Salti et al. found that HHP, when used in combi-

nation with chemical reagents (including SDS, sodium deoxycholate,

and trypsin) effectively preserves the ECM structure and collagen

content of precision-cut kidney slices during decellularization, despite
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a significant loss of glycosaminoglycans. Previous studies have already

shown that treatment of the tissue with SDS, sodium deoxycholate or

trypsin leads to a significant reduction in the GAG content.66,67 Diehl

et al. confirmed that HHP-treated fibronectin, vitronectin, and type I

collagen in bone tissue maintain had no adverse effects treatment and

retained their functionality, even enhancing cell proliferation. Simi-

larly, Waletzko-Hellwig et al. observed no significant differences in

collagen type I content in bone tissue post HHP treatment, indicating

that collagen structure remains intact.28,50,68,69 For these reasons,

HHP is also widely used in the food industry for decontamination

while preserving taste and vitamins.24–26

The preservation of structural integrity following HHP-treatment

was associated with the absence of cell removal, as indicated by sta-

ble DNA content in both the dura mater and thyroid cartilage after

pressurization up to 400 MPa. This lack of reduction in DNA content

has also been demonstrated in other studies.61,65 Furthermore, TEM

analysis in this present study showed that significant progressive

changes in the chromatin and nuclear structure are caused by the

HHP-treatment which eventually may result in irreversible functional

damage. In the study by Sutherland et al.,70 it was noted that HHP-

treatment alone leads to tissue devitalization, necessitating a subse-

quent wash step for decellularization. Cell devitalization without

decellularization implies the presence of cellular components within

the matrix, which may potentially trigger inflammation after transplan-

tation.51 Proinflammatory cytokines such as IL-1 and IL-6 could also

contribute to such a response. However, in the study conducted by

Hiemer et al.,68 a degradation of DNA was observed over time follow-

ing HHP-treatment, whereas the DNA content of the untreated con-

trol remained unchanged. This finding should be considered in future

research.

Tissue replacement materials must have low to negligible immu-

nogenicity to avoid rejection by the recipient. Therefore, the trans-

plant should be as immunologically inert as possible. Cell death is a

factor that can trigger immunological processes, so the devitalization

process should not have a necrotic effect, as this would lead to inflam-

matory responses, such as the release of damage-associated molecu-

lar patterns (DAMPS), which stimulate the pro-inflammatory

response.71 When using tissue replacement materials, it is advisable

to avoid these, as they may cause a strong immune reaction in the

recipient.72,73 In this study, calreticulin and ATP increased in a

pressure-dependent manner and the proinflammatory cytokines such

as IL-1α and IL-6 were detectable, while IL-1β remained below the

detection limit. The literature describes the ATP and calreticulin con-

tent, as well as the investigation of cytokines in association with HHP

for tumor cells. Maletzki et al.52,62 found a pressure-dependent

increase in ATP and calreticulin, while Fucikova et al. showed an

increase in ATP, calreticulin, IL-1β, and IL-6 compared to the control

after pressure treatment. In conclusion, HHP triggers immunogenic

cell death in tumor cells. In the field of biomaterials, the extent of

rejection is determined by a range of factors. The type of transplanta-

tion is the primary factor, with a distinction between tissue and organ

transfer. Other factors are the genetic disparity between donors and

recipients, characterized by histocompatibility on chromosomes, the

amount of transplanted tissue, the tissue-specific antigenicity,

the recipient organ or transplant bed, and the level of the recipient's

immune reactivity, are additional important factors. Generally, from an

immunological standpoint, only a minor rejection response is antici-

pated for cartilage and connective tissue transplants.74 It is assumed

that the dense cartilage ECM hinders immune cells from recognizing

chondrocyte antigens. Furthermore, the ECM predominantly com-

prises type II collagen, which is phylogenetically highly conserved and

may represent an additional layer of immune privilege.75,76 The study

used xenogenic porcine dura mater and thyroid cartilage grafts, which

are readily available in large quantities and can be sourced from young

animals, making them preferable for use in regenerative medicine. In

contrast, allogenic tissue is more limited, typically sourced from

elderly donors, and may have greater variability between batches.

However, the use of xenogenic material may pose a risk to immuno-

genic tissue and the transmission of xenogenic diseases, which have

to be avoided.77,78

The present study has several limitations. The conducted experi-

ments were carried out using cells in suspension. Devitalization begins

at 200 MPa, resulting in a notable alteration in cell structure. Whether

this phenomenon occurs similarly in adherent cells remains unclear.

Additionally, in further studies, the intervals between the applied

pressure values could be reduced to determine a more precise critical

pressure amplitude. However, the isostatic effect of HHP implies that

cell death mechanisms are the same in all cells and complex tissue. In

this study, functional integrity of the ECM was demonstrated using

histology and FESEM images as well as biomechanics. The molecular

integrity of the ECM was not assessed in these experiments. There-

fore, future studies should focus on examining ECM components such

as collagen and glycosaminoglycans to validate our findings and

ensure that ECM integrity is preserved following HHP treatment. Fur-

thermore, the study concludes that HHP is not a suitable method for

decellularization. Cells remain within the matrix following HHP-

treatment, and the study did not investigate whether these residual

matrix-bound cells have an influence on subsequent recellularization.

However, the in vivo test results presented in this study suggest that

these remaining cells are not significant. If decellularization is neces-

sary, a combination with chemical reagents, for example, may be con-

sidered.65,79 Commercial allografts are available for fascia lata, which

were biomechanically equivalent to the HHP-treated product. How-

ever, there is no effective processing method for cartilage. Therefore,

alternative approaches may be necessary for cartilage. The use of

fresh tissue is both practically and legally permissible in some coun-

tries.53,54 The additional devitalization using HHP could further

enhance safety and increase the global adoption of cartilage replace-

ment materials.

This study focuses on the analysis of fresh cartilage without

degeneration, which is needed in head and neck surgery. In contrast,

previous research used deteriorated cartilage samples sourced from

elderly individuals with osteoarthritis. Additionally, for the first time,

this study expands the knowledge of the effects of HHP-treatment on

the examination of the porcine dura mater, which can be a readily

available and cost-effective alternative to the fascia lata. Moreover,
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this study confirmed the devitalization effect while maintaining matrix

stability, integrity, and biomechanical properties. Additionally, there

has been limited research on the immunological effects of HHP-

treatment on human cells. Although markers of immunogenic cell

death have been studied in tumor cells, they have not yet been inves-

tigated in fibroblasts and chondrocytes. The intravital measurements

carried out in this study provide new insights into angiogenesis and

inflammation over time after transplantation. HHP is a promising

method due to its low cost, low effort, and high reproducibility.

HHP-treatment is quick, reproducible, and has minimal effort.

Additionally, HHP enables specific and uniform devitalization as it acts

isostatically and instantaneously. Furthermore, compliance with legally

mandated sterilization steps for tissues is achieved through HHP tech-

nology, while preserving matrix integrity, stability, and biomechanical

properties. Good biocompatibility is also ensured, without the need

for additional decellularization steps. The use of xenogenic instead of

allogenic tissue could also reduce costs for clinical applications. Over-

all, the adoption of xenogenic, HHP-treated tissue holds the potential

for increased and expedited availability of transplant materials in clini-

cal settings.

Future research should prioritize long-term studies on HHP-

treated tissues to assess chronic foreign body responses and cytokine

concentration comprehensively. Additionally, the revitalization of

treated tissues warrants further exploration. A notable strategy for

enhancing recellularization, particularly in cartilage, may involve laser

technology. The compact nature of cartilage matrix inhibits cellular

infiltration, but laser-assisted creation of precise hole patterns and

sizes facilitates this process without inducing significant thermal abla-

tion.80 Furthermore, ensuring microbiological safety constitutes a crit-

ical research domain. Identifying target bacteria and acknowledging

the distinct responses of various bacterial forms, such as Gram-

negative and Gram-positive bacteria, to HHP-treatment, along with

spore considerations, is essential for developing microbiologically

secure tissue replacement materials.81

5 | CONCLUSION

HHP-treatment exceeding 200 MPa devitalizes fibroblasts and chon-

drocytes with structural alterations at cellular level. The predominant

mode of cell death is late apoptosis, with indications of immunogenic

cell death. Moreover, HHP-treatment at 200 MPa preserves the ECM

structure and biomechanical properties of the dura mater and thyroid

cartilage. Consequently, this pressure proves optimal for in vivo inves-

tigations, with no observed inflammatory response in the xenogenic

model, indicating a favorable biological response to HHP-treated tis-

sue. In conclusion, HHP represents a promising technology for tissue

replacement materials.
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3D‑printed lightweight dorsal skin 
fold chambers from PEEK reduce 
chamber‑related animal distress
Wentao Xie1,2, Matthias Lorenz3, Friederike Poosch4, Rupert Palme5, Dietmar Zechner1, 
Brigitte Vollmar1, Eberhard Grambow1,6* & Daniel Strüder1,4

The dorsal skinfold chamber is one of the most important in vivo models for repetitive longitudinal 
assessment of microcirculation and inflammation. This study aimed to refine this model by 
introducing a new lightweight chamber made from polyetheretherketone (PEEK). Body weight, 
burrowing activity, distress, faecal corticosterone metabolites and the tilting angle of the chambers 
were analysed in mice carrying either a standard titanium chamber or a PEEK chamber. Data was 
obtained before chamber preparation and over a postoperative period of three weeks. In the early 
postoperative phase, reduced body weight and increased faecal corticosterone metabolites were 
found in mice with titanium chambers. Chamber tilting and tilting-related complications were 
reduced in mice with PEEK chambers. The distress score was significantly increased in both groups 
after chamber preparation, but only returned to preoperative values in mice with PEEK chambers. In 
summary, we have shown that light chambers reduce animal distress and may extend the maximum 
dorsal skinfold chamber observation time. Chambers made of PEEK are particularly suitable for this 
purpose: They are autoclavable, sufficiently stable to withstand rodent bites, inexpensive, and widely 
available through 3D printing.

The dorsal skinfold chamber is an essential model for in vivo microcirculation analysis1. Researchers investigated 
inflammation2–4, thrombogenesis5–7, wound healing8,9, angiogenesis, biomaterials10 and tumor vascularisation11–13 
using the dorsal skinfold chamber14–16. Repetitive intravital visualisation of the microvascular dynamics is the 
major advantage of the model (Fig. 1).

Repetitive intravital microscopy without repetitive surgery requires the continuous exposition of the prepared 
vascular bed. The skinfold chamber on the back of the laboratory animal ensures optimal conditions for repetitive 
intravital microscopy17. The standard chamber comprises two titanium frames fixing the extended dorsal skin in 
the back’s midline. During chamber implantation, the first frame is sutured to one side of the dorsal skinfold. The 
skin, the subcutaneous tissue, and the striated panniculus carnosus muscle on one side of the dorsal skinfold are 
removed. Then, microsurgery exposes the vessels of the opposite panniculus carnosus muscle. Finally, screws are 
punched through the dorsal skinfold to connect the second frame of the chamber and the observation window 
is filled with saline followed by sealing with a coverslip.

The major limitation of the model is the physical burden of the chamber, which leads to animal immobiliza-
tion and distress. The titanium dorsal skinfold chamber is 4 cm long, 3 cm high, and weighs 3.8 g. The weight 
matches up to 20% of the mouse’s body weight (20–30 g). Weight and skin stretching may lead to restricted 
breathing, immobilization, and pain. The severity of any dorsal skinfold chamber experiment is considered at 
least moderate. Therefore, the reputation of the model as a standard in microvascular research has been contested 
in the context of 3R (refinement, reduction, replacement)18.

Lateral tilting of the dorsal skinfold chamber is another important limitation and strongly related to animal 
distress17. Weight, the chamber’s high center-of-gravity, and overstretching of the skin (in particular at the fixation 
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screws) lead to lateral tilting of the chamber in the second week after dorsal skinfold chamber preparation. Tilting 
comprises perfusion and causes animal distress (immobilization, pain). Chamber tilting of > 50° must be scored 
in the severity assessment and tilting of > 100° considered as an abort criterion. Therefore, experiments of up 
to 21 days are associated with high dropouts (20% in the third week) and low reliability (infections, ischemia). 
Experiments of longer than 21 days are impossible with standard chambers19,20.

To overcome these limitations, the chambers were continuously revised. Schreiter et al. reviewed the devel-
opments until 20171. While 63% of the dorsal skinfold chamber studies were from German-speaking countries 
and mostly used titanium chambers, smaller titanium chambers are already standard in the US1. Research 
groups from Sweden and Asia proposed more advanced plastic chambers made from plexiglass, dacron and 
polyetheretherketone (PEEK)1.

For many years, PEEK has been used successfully in medicine as a replacement material for titanium to 
fabricate surgical devices, implants and prostheses21,22. PEEK is a linear, semi-crystalline polymer that exhibits 
excellent mechanical and thermal properties. PEEK is bioinert and durable (lack of thermal aging and chemical 
resistance).

Although many publications point out disadvantages of large titanium chambers, they are still used in most 
studies: Between 2017 and 2021, only four of 76 studies used non-titanium chambers (70 titanium, 3 plastic, 1 
steel wire, 2 no information given; Suppl. Table S1)23–26.

One factor in the limited distribution of improved dorsal skinfold chamber is that previous research on 
chamber refinement missed quantifying the actual impact on animal distress. Existing titanium chamber stocks 
and poor availability of plastic chambers are further factors, which hindered comprehensive implementation of 
refined dorsal skinfold chambers.

The goal of the present study was the design and evaluation of a lightweight PEEK dorsal skinfold chamber to 
reduce animal distress and preserve repetitive intravital microscopy quality. We introduce a 3D printed design 
with unrestricted access and evaluate animal distress compared with traditional chambers. Therefore, the pilot 
study assessed specific dorsal skinfold chamber parameters (intravital microscopy quality, chamber tilting) and 
general distress parameters (weight loss, corticosterone levels, behaviour, distress score). As bridging technol-
ogy, the PEEK chamber may improve future in vivo research until sufficient in vitro and in virtuo models are 
established.

Figure 1.   Application and limitations of the dorsal skinfold chamber. The model enables continuous 
observation of microvascular parameters by intravital microscopy. The major limitations are animal distress 
and restriction to short-term experiments. To improve animal welfare and extend the observation time, a 
lightweight, 3D-printable PEEK chamber was developed. Figure created with BioRender.com.
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Results
This study examined animal distress of standard titanium dorsal skinfold chambers compared to a 3D printed 
design made of PEEK. Preparation of the chamber and intravital microscopy were comparable. PEEK chambers 
showed no signs of bites, chews or any other manipulation by the mice. In terms of lateral chamber tilting, animal 
weight loss and corticoid levels, the PEEK chamber was markedly superior.

The new PEEK chamber was designed lower and lighter than titanium chambers (approx. 1.5 g instead of 
3.8 g). The chamber was 3D-printed cost-effectively according to a reproducible protocol (€5.30 /chamber). The 
costs were lower compared to milled titanium chambers (€30–€110). The design and the low weight allowed 
the PEEK chamber to be secured with sutures (Table 1). Robust suture material (FiberWire, Arthrex, Munich, 
Germany) attached with multiple knots reliably fixed the chamber for 21 days (Fig. 2). The traumatic transdermal 
insertion of titanium screws was obsolete. The duration and difficulty of chamber implantation was comparable 
to the titanium chamber (20 min). PEEK is bioinert and autoclavable; wound infections did not occur in the 
pilot study, even with repeated use of autoclaved chambers.

PEEK chambers significantly reduced lateral tilting in the third week (Fig. 3). In the first week, both prepara-
tions were stable in the median plane; the titanium group even showed slightly less tilting (PEEK: 15°/9°–35°; 
titanium: 5°/0°–28°, p = 0.1688; median/95% confidence interval). None of the chambers tilted by > 45° in the first 
week. In the second week, one PEEK chamber tilted moderately by 72° and one titanium chamber tilted severely 
by 102°. The other five of six chambers in the respective groups remained stable with less than 20° deviation. In 
the third week, the deviation of the moderately tilted PEEK chamber remained stable, and another PEEK cham-
ber tilted likewise. Four of six PEEK chambers showed no deviation even after 21 days. In the titanium group, 
however, the tilting angle increased markedly in five of six animals. In three of six titanium chamber animals, 
the chamber deviated to about 90° and the skin around the screws had stretched to large defects. The median 
tilting of the titanium chambers was significantly greater than tilting of the PEEK chambers in the third week 
(PEEK: 8.5°/0°–62°; titanium: 67°/10°–129°, p < 0.05).

Postoperative weight loss was significantly reduced in PEEK chamber mice (Fig. 4A). While significant weight 
loss occurred postoperatively in all animals, weight loss was lower with PEEK chambers (PEEK: − 6.12%/− 14.46 
to 1.06%; titanium: − 14.69%/− 18.95 to 8.77%; p < 0.05). The body weight of PEEK chamber mice recovered 
already in the middle phase (2.46%/− 0.47 to 9.07%). Titanium chamber animals did not fully recover from the 
high initial weight loss until the late phase (− 3.33%/− 25.68% to 5.10%). Additionally, the weight loss of titanium 
chamber approached 20%, which is considered as an abort criterium.

Similar beneficial results for the PEEK chamber were found for faeces corticosterone metabolites (FCMs; 
Fig. 4B). In the PEEK group, only two animals experienced a slight increase in FCMs during the early phase 
(147%/121–281% p = 0.13). In contrast, early phase FCMs in mice with titanium chambers increased fourfold 
compared to baseline (baseline: 100%, early phase: 368%/248–587%; p < 0.05). In the middle and late phase, FCM 
values in both groups returned to the baseline (Fig. 4B). The direct comparison between PEEK and titanium 
chambers revealed a significant increase of titanium chamber FCMs in the early phase (PEEK: 147%/121–281%; 

Table 1.   Comparison of the titanium and PEEK chamber.

Titanium chamber PEEK chamber​​

Weigth (g) 3.8 1.5

Height (mm) 36 × 24 24 × 20

Transdermal screws 3 –

Price (€) 30–110 5

Figure 2.   Exemplary design of the PEEK chamber. (A) Model of the scaled-down and 3D-printable PEEK 
chamber (created with SolidWorks). (B) The extrusion printed PEEK chamber was ground to remove superficial 
irregularities and implantated into the test animal. (C) Representative intravital microscopy image of a PEEK 
chamber on day 3. Bar represents 100 µm.
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titanium: 368%/248–587%, p < 0.05), while FCMs were comparable in the middle (PEEK: 130%/37–220%; tita-
nium: 101%/59–203%, p = 0.31) and late phase (PEEK: 108%/81–395%; titanium: 90%/54–196%, p = 0.85).

Specific distress scoring and burrowing assessment did not show differences between titanium and the PEEK 
chambers (Fig. 5). Distress values remained low, with maximum 7/66 points for PEEK and 6/66 points for 
titanium chambers (p > 0.8268). In both groups, the distress score increased slightly in the early phase and 
declined in the middle and late phase. Likewise, burrowing started with relatively high baseline values (PEEK: 
108 g/57–195 g; titanium: 196 g/105–200 g, p = 0.06). Postoperative burrowing decreased significantly in both 
groups (PEEK: p < 0.05; titanium: p = 0.05, vs. baseline). Burrowing remained decreased markedly throughout 
the observation time in both groups (PEEK: 61 g/13–192 g; titanium: 36 g/20–56 g).

In summary, the PEEK chamber is easily available and maintains the high quality of intravital vascular 
imaging. The PEEK chamber’s flat and lightweight design can reduce animal distress and prolong the maximum 
duration of the experiment.

Figure 3.   Lateral chamber tilting. PEEK and titanium chamber tilting angles over time are given as individual 
values (A) and as a heatmap indicating high risk for lateral chamber tilting (B). PEEK chambers significantly 
reduced lateral tilting in the third week, while tilting in both chambers was comparable for 12 days. This is 
further visualized in the heat map (B). Differences between the groups were analysed by multiple t-tests (Holm-
Sidak), *p < 0.05, PEEK: n = 6, titanium: n = 6.

Figure 4.   Changes in body weight and faecal corticosterone metabolite (FCM) concentrations after dorsal 
skinfold chamber implantation. Individual values are given over time in a preoperative phase (p), early 
postoperative phase (e), middle postoperative phase (m) and late postoperative (l) phase. Body weight change 
(A) between each time point was analysed by RM one-way ANOVA on ranks followed by Dunn’s correction, 
and the difference between each group was analysed by unpaired t test followed by two-tailed P value tests. FCM 
concentrations (B) between each time point was analysed by Friedman test followed by Dunn’s correction, and 
the difference between each group was analysed by unpaired t test followed by two-tailed P value tests. *p < 0.05; 
**p < 0.05; PEEK: n = 6, titanium: n = 6.
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Discussion
The dorsal skinfold chamber is a major model for repetitive examination of vascular changes and inflammation. 
However, the dorsal skinfold chamber causes considerable stress for the test animals. Therefore, the model is 
not only criticized by animal welfare groups. This criticism is understandable, since many improved models 
have already been published, but mainly the classical titanium chamber is used17,23,24,27–29. For the widespread 
establishment of plastic chambers, a simple manufacturing protocol has been lacking on the one hand and proof 
of superiority in distress reduction on the other.

Here, we present a simple 3D-printed model made of PEEK. We show that the PEEK chamber reduces distress 
and extends maximum observation time.

The surgical demands and the quality of intravital microscopy are equivalent in PEEK and titanium chambers. 
When implanting the PEEK chamber, penetration of the skinfold with screws can be omitted, because of the 
chamber’s light weight. In titanium chambers, screws cause penetrating holes at the base of the skinfold, which 
are associated with chamber tilting. The PEEK chamber is fixed by tear resistant sutures, which the test animal 
cannot reopen (FibreWire, Arthrex, Munich, Germany). These sutures cause less trauma than previously used 
screws. After chamber implantation, the experiments run without differences to titanium chambers. In particular, 
there are no differences in the quality of the repetitive intravital fluorescence microscopy.

The most common complication of dorsal skinfold chamber experiments is lateral tilting of the chamber 
during the second week17. By the third week, 50% of the titanium chambers tilt to a position of > 90°, which 
causes animal immobilization. In all PEEK chambers, tilting remained below 90° for three weeks. The only PEEK 
chamber that had a tilting of 50° in the second week remained constant in the following week. This is clearly 
because of the reduced weight. In contrast, titanium chambers continued tilting over time. Therefore, the stable 
position of PEEK chambers could extend the maximum duration of future experiments to four or five weeks.

Besides decreased tilting in the third week, the use of PEEK chambers also reduced distress for the experi-
mental animals in the postoperative period. Postoperative weight loss is significantly higher in titanium chamber 
animals and does not return to baseline values over three weeks. With PEEK chambers, on the other hand, the 
test animals reach their original weight as early as the second week. Consistent with our data, previous research 
described up to 15% postoperative weight loss for titanium chambers and decreased weight loss for non-metal 
dorsal skinfold chambers30–32.

This difference in stress was confirmed by FCM measurement, a non-invasive measure of adrenocortical 
activity33. FCMs increased significantly after implantation of a titanium chamber while only a slight increase in 
FCMs was observed for PEEK chambers. Therefore, postoperative stress was primarily related to the titanium 
chamber and not to the surgery itself. In the intermediate and late phase, FCMs returned to baseline values in 
both groups. The design of future titanium chamber experiments should consider increased postoperative stress 
as a potential bias34.

In contrast to FCMs and body weight changes, mice in both groups did not differ in burrowing activity nor 
distress score. The distress score remained at a low level after the operation. The postoperative increase of 7/66 
points in the distress score was statistically significant. However, the values remained in the lower range of the 
score.

To our knowledge, this study is the first to investigate the distress of laboratory animals with dorsal skinfold 
chambers. Despite the lack of data on animal distress, many chamber improvements have already been published. 
These improvements were supposed to reduce animal distress and to enable MRI imaging. A simple development 
is a smaller titanium frame with an equally large observation window29. These smaller titanium chambers are 
sold commercially in the United States (small dorsal kit SM100, APJ Trading Co., Ventura, CA, USA). Schreiter 

Figure 5.   Distress Score and burrowing activity after dorsal skinfold chamber implantation. Individual values 
are given over time in a preoperative phase (p), early postoperative phase (e), intermediate postoperative 
phase (m) and late postoperative (l) phase. Specific distress scoring and burrowing assessment did not show 
differences between the titanium and the PEEK chamber. Distress score (A) and burrowing activity (B) at each 
time point were compared by Friedman test followed by Dunn’s correction and the difference between each 
group was analysed by unpaired t test (Holm-Sidak). **p < 0.05, ***p < 0.05; PEEK: n = 6, titanium: n = 6.
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et al. describe the advantages of a self-designed small titanium chamber: postoperatively no recovery period 
was necessary, younger animals could be used and their stress was supposed to be reduced1. However, titanium 
chambers are not MRI compatible and screw fixation is necessary. Furthermore, titanium is difficult to process 
and cannot be manufactured in life science facilities.

Innovative developments are chambers made of plastic, which have been used for years in Japan and the US. 
The first plastic chamber made of Duracon was described in 2003 by Ushiyama et al.17. The publication illus-
trated reduced tilting and supposed distress reduction, because of the lightweight Duracon material. However, 
quantification of tilting and distress was not performed. In addition, these early plastic chambers continued to 
use screw fixation17,35. These screws penetrate the skin and cause large wounds at the chamber basis.

A further weight reduction was achieved by using thermoplastic PEEK. PEEK is characterized by a high 
flexural modulus (3738 MPa) and tensile strength (100 MPa) compared to Duracon (2500 MPa, 87 MPa) and 
acrylic glass (3210 MPa, 75 MPa)36. PEEK can therefore resist the bite of rodents. Furthermore, PEEK can be 
fabricated with additive manufacturing processes, which results in further advantages such as a high degree of 
geometric freedom, low production costs and the flexibility regarding the unique or single-part production37.

The first lightweight PEEK chambers were introduced by Gaustad et al. and Seynhaeve et al.23,28. The PEEK 
chamber weight was as low as 1 g and 1.1 g, respectively. The chambers were fixed using sutures (Gaustad) or 
small screws (Seyhaeve). Mice fitted with the chambers showed a full capacity of motion, climbed, and gained 
weight as mice without chambers. We observed similar positive effects for PEEK chambers (body weight, climb-
ing, mobility). In addition, we verified reduced distress using a standardized protocol. We have repetitively 
measured chamber tilting and found that the PEEK chambers significantly reduce tilting in the third week of the 
experiment. Lightweight chambers with reduced lateral tilting enable increased observation times of up to one 
month27. This is especially relevant for biomaterial and oncology research: dorsal skinfold chamber observation 
times of three to five weeks could enable to study long-term biomaterial integration (fibrosis, giant cell forma-
tion, implant vascularization)38. In oncology, longer observation times could significantly improve the model, 
since the growth of tumor cells already preoccupies large parts of the current maximum observation time39.

The reduction in tilting was significant, although the measurement method had limitations, as the cham-
ber position depends on the body position. The measurement was performed on anaesthetized animals in an 
upright position with all feet on the ground. However, when positioning the animals, slight deviations of the 
angles occurred.

Another limitation of the study is that the standardized distress score does not focus on the immobilization 
of the test animals. However, the impediment of free movement, because of tilting and chamber weight, probably 
represents the main restriction for the experimental animals. Electronically recording of the animal mobility 
through tracking systems or recording of the time spent climbing the cage could increase the power of the stress 
analysis. However, using standardized distress scores enables comparisons to previous experiments.

The low number (n = 6) of test animals may be considered another limitation of the study. However, the PEEK 
chamber was significantly superior in major outcomes, such as tilting and weight loss. Therefore, no additional 
experimental animals had to be included. Another limitation related to the study design is that the PEEK and the 
titanium chambers have different sizes. Hence, all conclusions are related to the design (height, weight), but not to 
the material (PEEK vs. titanium). Low and lightweight titanium chambers may also decrease animal distress com-
pared to large standard titanium chambers. Yet, we consider PEEK a more suitable material because it increases 
availability, enables imaging, and decreases costs. These main advantages render a light titanium group obsolete.

Conclusion.  In experiments with dorsal skinfold chambers, the animals are particularly stressed by classical 
titanium chambers. This setup should be revised, in the context of 3R. Despite the development of smaller and 
lighter chambers, most dorsal skinfold chamber experiments in recent years have continued to use titanium 
chambers. We have shown that lighter chambers can significantly reduce animal distress and even extend the 
maximum experiment duration. Chambers made of PEEK are particularly suitable for this purpose: They are 
autoclavable, sufficiently stable to withstand rodents, inexpensive, and widely available through 3D printing.

Methods
PEEK chamber printing.  The PEEK chamber was designed for geometric shape improvement, weight 
reduction, and optimization for additive manufacturing using SolidWorks (Dassault Systèmes, Waltham, MA, 
USA). The Fused Filament Fabrication (FFF) process and the printer Minifactory ultra (miniFactory Oy LTD, 
Seinäjoki, Finland) were used for chamber printing. The design (*.stl file) was imported to Simplify3d (Sim-
plify3d, Ohio, US). Biocompatible and steam sterilizable PEEK filament Intamsys Funmat HT (INTAMSYS 
Technology Co. Ltd, Shanghai, China) with a flexural modulus of 3738 MPa and tensile strength of 100 MPa 
was chosen. The material-dependent printing parameters were 230 °C chamber temperature, 190 °C bed tem-
perature, 420 °C nozzle temperature 0.4 mm nozzle diameter, and 18 mm/s printing speed. Slicing was done 
according to the manufacture settings with a corresponding layer thickness of 250 µm. A brim of 3 mm gave 
optimal hold to the chamber on the printer bed. To ensure a plane chamber surface for skin contact side, the 
bottom of the chamber was placed on the printer glass bed for slicing. An extrusion multiplexer of 1.02 was set 
to fill production-related gaps between the filaments in the x–y direction (see supplementary PEEK chamber 3D 
printing protocol). Irregularities on the top side (window side) were ground manually after the printing process 
(printed chamber before polishing shown in supplementary Figure S1 and polished surface shown in Fig. 2B). 
Seven holes of 1 mm diameter were drilled into the frames for suture chamber fixation using a template. Before 
experimental use, the chamber was visually proved and post processed by steam sterilization.
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Animals and ethics statement.  All in vivo experiments were conducted in accordance with the German 
legislation on protection of animals (7221.3-1-012/20) and the NIH Guide for the Care and Use of Laboratory 
Animals (Institute of Laboratory Animal Resources, National Research Council). Male hairless SKH1/hr mice 
(6–10 weeks of age and weight of 25–30 g) were used for all experiments. The animals were housed individually 
in a specific pathogen-free facility with a twelve-hour light–dark cycle and access to standard laboratory chow 
and water ad libitum.

Study design.  Twelve mice were randomly allocated to two experimental groups: titanium chamber and 
PEEK chamber. Each animal was one experimental unit and examined independently using body weight, faecal 
corticosterone metabolites (FCMs), burrowing activity and clinical distress scores on days 1/2, 10/11 and 20/21 
after dorsal skinfold chamber preparation. Following distress and tilting measurements on day 21, mice were 
sacrificed (Fig. 6).

Experimental procedures.  Dorsal skinfold chamber implantation: Mice were anesthetized by an intra-
peritoneal (ip) injection of ketamine/xylazine (90/10 mg/kg bw) and positioned on a heating pad (37.8  °C). 
Microsurgery for dorsal skinfold titanium chamber implantation has been described before5. The significant 
change in the proposed model is the preparation without screws: After disinfection of the dorsal skin (Octe-
niderm, Schülke & Mayr GmbH, Norderstedt, Germany) and marking of the median line, a skin bilayer was 
stretched in the median line. Subsequently, the back of the PEEK chamber was sutured to the skin fold through 
the preformed holes (FiberWire, Arthrex, Munich, Germany). The preparation area was color-marked and the 
microsurgical preparation of the front side was performed. After completion of the preparation, the front of the 
chamber was placed congruently and fixed by three sutures connecting both chamber frames (Fig. 2).

Chamber tilting.  For chamber tilting analysis, animals were sedated in an isoflurane chamber for approxi-
mately ten seconds on days 7, 12, and 20/21. The sedated animals were positioned upright, with all feet on the 
floor. In the upright position, the animals were photographed from behind. In Photoshop software (Adobe Inc., 
San José, U.S.), the lateral tilting angle was measured in degrees of deviation from a vertical line.

Body weight.  The body weight was measured on a scale (EMB 200-2, Kern & Sohn, Balingen, Germany) at 
9:00–9:30 am. Percent change in body weight was determined by comparison with body weight in the preopera-
tive phase.

Distress score.  Since handling may affect animal distress, the distress score was assessed before weighting. 
The distress score sheet comprises body weight, general condition, spontaneous behaviour, flight behaviour and 
process-specific criteria, as previously published40. (Suppl. Tables S2 and S3).

Figure 6.   Experimental design. The dorsal skinfold chambers were implanted on day 0. Tilting angles were 
assessed on day 7, 12 and 21. Collection of faeces, body weight measurement, burrowing analysis and distress 
scoring were performed in a preoperative, early, intermediate, and late postoperative phase. Figure created with 
BioRender.com.
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Burrowing.  To quantify the burrowing activity, a tube (length: 15 cm, diameter: 6.5 cm) filled with 200 ± 1 g 
of food pellets (ssniff Spezialdiaeten GmbH, Soest, Germany) was placed in the left back corner of the cages 3 h 
before the dark phase at 04:00–04:10 pm. Despite the implanted chambers, mice had free access to these pellets 
throughout the whole observation time. The weight of the food pellets (g) left in the tube was measured on the 
next day.

Faecal corticosterone metabolites (FCMs).  After weighting, the bedding with old faeces was removed 
and replaced by fresh beddings. After 24  h, at least 400  mg faeces were collected per cage. The faeces were 
dried for 4 h at 65 °C and kept at − 20 °C until further processing. 50 mg of homogenized, dried faeces were 
extracted with 1 mL of 80% methanol and FCMs analyzed with a 5α-pregnane-3β, 11β, 21-triol-20-one enzyme 
immunoassay41,42. FCMs were evaluated blinded, and the percentage of FCMs was determined by comparison to 
respective FCM concentrations in the pre-operative phase.

Intravital microscopy.  Representative intravital microscopy was performed on day 3. Mice were anesthe-
tized and placed on a plexiglass pad with integrated heating. For the visualization of the microvascular system 
fluorescein isothiocyanate–labeled (FITC)-dextran (0.05 ml, 5%, MW: 150 kD) was injected into the lateral tail 
vein (or into the retrobulbar venous plexus if tail vein injection failed). Intravital microscopy was performed 
with 50-, 100- and 200-fold magnification using an Axiotech vario microscope (Carl Zeiss AG, Oberkochen, 
Germany) with a 100-W HBO mercury lamp with a blue filter (excitation, 450–490 nm; emission, 520 nm) The 
microscopic images were recorded on DVD (DMR-EX99V, Panasonic, Kadoma, Japan) using a charge-coupled 
video camera (FK 6990A-IQ, Pieper, Berlin, Germany) for off-line evaluation.

Statistics.  Data were graphed and analyzed with GraphPad Prism (version 8.0.1, GraphPad Software Inc., 
San Diego, CA, U.S.) and were presented as median and 95% confidence interval. The characteristics of data were 
assessed by Shapiro Wilk test. When analyzing the influence of time on the dependent variables, a Friedman 
Test was performed (corrections of multiple comparisons using Dunn test) in tilting angles, burrowing activity, 
percentage of FCMs and distress score, and a one-way repeated measure ANOVA was performed (corrections of 
multiple comparisons using Tukey test) in the percentage of body weight change analysis. When analyzing the 
influence of the chambers on the dependent variables, a Mann Whitney Rank sum test (for non-parametric data) 
or unpaired t test (for parametric data) was used. Differences with p < 0.05 were considered significant. Data are 
given as median/95% confidence interval.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on 
reasonable request.
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