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Background: Scalp cooling has emerged as a promising intervention for mitigating chemotherapy-induced alopecia, particularly in
patients undergoing anthracycline- and taxane-based regimens typically associated with complete hair loss. Despite a visible hair
retention rate of 53%, efficacy varies significantly among individuals, influenced by modifiable factors including general health, hair
follicle characteristics, and treatment protocols.

Methods: This study evaluated 81 breast cancer patients treated with Epirubicin/Cyclophosphamide followed by weekly Paclitaxel
application. Hair preservation was assessed using a cross-section trichometer (Cohen Hair Mass Index [HMI]), light microscopy, and
scanning electron microscopy. Key parameters evaluated included pre- and posttherapeutic trichological characteristics such as bulb
diameter, shaft diameter, anagen rate, as well as grade of hair shaft damage.

Results: A total of 53% of patients retained visible hair post-treatment (HMI > 50). Trichological factors—particularly bulb diameter,
shaft diameter, and anagen rate—strongly predicted hair preservation outcomes. Additionally, hair shaft integrity, specifically surface
damage grading, emerged as a critical determinant of clinically meaningful hair retention.

Conclusion: Scalp cooling’s protective effect extends beyond aesthetics, significantly supporting psychological well-being during
cancer treatment. Emerging strategies, including cell cycle modulation, antioxidant-based treatments, offer promising avenues to
enhance follicular and shaft resilience. While these require further clinical validation, the findings highlight the potential to improve
scalp cooling outcomes and raise the standard of supportive oncologic care.

Keywords: scalp cooling, chemotherapy-induced alopecia, hair shaft integrity, trichological parameters, cuticle damage, therapeutic
optimization

Introduction
Chemotherapy-induced alopecia is among the most distressing side effects for patients, with studies reporting negative
psychological impact in up to 75% of cases, including anxiety, depression, and reduced self-esteem. '~

Scalp cooling, emerged as a promising intervention to mitigate chemotherapy-induced alopecia with avoidance of visible
hair loss in 53% of our patient cohort, is generally well tolerated and current evidence shows the risk scalp metastases is
extremely low.> While this outcome highlights the potential of scalp cooling in preserving hair density, its efficacy remains
variable across individuals, necessitating a deeper exploration of contributing factors. Trichological parameters assessed by
light- and scanning electron microscopy, particularly those related to the structural and functional characteristics of the hair
follicle and shaft, play a pivotal role in determining treatment success. Among these, the integrity of the hair shaft surface
emerges as a critical determinant of visible hair preservation. Damage to the cuticle layer, if uncontrolled, predisposes the
hair to breakage and visible thinning, underscoring the need for targeted interventions. The potential for restorative strategies
aimed at improving hair shaft surface structure, alongside preventive scalp cooling protocols, represents a compelling avenue
for enhancing therapeutic outcomes and optimizing patient quality of life during chemotherapy.
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Methodology
Study Population

The study population consisted of consecutive 81 patients (79 women and 2 men) with a median age of 56 years, treated
between 2021 and 2023 to ensure consistency in chemotherapy protocols and scalp cooling procedures, allowing for
controlled analysis of predictive parameters under uniform clinical conditions, undergoing curative treatment for breast
carcinoma. The treatment regimen incorporated four cycles of Epirubicin/Cyclophosphamide (EC) (90/600 mg/m? BSA)
followed by 12 cycles of weekly Paclitaxel (80 mg/m?> BSA) to exert a comparable cell-biologic effect. Patients were
excluded from scalp cooling in case of clinically manifested scalp metastases, conditions with generalized hematological
involvement (such as leukemia), scalp injuries, or the presence of cryoglobulinemia.

Objectives

The primary analyzed outcomes considered hair preservation, measured by the Hair Mass Index (HMI post treatment),
the avoidance of visible hair loss (HMI > 50), and hair loss quantified by the difference in HMI post- HMI pretreatment
using a cross-section trichometer. Additional parameters assessed before and after treatment included trichological
parameters such as the diameter of the bulb and shaft assessed by light microscopy, and the number of epilated hair
follicles in the anagen phase. Particular emphasis was placed on characterizing the degree of hair shaft surface damage
via scanning electron microscopy. The study also evaluated potential factors influencing or predicting hair preservation,
encompassing general health parameters such as age, internal comorbidities, alopecia-inducing medication (eg, anti-
hypertensives), nicotine use, menopausal status, and hair treatment. Individual hair characteristics (color, length,
structure), hair treatment were additionally assessed. Neutrophil nadirs, as indicators of individual hematologic toxicity
during cytostatic treatment, were also investigated. Further laboratory testings included evaluation of liver and kidney
function, as well as measurements of thyroid and ovarian function.

Hair density evaluation was performed in the anterior vertex region both pre- and post-therapy using the Cross
Section Trichometer (Cohen Hair Mass Index Trichometer). This device provides a standardized and reproducible
method for quantitatively assessing scalp hair mass from a designated 4 cm? section. Measurements were conducted
on hair with a minimum length of 2.5 cm, with results expressed as the Hair Mass Index (HMI). The HMI represents the
cross-sectional area of hair (in mm?) per unit scalp area (in cm?), multiplied by 100. Normal HMI values range between
75 and 100, with visible hair thinning (alopecia) starting at HMI values below 50 and complete baldness denoted by HMI
values below 20.*

To prepare samples for analysis, approximately 50 hair follicles were extracted from the marked 4 cm? region and
mounted between two microscope slides, with the root ends oriented for examination.

Light microscopy was employed to capture images of native hairs at 10x and 40x magnifications using a Leica DM
3000 microscope. Measurements of bulb diameter (normal range: 150-200 pm) and shaft diameter (normal range for
the frontal vertex: 75-85 pm) were obtained.” The anagen phase follicles were identified by the presence of an onion-
shaped bulb, while catagen follicles exhibited reduced bulb diameters, and telogen phase follicles featured club-
shaped ends. Dystrophic hairs were identified based on abnormalities such as shaft irregularities, breakage, and
distortions.

Scanning electron microscopy (SEM) was used to evaluate hair shaft surface integrity before and after therapy.
A Zeiss Gemini 982 FESEM was utilized at magnifications ranging from 200x to 2000x. Native hair samples were
sputter-coated with gold to enhance imaging resolution prior to analysis.

Representative examples of patients from our study cohort, demonstrating varying patterns and severity grades of hair
shaft surface damage, are illustrated in Figure 1. Hair shaft samples from multiple sections were collected and analyzed
from a total of 52 patients to ensure consistency in the observed changes. The analysis focused on assessing the extent of
damage to the hair shaft surface, according to Kim’s classification of extrinsic hair shaft damage, categorized on

a standardized scale ranging from grade 0 to 4, as influenced by the therapeutic intervention (see Box 1).°
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Figure | Different patterns and grades of hair shaft surface damage. (A) normal pattern, (B) Dents: Grade |, (C) Deposits: Grade |, (D) Lift-ups of cuticle: Grade 2, (E) Distortion,
Grade 3, (F) Exposure of cortex: Grade 3, (G) Cracks: Grade 3.

Results

Objectives and Descriptive Aspects

Hair Retention (HMI Post) and Avoidance of Visible Hair Loss (HMI Post > 50)

The study evaluated 81 patients with a median pre-treatment Hair Mass Index (HMI pre) score of 75 (IQR 58;92), which
decreased to a median of 51 (IQR 17;58) post-treatment. Following therapy, 53% of patients retained an HMI score of 50
or higher, indicating no visible hair loss.

Hair Loss During Therapy (HMI Difference: Post Minus Pre)
The median reduction in HMI score from pre- to post-treatment was —27 (IQR —45; —10). For patients with an initial
HMI score below 50, the median change was —20.

Factors potentially influencing outcomes comprised general health conditions such as age, comorbidity, alopecia-
inducing medications, smoking status, and menopausal condition. Individual hair characteristics such as color, structure,
and length along with hair treatments were taken into account. Additional contributing variables included neutrophil
nadirs and specific trichological parameters encompassing bulb and shaft diameter, anagen rate, and shaft surface
condition.

Box | Definition of Hair Structure Damages via Kim
Scale

Kim scale:

Grade 0: Virgin intact hair with regular overlay of the cuticle
Grade |: Irregular overlay of the cuticle, slight dents without
cracks or holes, liftups of cuticle

Grade 2: Severe lift up of the cuticle with cracks or holes but
without exposure of the cortex

Grade 3: Partial exposure of cortex

Grade 4: Complete disappearance of cuticle.
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In the category of general health factors and comorbidities tend to be associated with poorer hair retention (HMI post
(B =-0,55, p = 0.060)). While elevated neutrophil count is correlated with better hair preservation (3 =+0,24, p=0.054)
(Table 1) this trend is also observed in the prevention of visible alopecia, influenced by comorbidity (OR = 0.27, 95% Cl
[0.07; 0.98]; p = 0.053) and higher neutrophil nadir count referring to a less pronounced decrease in neutrophil counts
(OR 1,97, 95% CI1 [1.07; 4.31]; p = 0.055) (Table 2).

The use of medications known to induce alopecia predictably leads to greater hair loss during therapy (8 =—0,54;
p=0.033). Other previously mentioned potential influencing factors, including hair treatments, do not appear to affect hair
loss over time (Table 3).

Characteristics such as colour, length or texture do not exhibit a statistically significant correlation with hair loss and
simultaneous scalp cooling.

Table | Factors Influencing HMI Post

Predictors B Cl ]
(Intercept) 0.63 —0.07-1.33 | 0.118
Age 020 | —0.12-0.53 | 0.219
Menopause —0.45 | —1.23-0.32 | 0.248
Comorbidity —0.55 | —1.13-0.02 | 0.060
Medication —0.22 | —0.74-0.30 | 0.404
Nikotinabusus 0.24 | —0.42-091 | 0.468
Neutrophilennadir | 0.24 —0.00-0.48 | 0.054
Hair treatment —0.02 | —0.27-0.22 | 0.856
Observations 70

Table 2 Predictive Factors for Prevention of
Visible Hair Loss HMI Post = 50

Predictors OR | CI p

(Intercept) 0.34 | 0.01-7.70 | 0.494
Age 1.04 | 0.97-1.11 0.274
Menopause 0.56 | 0.09-3.18 | 0.518
Comorbidity 0.27 | 0.07-0.98 | 0.053
Medication 0.57 | 0.17-1.80 | 0.343
Nikotinabusus 4.01 | 0.84-26.21 | 0.106
Neutrophilennadir | 1.97 | 1.07-4.31 0.055
Hair treatment 0.55 | 0.18-1.61 0.282

Observations 70
R? Nagelkerke 0.21

Table 3 Parameters Influencing Hair Loss During
Treatment (HMI Post — Pre)

Predictors B Cl P
(Intercept) 0.54 —0.13-1.21 <0.001
Age 0.41 0.10-0.72 0.011
Menopause —0.22 | —0.96-0.51 0.546
Comorbidity —0.30 | —0.84-0.25 0.287
(Continued)
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Table 3 (Continued).

Predictors B Cl P
Medication —0.54 | —1.04 ——0.05 | 0.033
Nikotinabusus 0.49 —0.15-1.12 0.129
Neutrophilennadir | 0.19 | —0.04-0.42 0.100
Hair treatment 0.08 —0.16-0.31 0.514
Observations 70

R?/R? adjusted | 0.233/0.147

Light Microscopy Results
Descriptive Analysis (Table 4)
Miniaturized hair bulbs (with a median diameter less than 50 um) exhibited thinner hair shafts (Mdn = 48 pm, IQR
[45;53], 6% patients). In contrast, larger follicles (exceeding 50 um) demonstated a hair shaft thickness of Mdn =65 um
(IQR [59;76], 94% of patients).

This trend was confirmed post-treatment: bulb diameter less than 50 um resulted in a median hair shaft diameter
51 um (IQR [42; 60] 9.8% patients), whereas normal bulbs produced hair shafts with a median of 59 pm (IQR [53;75]
90.2% patients).

In the patient cohort, 4% initially exhibited miniaturized follicles, which increased to 6% post-therapy, representing
the minor subset.

The subsequent Table 4 delineates the relationship between critical conditions of bulb and shaft diameter as well as
anagen rate before and after treatment in association with hair preservation.

Comorbidity and related medications likely weakened hair follicles, amplifying chemotherapy’s adverse effects, as
supported by the observed reduction in bulb diameter at 111 um (IQR [101;158] 51% patients) compared to the median
of 141 um (IQR [92;126] 49% patients) without underlying conditions or medication use (see Table 5).

Table 4 Comparison of Critical Conditions of Bulb and Shaft Diameter as Well as
Anagen Rate Before and After Treatment Related to Hair Density (HMI Pre- and
Post-Therapeutically)

Sample Size % | Median HMI pre | Median HMI post

Hair shaft pre

<50 pm 15 54 (IQR [48;64])

= 50pm 85 82 (IQR [63;101])
Hair shaft post

<50pum 19 34 (IQR [25;49])

250um 8l 54 (IQR [48;71])
Miniature follicle pre

<50um 4 43 (IQR [40;48])

250pum 96 76 (IQR [60;89])
Miniature follicle

post <50um 6 25 (IQR [14;39])

250pum 94 52 (IQR [38;63])
Anagen rate pre

<50% [ 31 (IQR [31;31])

=50% 99 76 (IQR [58;88])
Anagen rate post

<50% 50 36 (IQR [11;52])

=50% 50 58 (IQR [51;72])
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Table 5 Correlation of Internal Comorbidities and Regular Medication Intake with
Follicular Baseline Parameters and Hair Density

Comorbidity/ Regular | Sample Size % | Median | IQR

Medication
Bulbus size pre No 50 143 124;160
Bulbus size pre Yes 50 127 116;147
Bulbus size post No 51 141 101;158
Bulbus size post Yes 49 11 92;126
Bulbus anagen pre No 50 70 65;80
Bulbus anagen pre Yes 50 60 60;70
Bulbus anagen post | No 50 50 40;70
Bulbus anagen post | Yes 50 40 30,60
HMI pre No 47 76 62;85
HMI pre Yes 53 58 46,94
HMI post No 47 55 46;70
HMI post Yes 53 31 6,52

This trend is also observed in relation to the anagen rate.

Correlational analysis revealed significant association between hair retention and both pre- and post-treatment factors,
with post treatment variables exerting a particularly pronounced effect. Notably, the post-treatment shaft diameter
(r=0.62, p < 0.001) showed a robust association with hair retention, followed by the post-treatment anagen rate
(r=0.59, p < 0.0001) and bulb diameter (r=0.40, p = 0.016), underscoring their substantial role. Additionally, maintaining
stability in shaft diameter (R=0.41, p = 0.008) and anagen rate (r=0.41, p = 0.007) was strongly correlated with improved
hair retention outcomes (Table 6).

Results SEM

Ultrastructural assessment of hair shaft surface damage before and after therapy, classified according to Kim’s scale.

Descriptive analysis revealed that pre-treatment evaluations exhibited a low median shaft surface damage grade of 1.
Post-treatment, the median shaft surface damage increased to grade 2 analogue to Kim’s scale.

At baseline, 81% of patients demonstrated a median intact hair shaft with minor cuticle irregularities of whom 31%
retained an unaltered hair shaft post treatment showing no additional structural deviations. In patients with cuticle
damage up to grade 2, without cortex involvement, the corresponding Hair Mass Index remains >50, indicating no visible
hair loss (Table 7).

Table 6 Correlation of Light Microscopy Parameters with HMI Post

Variable 1 2 3 4 5 6 7 8 9
I. HMl.post — — — — — — — — —
2. Bulbus size.pre | 0.26 — — — — — — — —
3. Bulbus size.post | 0.40%* | 0.58%%* | — — — — — — —
4. Hairshaft.pre 0.33 0.56%%F | 0.40%* | — — — — — —
5. Hairshaft.post 0.62%%F | 0.35% 0.57%% | 0.42% | — — — — —
6. Anagen.pre 0.34 0.36* 0.25 0.14 | 0.31 — — — —
7. Anagen.post 0.59%kF | 0.41%* 0.44%+ | 0.31 0.60%+ | 0.31 — — —
8. Bulbus size.diff | 0.15 —0.49%%% | 0.43% | -0.14 | 0.14 —-0.13 | —0.02 — —
9. Hairshaft.diff 0.41* | —0.04 0.18 —0.30 | 0.74% | 0.22 | 0.40** | 0.28 | —
10. Anagen.diff 041* | 0.2l 0.28 0.24 0.43** | —0.25 | 0.84** | 0.07 | 0.28

Notes: p-values with Holm correction for multiple testing. *p < 0.05, **p < 0.01, **p < 0.001.
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Table 7 Grade of Shaft Surface Damage and Corresponding Hair Density
Pre and Post Treatment

Median HMI pre Median HMI post

Pre treatment Grade 0/+1 78,5 (42 patients, 81%)

Pre treatment Grade 2 80 (9 patients, 17%)

Pre treatment Grade 3 37 (I patient, 2%)

Post treatment Grade 0/+1 57,0 (13 patients, 31%)
Post treatment Grade 2 54,0 (17 patients 40%)
Post treatment Grade 3 24,5 (12 patients, 29%)

In the bivariate analysis, the pre-treatment damage grade of the hair shaft significantly influenced hair preservation (p=—0.35,
p = 0.012); though this effect was surpassed by the stronger impact of the post-therapeutic damage grade (p =—0.50, p <0.001).

Specifically, the greater the degree of damage to the shaft surface post-treatment, the lower the probability of HMI
post 50 (p =—0.41, p = 0.007).

Surrogate Parameters of Hair Preservation as BEST of BEST
From all the types of parameters previously tested with each HMI outcome variable, we included every significant one in
the overall regression analyses. Linear regression was used to predict HMI post.

When predicting HMI Post (Table 8), a lesser post-therapeutic damage degree of the shaft surface led to better hair
preservation (3=—0,30, p=0.034). By trend, having no comorbidities (3=—0,28, p=0.073) and an elevated nadir neutrophil
count (3=0,21, p=0.083) were associated with better hair preservation. This model explained 33% of the variance (adj.R?
= 0.33) and included 51 patients with complete data.

Pragmatic Approach to Evaluate the Efficacy of Scalp Cooling

For prediction purposes, we conducted logistic regression with HMI greater than 50 as the outcome variable. Bulb and
shaft diameter, as well as anagen rate, alongside comorbidity and medication use, were calculated as predictors (Table 9).
The model fit was moderately strong (Nagelkerke R? = 0.297). The analysis found that in the absence of comorbidity and
alopecia-inducing medication, without miniaturized hair follicles and no thin hair shafts (greater than 50 um) and
a minimum anagen rate greater than 50% critical for hair growth, the probability of avoiding visible hair loss was higher
by a factor of 3.828 compared to when any of these parameters did not meet these minimal favorable criteria. (OR=
3,828,95% CI (1.25;11.70)).

Table 8 Hair Retention Post Treatment and
Influencing Factors as Every Significant One from
All Categories in Overall Regression Analysis as
BEST of BEST

Predictor B 95% ClI P
LL UL

Intercept 0.10 —0.17 | 0.36 0.465
Comorbidity —0.28 | —0.58 | 0.03 0.073
Neutrophil Nadir 0.21 —0.03 | 0.45 0.083
Anagen post 0.22 —0.09 | 0.54 0.163
Damage degree post | —0.30 | —0.58 | —0.02 | 0.034
Age —0.07 | —0.37 | 0.23 0.654
Medication —0.14 | —0.39 | 0.12 0.285
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Table 9 Logistic Regression Predicting HMI > 50 Using Bulb
Diameter, Shaft Diameter, Anagen Rate, Comorbidity, and
Medication Use as Predictors

HMI =50 Estimate | Std error | Z value | Pr (>l z 1)
Medication —-0.57 0.69 —0.822 0.411
Comorbidity -0.92 0.72 -1.273 0.203
Shaft diameter pre 1.55 0-96 1.606 0.108
Bulbus diameter pre 16.95 2124.8 0.008 0.994
Anagen rate pre 17.99 3956.2 0.005 0.996

Discussion

To critically evaluate the results of scalp cooling, it is important to scrutinize both the methodology and the interpreta-
tions of the outcomes. Eighty-one patients underwent the same cytotoxic drugs to achieve equal cell-biologic effects on
hair follicles, which typically induce complete alopecia. Concomitantly receiving scalp cooling, visible hair loss was
avoided in a promising 53% of cases, which is consistent with prior studies demonstrating 50-65% efficacy of scalp
cooling in anthracycline- and taxane-based regimens, though variations exist due to differences in cooling techniques,
patient selection and therapeutic regime.’

The reduction in the median Hair Mass Index from 74 before treatment to 51 post-treatment is significant. This
finding implies that while scalp cooling demonstrates efficacy, it may not uniformly benefit all patients. This notable
average reduction calls into question the variability in treatment effectiveness. In this regard, factors such as the type,
dosage and application modus of cytostatic agents, alongside the scalp cooling protocol, play a critical role in optimizing
outcomes.

The assessment of factors influencing or even predicting hair preservation includes parameters related to overall
health, hair condition, and morphological follicular characteristics at the (ultra)structural level.

For instance, the median hair density, measured in individuals with fine hair (defined as exhibiting a shaft diameter of
less than 50 pm), is 54 pre-therapies, compared to a density of 82 in individuals with normally dense hair shafts
(Table 4). Post-therapy, visible hair loss (HMI < 50) was observed in patients with thin hair shafts after treatment (Mdn
HMI = 34), in contrast to those with dense hair shafts. These differences are also reflected in the bulb diameter and the
anagen-to-telogen ratio, being easily determined by light microscopy (Table 4).

These findings reaffirm the biological characteristics of the hair follicle as fundamental determinants of hair density.

The duration of the anagen phase and the number of hair follicles in this growth phase determine the quantity of hairs
visible on the scalp.

The bulb, as the site of cell proliferation and hair production, correlates with follicular activity and dermal papilla
nourishment, where a larger diameter biologically signifies enhanced matrix cell proliferation and the generation of
thicker, denser hair. Pathophysiological reduction in follicle size, as seen in miniaturization, reduces hair density
(Table 4).

The hair shaft diameter is influenced by the proliferation and differentiation of matrix cells, as well as structural
proteins (keratin) in the cortex. With hair thinning due to aging or hormonal influences, hair density visibly decreases
even if the number of hair follicles remains constant.®

The degree of shaft surface damage not only affects the optical quality of hair but, more importantly in this context,
also influences the susceptibility to hair loss through breakage or split ends.

Even under alopecia-inducing chemotherapy and scalp cooling, these factors statistically represent key levers for
avoiding visible alopecia. Regression analysis of all light-microscopically evaluated parameters shows that pretherapeu-
tically evaluated anagen ratio, shaft, and bulb diameter significantly influence hair retention. For post-therapeutically
determined parameters a strong association was observed (Table 6).

After this statistical impact of these light-microscopic parameters has been demonstrated, a brief discussion of general
trichological parameters is warranted. Hair color or length have not demonstrated statistical significance in this analysis.
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The texture of hair does not, in principle, play a statistically significant role in hair loss. Patients with curly hair may have
a slightly higher chance of avoiding alopecia, but this finding, based on a small subset, is likely biased and not
conclusive. Hair treatment does not show a significant correlation with either physical stress, such as blow-drying, or
chemical stress, like dyeing or coloring.” '

Given the aforementioned clinical importance of optimal hair follicle characteristics, such as bulb and shaft diameter,
as well as anagen ratio, it is imperative to address modifiable factors.

Statistically significant factors from univariate and multivariate analyses include internal comorbidities, suggesting
a strong influence of baseline health on the efficacy of scalp cooling. The negative correlation between internal
comorbidities and hair preservation may stem from conditions such as metabolic syndrome, which induce hair loss
patterns resembling androgenetic alopecia.'>'® However, this association does not imply direct causation but rather
shared pathophysiological mechanisms like endocrine imbalances and genetic predispositions. Comorbidities and related
medications likely exacerbate the weakening of hair follicles, thereby intensifying the deleterious effect of chemotherapy.
This is supported by the observed relative reduction in hair bulb diameter after treatment, which was markedly
diminished in patients with underlying conditions or medication use when compared to those without such factors.

Conversely, it's important to note that the frontoparietal scalp is densely populated with hair follicles in the anagen
phase being particularly susceptible to the toxic effects of cytostatic agents.'”'®

The anagen rate diminishes in the presence of comorbidities and with the regular administration of pharmacological
agents such as antihypertensives, antidepressants, NSAIDs irrespective of chemotherapy involvement. Baseline data
indicate that only 60% of hair follicles are in the anagen phase in patients with comorbidities and medication, compared
to 70% in patients without such factors, accounting for 47% of the study cohort. Moreover, the study’s older
demographic, with a median age of 56 years, exacerbates vulnerabilities due to pharmacokinetic and pharmacodynamic
alterations, including diminished renal clearance of agents such as doxorubicin and weekly taxanes.'*°

Medication-induced alopecia remains pathogenetically elusive. Statins have been hypothesized to modulate the hair
cycle, while ACE inhibitors are linked to intracellular zinc deficiency, affecting metalloenzymes and hedgehog signalling
crucial to hair follicle development. Evidence points to these therapies influencing hair follicle morphogenesis, further
implicating medications in weakening follicular resilience and reducing scalp cooling efficacy.'*'-**

Consequently, the significant negative impact of regular medication on hair preservation appears plausible.

Summarizing the aforementioned trichological data and general health parameters, the following clinical relevance
can be derived: In the absence of comorbidities and medications that induce alopecia, and with minimal favourable light-
microscopically determined parameters such as the absence of miniaturized hair bulbs greater than 50 um in diameter,
thick hair shafts with a diameter greater than 50 um, and a critical threshold for hair growth characterized by an anagen
rate greater than 50%, the probability to avoid visible alopecia increases by a factor of 3.828 compared to when any of
these parameters do not meet these criteria.

Following the statistical analysis of the pathophysiological significance of hair follicle integrity—specifically, the
anagen phase, bulb, and shaft diameter in relation to healthy hair retention—focus should now shift to the surface
structure of the hair shaft. This is underscored by the notably high correlation between excellent hair preservation in
multivariate regression analysis and grade of posttreatment hairshaft surface damage, as among the most significant
factors across all categories (Best of Best).

At baseline, the majority of patients exhibited predominantly intact hair shafts with only minor cuticular irregularities.
Among this cohort, a subset retained structurally unaltered hair shafts following treatment, displaying no progression in
cuticular deviation. In contrast, patients presenting with cuticular damage up to moderate levels, without evidence of
cortical disruption, demonstrated preserved hair density parameters, reflected in a Hair Mass Index indicative of the
absence of clinically visible alopecia.

The integrity of the cortex appears to be of paramount importance in determining hair density. To further enhance the
efficacy of scalp cooling, the integration of real-time shaft monitoring and potentially restorative interventions may prove
beneficial for improving hair preservation outcomes.

Building upon the insights gained from our examination of hair follicle integrity and the efficacy of scalp cooling, it is
crucial to contextualize these findings within the broader framework of external and internal stressors impacting hair
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morphology focused on hair shaft surface characteristics. These stressors, encompassing a range of environmental,
physiological, and pharmacological factors, play a pivotal role in shaping hair structure and health. As we transition to
exploring these multifaceted stressors, we aim to elucidate their complex interactions with hair biology, ultimately
influencing outcomes in hair preservation.

External stressors, such as physical and topical chemical exposures, distinctly affect hair morphology. Physical
stressors, notably the thermal impact of procedures like blow-drying, typically cause damage restricted to the cuticle
layer, sparing the deeper cortical structures.”® In contrast, chemical stressors, such as those from permanent dyes, not
only induce swelling of the cuticular overlapping scales but also penetrate deeper into the cortex. This penetration can
lead to significant structural damage, including exposure of the cortex due to extensive cuticular detachment up to
complete disappearance of the cuticle.*

Chemical and physical stressors primarily impact the visible portions of the hair shaft,”> while chemotherapy affects
all rapidly proliferating cells from the bulb upward, alongside other effects on hair follicles.

SEM samples are strategically selected from representative sections as close as possible to the hair bulb. This
methodological approach allows for the evaluation of chemotherapy-induced damage as unaffected as possible by
external stressors-induced shaft damage if adequate shaft sections are available. In contrast, topical chemical and physical
stress are more likely to manifest in the distal, visible parts of the shaft, and thus may generally have a lesser influence on
measured shaft effects and the Hair Mass Index measured at a hair length of 2,5 cm. This may potentially explain the
non-significant influence of hair shaft surface damage from external chemical and physical stressors.

After the post-therapeutic degree of shaft damage emerged as a significant biomarker associated with alopecic
severity, the question of therapeutic implications arises. It is essential to emphasize that damage to the shaft surface
was consistently associated with visible alopecia once the cortex structure was exposed, typically following extensive
destruction of the cuticle. Among these patients, visible alopecia was observed.

In contrast, in patients with cuticle damage up to grade 2, without cortex involvement, the corresponding Hair Mass
Index remains >50, indicating no visible hair loss.

This damage assessment focuses on the most proximal shaft sections, reflecting predominantly intrinsic damage.
Given that the bulb represents the zone of cellular proliferation, where matrix keratinocytes are actively engaged in
forming the hair shaft, treatment of hair damage caused by residual exposure to cytostatics — affecting both the bulb and
the hair shaft surface — should be approached on both preventive and regenerative levels. This includes localized
strategies, such as follicular targeting, as well as systemic interventions.

Sensor-controlled scalp cooling effectively prevents chemotherapy-induced alopecia, and follicular targeting emerges
as a promising complementary intervention. Chemotherapy induces apoptosis in rapidly proliferating matrix keratino-
cytes, while also elevated oxidative stress in distal hair shaft cells, is highlighting the need for multifaceted protective
strategies.?®

Unlike living cells, distal hair shaft cells lack advanced antioxidative defenses such as radical scavengers. Reactive
oxygen species (ROS) can degrade the outermost lipid layer, particularly the 18-methyleicosanoic acid layer, essential for
hair integrity. Without this barrier, cuticles become vulnerable to intrinsic and extrinsic stressors. Chemotherapy-induced
ROS can damage cuticle cells, extending to the cortex and causing fibril disorientation. Oxidative processes, including
keratin oxidation, disulfide bond cleavage, and amino acid modifications, irreversibly damage cortical cells, leading to
brittle, dull, and breakage-prone hair shafts.>**°

Topical melatonin and vitamin C-based nanoparticles can effectively counteract oxidative stress in follicular cells,
enhancing shaft integrity and improving hair density in conditions like androgenetic alopecia, offering a therapeutic
approach for ROS-induced follicular disorders.!

Within the framework of elevated reactive oxygen species (ROS) as chemotherapy-induced agents of damage to the cellular
structures of the follicular pigmentary unit, it is imperative to highlight the principle that “the dose makes the poison”. Excessive
ROS levels, indicative of oxidative stress, significantly damage hair follicles. Interestingly, Zhang et al demonstrated that mild
oxidative stress can paradoxically protect against chemotherapy-induced alopecia by inducing cell cycle arrest through p53
activation, shielding follicles from cytotoxicity.> Chen et al corroborated this clinically, observing that scalp cooling decelerates

1254  hees Cancer Management and Research 2025:17



Schaffrin-Nabe et al @

the cell cycle in hair follicles, enhancing resistance to chemotherapeutic damage. These findings highlight the critical role of cell
cycle arrest in follicular resilience.*®

A promising strategy within this framework involves the use of palbociclib, a cyclin-dependent kinase inhibitor.
Preclinical studies on human hair follicle organ cultures show that topically and transiently applied palbociclib induces
a temporary Gl phase arrest without cytotoxicity or premature catagen phase transition. This allows matrix cell
proliferation to resume and reactivates the anagen phase, preventing follicles from entering the shedding phase while
preserving chemotherapy efficacy. This targeted approach effectively mitigates hair loss without compromising oncolo-
gical treatment outcomes.*

Preclinical studies demonstrate that subcutaneous administration of Kartogenin effectively downregulates the
TGF-B2/Smad pathway, potentially extending the anagen phase in murine hair follicles. Since TGF-f activity is
upregulated during chemotherapy, leading to follicular apoptosis, inhibiting this pathway could play a critical role in
mitigating chemotherapy-induced damage.’ >’

However, precise timing and duration of anagen phase modulation are essential, particularly when combined with
scalp cooling. Transient G1 phase cell cycle arrest is desirable to allow anagen phase reactivation post-chemotherapy
without inducing a catagenic shift. Prolonged anagen extension with ongoing matrix keratinocyte proliferation during
chemotherapy-induced apoptosis could negate protective effects, underscoring the need for balanced modulation.

Similarly, the temporal application mode of Palifermin requires careful consideration. Regarding the topical use of
growth factors, such as keratinocyte growth factors (KGFs), available data are limited to older studies conducted
exclusively at the preclinical level and not in conjunction with follicle cooling.*®

Recent discussions have focused on hair follicle damage caused by internal stressors, initially affecting the bulb and
subsequently the hair shaft, thus bringing both structures into the scope of preventive and restorative therapeutic
considerations.

To protect the hair shaft surface, additionally compromised by external physical and chemical stressors, the topical
application of a polyphenol complex shows promise by maintaining cuticle integrity and indirectly safeguarding the
cortex, enhancing overall resilience.

A polyphenol-enriched shampoo incorporates tannic acid, which stabilizes molecular networks and provides UV
protection, reinforcing surface integrity. Gallic acid enhances elasticity by reducing brittleness, while caffeic acid offers
potent antioxidant properties, preventing lipid and protein oxidation and scavenging free radicals. Together, these
components improve hair quality and reduce pore size within the hair shaft.*

While a detailed exploration of the nutritional aspects lies beyond the scope of this discussion, it is worth noting the
importance of food selection in conjunction with achieving the correct nutritional balance.*’

Extensive investigations show no cases of scalp metastases among our patients undergoing scalp cooling since its
implementation in 2009 in our practise, consistent with international data confirming its safety. This evidence supports
informed decision-making by oncologists and patients regarding the integration of scalp cooling into cancer
treatment.>*'*

This study has certain limitations. As a single-center study, the generalizability of our results may be limited.
Additionally, due to the technical complexity of scanning electron microscopy (SEM), pre- and post-intervention SEM
data were available for a subset of 52 patients. While no formal power calculation was performed for this subgroup, the
consistency of the structural changes observed and the clear effect patterns across multiple endpoints support the
adequacy of the sample size for exploratory analysis. Future studies with larger and multicenter designs are warranted
to confirm and extend these findings.

Conclusion

Scalp cooling shows a clear potential to reduce chemotherapy-induced alopecia, with visible hair retention achieved in

53% of patients—even under aggressive regimens. Efficacy, however, varies, pointing to the need for individualized

approaches. Key predictors of success include pre-treatment trichological factors and post-treatment hair shaft integrity.
Future strategies should focus on enhancing follicular and shaft resilience through targeted interventions, such as

transient cell cycle arrest or antioxidant therapies, though clinical validation remains essential. Scalp cooling not only
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preserves hair but also supports patients’ psychological well-being. Larger, multicenter trials are needed to optimize
protocols and improve outcomes.
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