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Abstract 

Intrinsic aging of skin is a natural process genetically determined and inalterable. 

The aging-related changes increase the susceptibility of skin and reduced the skin barrier 

function, which increases incidence of inflammatory or infectious skin disorders in the 

elderly people. To reveal the changes of intrinsic skin aging, a 1230 nm femtosecond 

Cr:forsterite laser was used as the excitation, and the non-invasive harmonic generation 

biopsy (HGB) system collecting second-harmonic generation and third-harmonic 

generation signals was applied to acquire in vivo images with high spatial resolution from 

ventral forearms of 48 Asians with Fitzpatrick skin phototype III or IV. Using the HGB 

system, the XYZ image stacks of equally-spaced parallel horizontal sections were 

acquired with step size 2 �m or 5 �m beginning from the stratum corneum into the upper 

reticular dermis of the skin. Using XYZ image stacks, 14 parameters were defined to 

inspect morphological changes of viable epidermis and mainly dermal papillae in a 

three-dimensional point of view. 

In the in vivo analysis of viable epidermis thickness, viable epidermis thickness 

excluding rete ridge was not found related to neither age nor gender, but viable 

epidermis thickness including rete ridge decreased with age. Results together implied 

that the dermal-epidermal junction flattened in the aged skin. In the in vivo analysis of 
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isolated dermal papilla (IDP), the average, intra-subject SD, and maximum of IDP height 

and volume all decreased with age. Only the average of IDP height was found related to 

gender. The results indicated that intrinsic aging resulted in the shrinkage of the IDP in 

size, and there were only small IDPs remained in the elder skin. In the in vivo analysis of 

dermal papillae within dermal papilla zone (DPZ), both depth of DPZ and 3D 

interdigitation index decreased with age, but dermal papillae volume ratio within DPZ 

increased with age. However, number density of dermal papillae, dermal papillae volume 

per unit area, and average volume per dermal papillae were not found related to age. The 

results indicated that dermal-epidermal junction became flatter with age, but the dermal 

papillae within DPZ were not reduced in volume. The independent dermal papillae 

connected to each other quicker with age, and the whole dermal papillae within DPZ 

extended in width. Moreover, the analysis of 3D interdigitation index showed the 

decreasing interface area of dermal-epidermal junction with age, which might related to 

the fragility of the aged skin due to the weakening of epidermal-dermal adherence. 
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Chapter 1 Introduction 

1.1 Skin Aging 

Aging is a process of structural integrity loss and physiological changes caused by 

both intrinsic and extrinsic factors. Intrinsic aging of skin is a natural process genetically 

determined and inalterable. However, extrinsic aging of skin is affected by relatively 

controllable factors, and the effects of sunlight exposure are estimated to account for up to 

90% of the visible skin aging [1]. Morphologic changes related to intrinsic aging in older 

skin are relatively subtle and consist of primary laxity, fine wrinkling, and a variety of 

benign neoplasms [2]. The aging-related changes include fewer basal keratinocytes, 

decreased vascularity, fewer sweat glands, and flattened dermal-epidermal junction [2]. 

These changes increase the susceptibility of skin and reduced the skin barrier function, 

which increases incidence of inflammatory or infectious skin disorders in the elderly 

people [2]. In fact, most people in America over 65 have at least one skin disorder, and 

many have two or more [3]. As the proportion of people who are elderly is increasing, the 

issue of skin aging is becoming more and more important. 
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1.2 Harmonic Generation Microscopy 

Although skin biopsy is the most generally used technique to evaluate morphologic 

changes in dermatological study, its invasive nature makes it not a suitable method to 

investigate skin aging. The harmonic generation microscopy could be a more adaptive 

technique for revealing the changes of intrinsic skin aging due to its capability of 

non-invasive in vivo imaging with a high spatial resolution. The harmonic generations are 

nonlinear optical processes, in which virtual-level transitions are involved. Through the 

induction of electric polarization, the second-harmonic generation (SHG) process is the 

generation of light with the frequency that is twice the frequency of the excitation 

(fundamental) light, and the third-harmonic generation (THG) is the generation of light 

with the frequency that is triple the frequency of the excitation light [4]. Due to only the 

virtual-level transition involved, the SHG and THG processes leave no energy and cause 

no photodamage [5, 6]. Moreover, the intensities of the SHG and THG generated were 

proportional to square and cubic of the excitation light intensity respectively and both 

signals are generated only in close proximity to the focal point. Therefore, the confined 

excitation volume can provide high resolution of three-dimensional image [7, 8]. In 

theory, SHG only occurs from optically non-centrosymmetric media, such as collagen 

fibers and muscle fibers [9-11]. Therefore, SHG microscopy is ideal for investigate 
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collagenous structures in the dermis. THG is a process that is dipole allowed and occurs 

in all materials. Moreover, THG occurs at interfaces of any media and is free from the 

constraint of a phase-matching condition and wavelength restriction [12]. Therefore, 

THG can provide the information of bio-tissues and cellular morphology. In the previous 

studies, THG was reported to arise from the cell membrane [13] and the cytoplasmic 

organelles [8], and to be enhanced by melanin [14], oxy-hemoglobin [15], and elastin [16] 

through resonance enhancement [17]. In our previous studies, a femtosecond Cr:forsterite 

laser at 1230 nm was used as the excitation source of the harmonic generation 

microscopy combining both SHG and THG, which was used for the non-invasive in vivo 

optical virtual biopsy on human skin without damage. This harmonic generation biopsy 

could clearly reveal in vivo skin structure from the outermost stratum corneum to the 

upper dermis [16, 18]. In this study, the harmonic generation biopsy system was applied 

to investigate structural changes of epidermis and dermis related to intrinsic aging. 
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1.3 Comparison between SHGM and SHOCT 

Second harmonic optical coherence tomography (SHOCT) is an extension of the 

OCT that can provide additional information by collecting SHG signals for imaging 

[19-22]. Compared with second harmonic generation microscopy (SHGM), SHOCT also 

collects SHG signals from non-centrosymmetric media and possesses the advantages of 

harmonic generation, such as no photodamage and confined excitation volume. For the 

system setup, because SHOCT needs to split the source light first to generate a reference 

second-harmonic light by a nonlinear crystal and then recombine it with the 

second-harmonic signal generated from sample, SHOCT requires a more complicated 

system setup. For the spatial resolutions, SHOCT could achieve axial resolution of 

several micrometers determined by the coherence length and lateral resolution of few 

micrometers determined by the spot size, such as 4.2 �m and 1.9 �m reported by Jiang et 

al. [22]. However, using high NA objective, SHGM could achieve axial and lateral 

resolution of ~1 �m and sub-micrometer [14, 18]. To improve the lateral resolution of 

SHOCT, adopting a higher NA objective could narrow the spot size but results in a 

smaller depth of focus [23]. To improve the axial resolution of SHOCT, the coherence 

length should be reduced, and the coherence length lc was proportional to square of the 
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center wavelength �0 and the inverse of bandwidth �� (�� �
� ����	




���
) [23]. In order to 

prevent large scattering and absorption of the human skin, the center wavelength is 

preferred in some ranges and could not be too small [23]. Therefore, wide bandwidth is 

needed to acquire higher resolution. For example, to achieve axial resolution of ~1 �m, 

bandwidth should be over 70 nm at center wavelength of 400 nm [24]. For the 

penetration depth, OCT was generally reported to achieve penetration of few millimeters 

[23]. For SHOCT, the penetration depth was reported to be 280-350 �m in hydrated 

type I collagen [19] and ~700 �m in fish scales. For SHGM, the penetration depth was 

reported to be ~1.5 mm through zebra fish embryo [25], ~700 �m inside the mouse eye 

[26], and above 300 �m in the human skin [14, 18]. Therefore, SHOCT and SHGM seem 

to provide similar depth of penetration in bio-tissues. 
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Chapter 2 Materials and Methods 

2.1 Study Population 

48 Asian subjects with 7 females and 8 males aged 19-29 years, 13 females and 6 

males aged 30-59 years, and 8 females and 6 males aged 60-79 years, of Fitzpatrick skin 

phototype III or IV participated. One male subject was not included in the analysis of 

viable epidermis thickness because his images of viable epidermis were not fully 

obtained. Subjects with diabetes or skin diseases were excluded. This study was 

conducted according to the Declaration of Helsinki Principles, and the protocol was 

approved by the Institutional Review Board of National Taiwan University Hospital. 

Informed consent was obtained from each subject prior to study entry. 

 

2.2 Harmonic Generation Biopsy System 

A 1230 nm femtosecond Cr:forsterite laser was used as the excitation to reduce the 

attenuation from both scattering and absorption of the human skin and to increase the 

imaging penetrability [27-29]. As described in the previous study [14], the harmonic 

generation biopsy (HGB) system was adapted from a commercial confocal scanning 

system (FV300, Olympus, Tokyo, Japan) combined with an inverted microscope (IX71, 
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Olympus, Tokyo, Japan). A 60X water-immersion objective with NA 1.2 was used in this 

study, and second- and third-harmonic generation signals were backward-collected by 

two photomultiplier tubes (Fig. 1). Using this system, subjects only need to put their 

forearms on the sample stage with ventral side downward, and the imaging depth in the 

skin could be control by the z-motor with high resolution (~0.1 �m). A submicron lateral 

resolution and ~1 �m axial resolution were achieved. The penetrability > 300�m could 

be reached [14, 18]. 

�

Fig. 1. A schema of the 1230 nm-based harmonic generation biopsy system; PMT: photomultiplier tube; 

DBS: dichroic beam splitter. 
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Fig. 2. A Part of a representative XYZ image stack combing SHG and THG signals from a 24-year-old 

female subject. The image stack recorded different skin layers including stratum corneum (SC), stratum 

granulosum (SG), stratum spinosum (SS), stratum basale (SB), papillary dermis (PD), and upper reticular 

dermis (RD). The depths of images were labeled, and the depth of the first frame of the stack that showed 

the stratum corneum was set as 0 �m. SHG and THG signals were represented by pseudo-colors green 

and purple. Image dimensions were 240 �m × 240 �m. 

/�0��
1�� /)0���1�� /�0��
1��

/�0���1��

/,0���1��

/�0��
1�� /�0��
1�� /20���1��

/�0��
1�� /*0���1�� /30��
1��

/$0�.�1��

/�0���1��

/40�5
1��

/�0�	
1�� /�0�	�1��

/�0�5�1�� /�0��

1�� /�0��
�1��

/�0�.
1��

�� �#� ���

���

�'� �'� �'�

�&�

�&�

�&�

�&�

6&�

�

�&�



�

�

5�

�

�

2.3 Imaging Procedure 

Observations were performed at the left ventral forearms about 15 cm proximal of 

the subjects’ wrists. Using the XYZ mode of the in vivo HGB system, the objective 

could move in the z direction with a specified step size, and image stacks of 

equally-spaced parallel horizontal sections were acquired with step sizes 2 �m or 5 �m. 

The XYZ image stacks of skin were obtained beginning from the stratum corneum, 

through the stratum granulosum, stratum spinosum, stratum basale, papillary dermis, and 

to the upper reticular dermis (Fig. 2). During the imaging process, the voltages of two 

photomultiplier tubes were adjusted continuously to keep SHG and THG signals 

visually bright enough but not saturated. Each image frame was with 512 × 512 pixels, 

and the actual spatial dimensions were 240 �m × 240 �m or 200 �m × 200 �m. In this 

study, the image stacks were excluded if the section images in them were not horizontal 

to the skin, which obviously changed with depth non-uniformly in different corners. 

Image stacks were also excluded if they had more than two successive blurred frames. 

Total 200 XYZ image stacks including 14 stacks with step size 2 �m and 186 stacks 

with step size 5 �m were analyzed. The maximum, minimum, and average numbers of 

the image stacks obtained from one subject were 2, 10, and 4.167. The imaging trials of 

13 subjects were carried out by me. 
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For each subject, the total laser exposure time in the same area was limited to 30 

minutes, and the average power measured right after objective was ~100 mW. Before 

and after the HGB, the test sites of all volunteers were recorded by photographing. The 

volunteers were informed to feel free to contact us if they felt any discomfort during or 

after HGB. There were no cutaneous side effects observed such as erythema, pigment 

alteration, ulceration or blister formation. The procedure was comfortable and caused no 

itch or pain according to volunteers’ opinions. 

 

2.4 Analysis Protocols 

2.4.1 Height, Surface Area, and Volume Estimation 

To understand the morphological features of viable epidermis and the dermal 

papillae (DP), the analysis was performed on the image stacks of equally-spaced 

parallel horizontal sections. From these image stacks, the height, the surface area, and 

the volume were measured for analysis. Because the objective was water-immersed, of 

which the refraction index was close to that of skin, the refraction of light was neglected. 

Therefore, the distance between section images in the skin was approximated by the 

step size of the objective movement. The height was calculated by counting the number 
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of the consecutive frames and multiplying by the step size. For the surface area and the 

volume, the section areas and their circumferences were measured in consecutive 

frames, and the volume and the surface area were estimated by the rectangular 

estimation, which approximated the real object by a pile of irregular cylinders (Fig. 3). 

For the volume estimation, calculation was done by summing up the section areas 

multiplied by the step size. With the same principle, the surface area was calculated by 

adding all the products of the circumference and the step size, the area differences 

between the pairs of section areas in two successive frames, and the top section area. 

 
Fig. 3. A chart showed the rectangular estimation, which approximated an object by a pile of cylinders. 

The volume and surface area of the object could be estimated by measuring the section areas, their 

circumferences, and step sizes between sections. 

For the estimations of the volume and the surface area, which was more proper to 

be called as the interface area, of dermal papillae, it should be noted that the tiny spaces 

between collagen fibers and the capillaries inside the dermal papillae, which were 
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observed as dark holes surrounded by the SHG signals, were all recognized as parts of 

dermal papillae. In other words, if these tiny spaces and dark holes were encircled by 

the SHG signals, they would be included in the measurements of the section areas and 

their circumferences. Using the estimated height, the interface area, and the volume, 

several parameters were defined: the thickness of viable epidermis, the height of 

isolated dermal papilla, the volume of isolated dermal papilla, the depth of dermal 

papilla zone, the number density of dermal papilla, the dermal papillae volume per unit 

area, the average volume per dermal papilla, the dermal papillae volume ratio within 

dermal papilla zone, and the 3D interdigitation index. 

2.4.2 In Vivo Analysis of Viable Epidermis Thickness 

Beneath stratum corneum lay the viable epidermis, which included stratum 

granulosum, stratum spinosum, and stratum basale, where keratinocytes with nuclei 

could be observed. Such as in Fig. 2(a), no cells with nuclei were observed in the stratum 

corneum, and then cells with nuclei first appeared in the stratum granulosum in Fig. 2(b), 

where was defined as the topmost layer of the viable epidermis. The thickness of viable 

epidermis was measured from stratum granulosum to stratum basale. However, the 

interface between epidermis and dermis was an undulated surface, and whether rete ridge, 
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which were the protrusions of epidermis into dermis, should be included in the thickness 

measurement was an issue. Therefore, measurements including and excluding the depth 

of rete ridge were both performed. Therefore, such as in Fig. 2, the thickness excluding 

rete ridge was the step size multiplied by the count of frames from (b) to (e), and the 

thickness including rete ridge was the step size multiplied by the count of frames from (b) 

to (q). Both thicknesses were measured for every image stack, and average and standard 

deviation (SD) of a subject were calculated based on the respective thicknesses of all his 

or her image stacks. 

2.4.3 In Vivo Analysis of Isolated Dermal Papilla 

2.4.3.1 Isolated Dermal Papilla 

The dermal papillae were the individual protrusions of dermis to epidermis, and as 

the observation got deeper into the skin, they joined together to form the papillary 

dermis. In our XYZ image stacks, after the basal cells appeared in the upper layer, the 

cross-sections of the upper-part dermal papillae were observed as independent round 

areas (Fig. 4). As it got deeper, these independent round areas gradually became larger, 

then connected with others, and finally joined together. These independent protrusions 

of upper-part dermal papillae were called isolated dermal papillae and were focused in 
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this part of analysis (Fig. 5(a)). In the XYZ image stacks, these independent round areas 

were identified as the sections of the isolated dermal papillae before they connected 

with others. If a cross-section of an isolated dermal papilla was cut by the border of 

image, it would be excluded in the measurements of height and volume. These 

independent cross-section areas of isolated dermal papillae in the frame where they first 

appeared were recorded and assigned numbers respectively, and the cross-section areas 

from the same isolated dermal papillae in the following frames, which were identified 

by their locations, were assigned the same numbers and recorded. The measurement and 

recording ended when the cross-sections connected to each other. The data of an 

isolated dermal papilla with the same assigned number were used to calculate its height 

and volume. 

�
Fig. 4. Four consecutive frames of an image stack from the ventral forearm of a 24-year-old female 

subject. The cross-sections of isolated dermal papillae were observed as independent round areas (arrows), 

and connected with each other in the following frame (arrow heads). Image dimensions were 240 �m × 

240 �m. The distances between images were 5 �m. SHG and THG signals were represented by 

pseudo-colors green and purple. 
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Fig. 5. Diagrams of (a) isolated dermal papillae and (b) dermal papillae within dermal papilla zone (DPZ), 

which were denoted by the green areas. Dermal papilla zone was the region between two dotted lines in 

(b). 

2.4.3.2 Height of Isolated Dermal Papilla 

The respective heights of isolated dermal papillae observed in all image stacks from 

a subject were measured. For each subject, at least 5 isolated dermal papillae were 

included for height measurement, and the average, the intra-subject standard deviation, 

and the maximum (top 20%) of isolated dermal papilla height were calculated based on 

the results of all his or her isolated dermal papillae. It should be clarified that the 

average, the intra-subject SD, and the maximum were not acquired for each stack and 

then averaged for a subject, but directly calculated from the respective heights of all his 

or her isolated dermal papillae. 
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2.4.3.3 Volume of Isolated Dermal Papilla 

The volume of each isolated dermal papilla in each image stack from a subject was 

calculated by the rectangle estimation. For each subject, the average, the intra-subject 

standard deviation, and the maximum of isolated dermal papilla volume were computed 

as well based on all his or her isolated dermal papillae, and the number of isolated 

dermal papillae should be no less than 5. It should be also clarified that that the average, 

the intra-subject SD, and the maximum were directly calculated from the respective 

volumes of all his or her isolated dermal papillae. 

2.4.4 In Vivo Analysis of Dermal Papillae within Dermal Papilla Zone 

2.4.4.1 Dermal Papilla Zone 

In the human skin, epidermis and dermis interdigitated at the interface, 

dermal-epidermal junction, and the dermal papilla zone was defined as the layer where 

epidermis and dermis both existed. Therefore, in the XYZ image stacks, the dermal 

papilla zone started when the dermis appeared in the shallower layer, and ended when 

the epidermis disappeared (Fig. 5(b)). The features of dermal papillae within the dermal 

papilla zone were focused in the following analysis. The total occupied section area and 

its circumference of dermal papillae were recorded for each frame within dermal papilla 
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zone in order to calculate following parameters. If part of the circumference overlapped 

border lines of the frame, the length of that part was excluded in the measurement. As it 

got deeper, dermal papillae would occupy more area in the frame. However, for most of 

the XYZ stacks, the occupied section area of dermal papillae did not occupy whole 

frame area in the deepest frame within the dermal papilla zone, and sweat glands 

appeared occasionally, which were excluded in the measurement. Sweat glands were 

observed as large dark holes surrounded by THG signals of cells in dermis. In addition, 

the max occupied section area was generally found in the last frame within dermal 

papilla zone, but slight decreases of the last frames in some stacks could be found due to 

truly decreased occupied area, appearance of sweat glands, or errors of manual 

selections. Therefore, the bottom area of the dermal papilla zone was defined as the max 

occupied section area of the dermal papillae instead of the whole frame area. 
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Fig. 6. Diagrams showed the required measurements for calculating the parameters defined in the analysis 

of dermal papillae within DPZ. The total number, the total interface area, the max occupied section area 

of dermal papillae within DPZ were specified in (a); the depth of DPZ and the total dermal papillae 

volume within DPZ were specified in (b). 

Table 1. Summary of parameter definitions and notations in the in vivo analysis 

of dermal papillae within dermal papilla zone 

Parameter Definition Notation 

Depth of DPZ 

(TDPZ) 
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Number Density 
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2.4.4.2 Depth of Dermal Papilla Zone 

The depth of dermal papilla zone (TDPZ; Fig. 6(b)) was measured by counting the 

frames from the first observation of dermal papillae to the last observation of basal cells 

and multiplying by the step size for each image stack. For a subject, the respective depth 

of dermal papilla zone for each of his or her stack was obtained. Based on these depths, 

the depth of a subject was acquired from the average of stacks, and the intra-subject SD 

was calculated. The change of the depth of dermal papilla zone could indicate whether 

the dermal-epidermal junction flattened or sharpened. 

2.4.4.3 Number Density of Dermal Papillae 

To understand the distribution of dermal papillae, the number of dermal papillae 

was acquired by simply counting the number of isolated dermal papillae. In each XYZ 

image stack, the total number of dermal papillae (Fig. 6(a)) was counted, among which 

an incomplete one was counted as 0.5, and the max occupied section area of dermal 

papillae within dermal papilla zone was measured (Fig. 6(a)). The number density of 

dermal papillae (DN) for a subject was calculated by the sum of the total number of 

dermal papillae (Ntotal) obtained from all his or her stacks divided by the sum of the max 

occupied section area (OAmax). For a subject, the respective number density of every his 



�

�

�
�

�

�

or her stack was also calculated, and the intra-subject standard deviation was obtained 

between these number densities. 

2.4.4.4 Dermal Papillae Volume per Unit Area 

The dermal papillae volume per unit area (DV) of a subject, which revealed how 

much volume of dermal papillae spread on the skin, was calculated by the sum of the 

total dermal papillae volume (Vtotal; Fig. 6(b)) from all his or her image stacks divided 

by the sum of the max occupied section area of dermal papillae within dermal papilla 

zone (OAmax; Fig. 6(a)). The volume per unit area of each stack was calculated, and the 

intra-subject standard deviation for a subject was obtained between the respective 

results of his or her stacks. 

2.4.4.5 Average Volume per Dermal Papilla 

In the analysis of isolated dermal papilla, only the upper-part dermal papillae that 

did not connect to each other were analyzed. In this part of analysis, it was defined that 

the bottom of each dermal papilla was as deep as the bottom of dermal papilla zone, so 

the connected-part of dermal papillae within dermal papilla zone was included for 

acquiring the volume of one dermal papilla. Average volume per dermal papilla (VDP) of 

a subject was estimated by the sum of the total dermal papillae volume within dermal 



�

�

���

�

�

papilla zone (Vtotal; Fig. 6(b)) measured from all his or her image stacks divided by the 

sum of the total number of dermal papillae (Ntotal; Fig. 6(a)). The average volume of 

each stack was calculated, and the intra-subject standard deviation for a subject was 

obtained between the respective average volumes of his or her stacks. 

2.4.4.6 Dermal Papillae Volume Ratio within Dermal Papilla Zone 

To indicate how much volume of dermal papilla zone was occupied by dermal 

papillae, the dermal papillae volume ratio within dermal papilla zone (RV) of a subject 

was calculated from the sum of the total dermal papillae volume within dermal papilla 

zone (Vtotal; Fig. 6(b)) in all his or her stacks divided by the sum of the volume of 

dermal papilla zone, which was the max occupied section area of dermal papillae 

(OAmax; Fig. 6(a)) multiplied by the depth of dermal papilla zone (TDPZ; Fig. 6(b)). The 

ratio of each stack was calculated, and the intra-subject standard deviation of a subject 

was obtained between the respective ratios of his or her stacks. 

2.4.4.7 3D Interdigitation Index 

Timár et al. [30] introduced the idea of the interdigitation index to measure the 

undulation of the dermal-epidermal junction. Vertical section of the skin was used, and 

the interdigitation index was calculated by the length of the curved line along the 
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dermal-epidermal junction divided by the length of the straight line between two end 

points. By expanding their idea, 3D interdigitation index (I3D) was defined to evaluate 

the three-dimensional undulation, which was calculated by the sum of the total interface 

area of dermal papillae (IAtotal; Fig. 6(a)) obtained from all his or her stacks divided by 

the sum of the max occupied section area of dermal papillae within the dermal papilla 

zone (OAmax; Fig. 6(b)) for a subject. The index of each stack was calculated, and the 

intra-subject standard deviation of a subject was obtained between the respective 

indexes of his or her stacks. 

 

2.5 Statistics Protocol 

Statistical analysis was performed with IBM SPSS Statistics ver. 20. A set of 

parameters and their intra-subject standard deviations was acquired for each subject by 

the foregoing methods. To investigate age-related changes, the multiple linear 

regression model with age and gender as variables was used for statistical analysis, and 

P-values (denoted as P) were acquired for both variables. P-value < 0.05 was considered 

to be statistically significant. If age and gender both showed statistical significances, 

correlation coefficient (denoted as R) was acquired from the multiple linear regression 
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model. If only one variable showed statistical significance, correlation coefficient was 

acquired from simple linear regression model with only one variable that showed 

significance. If age and gender showed no statistical significances for a parameter, from 

all the subjects, the average, the inter-subject standard deviation, and the coefficient of 

variance (CV), which was the average divided by the standard deviation, were 

calculated to observe the dispersion of the parameter. To explore the differences among 

age groups, data were sort by age into groups of 19-29 years, 30-59 years, and 60-79 

years. The analysis of variance (ANOVA) was performed with two factors, age group 

and gender, and statistical significances of both factors (denoted as p) were acquired. If 

ANOVA showed significance for either factor, post hoc analysis was performed by LSD 

method to inspect difference of which two groups was significance. If gender showed 

statistical significance in the multiple linear regression analysis or ANOVA, three age 

groups were further divided by gender into six groups. The average and standard 

deviation for each group were calculated and displayed as the average ± SD. 
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Chapter 3 Results 

3.1 In Vivo Image Stacks of Human Skin 

Using the harmonic generation biopsy system, a series of human skin images were 

acquired in vivo starting from the stratum corneum to the upper reticular dermis. In the 

image (a) to the image (e) of Fig. 2, all the layers of epidermis were clearly displayed by 

the third harmonic generation signals. In the image (f), the second harmonic generation 

signals showed the appearance of the papillary dermis distinctly. In the following 

images, the epidermis seemed to diminish and the dermis increased their proportions of 

image areas. Because the epidermis and dermis were showed by the THG and SHG 

signals respectively, the interface of epidermis and dermis was clearly displayed. 

Therefore, the structure of dermal papillae could be distinguished from the epidermis by 

the SHG signals with fine resolution and surrounding THG signals. 

 

3.2 In Vivo Analysis of Viable Epidermis Thickness 

Although statistical significance of age group was found in ANOVA of the 

thickness of viable epidermis excluding the depth of rete ridge (Fig. 7; p for age group = 
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0.0107 and p for gender = 0.8920), there was no significance of age nor gender found in 

the regression analysis of the thickness of viable epidermis excluding the depth of rete 

ridge (Fig. 7; PexcludeRR for age = 0.3614 and PexcludeRR for gender = 0.5475). The 

thicknesses excluding rete ridge for age groups 19-29, 30-59, and 60-79 years were 

22.76 ± 2.73 �m, 27.50 ± 4.19 �m, and 24.76 ± 5.14 �m. No trend of decrease or 

increase with age could be observed in Fig. 7. Therefore, the thickness of viable 

epidermis excluding the depth of rete ridge did not increase or decrease with age. The 

average and inter-subject standard deviation of the thickness excluding rete ridge from 

all the subjects was 25.23 �m and 4.49 �m, and the coefficient of variance was 0.1781. 

Statistical significance was not found in ANOVA of viable epidermis thickness 

including the depth of rete ridge (Fig. 8; p for age group = 0.1592 and p for gender = 

0.4282). However, the result showed significance of age in the regression analysis of 

viable epidermis thickness including the depth of rete ridge (Fig. 8; PincludeRR for age = 

0.0487 and PincludeRR for gender = 0.3396). A small and negative correlation was found 

between age and the thickness of viable epidermis including the depth of rete ridge (R = 

-0.293). The thicknesses including rete ridge for age groups 19-29, 30-59, and 60-79 

years were 91.91 ± 17.56 �m, 83.40 ± 15.97 �m, and 79.10 ± 17.71 �m. The thicknesses 

including rete ridge seemed to decrease with age, but differences between subjects were 
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larger than the age-related decreases. 

Both results together implied that not the thickness of viable epidermis but the depth 

of rete ridge decreased with age. This implication would be confirmed later in the analysis 

of the depth of dermal papilla zone, which was the same as the depth of rete ridge. 

�
Fig. 7. Average thickness of viable epidermis (excluding rete ridge) versus age from the ventral forearms 

of 47 Asian subjects (skin phototype III & IV). In linear regression analysis, P-value for age = 0.3614 (not 

statistically significant); P-value for gender = 0.5475 (not statistically significant). In ANOVA, p-value for 

age group = 0.0107 (statistically significant); p-value for gender = 0.8920 (not statistically significant). 

�
Fig. 8. Average thickness of viable epidermis (including rete ridge) versus age from the ventral forearms of 

47 Asian subjects (skin phototype III & IV). In linear regression analysis, P-value for age = 0.0487 

(statistically significant); P-value for gender = 0.3396 (not statistically significant). Correlation coefficient 

R to age = -0.293. In ANOVA, p-value for age group = 0.1592 (not statistically significant); p-value for 

gender = 0.4282 (not statistically significant). NS: not significant. 



�

�

�	�

�

�

3.3 In Vivo Analysis of Isolated Dermal Papilla 

3.3.1 Height of Isolated Dermal Papilla 

ANOVA showed statistical significances of age group for the three height 

parameters, average, intra-subject standard deviation, and maximum of height, 

respectively (Fig. 9-11; for age group, pave= 0.0003, pSD = 0.0051, and pmax = 0.0021), 

but no significances of gender were found (Fig. 9-11; for gender, pave = 0.0975, pSD = 

0.7703, and pmax = 0.5943). Regression analysis also showed significances between age 

and the three height parameters, average, intra-subject standard deviation, and maximum 

of height (Fig. 9-11; for age, Pave = 0.0003, PSD = 8.315�10-5, and Pmax = 5.077�10-5), 

respectively, but gender only showed significances in the regression analysis of the 

average height (for gender, Pave = 0.0285, PSD = 0.4806, and Pmax = 0.3165). The 

intra-subject SD and the maximum of isolated dermal papilla height were negatively and 

moderately correlated only to age (RSD = -0.540; Rmax = -0.551). The average of isolated 

dermal papilla height was negatively and moderately correlated to both age and gender 

(Rave = -0.563). The overall average for male subjects of the average height (18.91 �m) 

was higher than that for female subjects (15.54 �m). The average heights for age groups 

19-29, 30-59, and 60-79 years were 21.90 ± 5.98 �m, 15.01 ± 4.85 �m, and 14.25 ± 4.11 



�

�

�.�

�

�

�m. For respective age groups of females and males, the average heights for female age 

groups 19-29, 30-59, and 60-79 years were 19.02 ± 4.77 �m, 14.97 ± 4.71 �m, and 

13.40 ± 3.88 �m, and the average heights for male age groups 19-29, 30-59, and 60-79 

years were 24.41 ± 6.06 �m, 15.10 ± 5.61 �m, and 15.38 ± 4.47 �m. The intra-subject 

SDs of height for age groups 19-29, 30-59, and 60-79 years were 11.76 ± 4.37 �m, 8.10 

± 5.14 �m, and 6.21 ± 2.69 �m. The maximum heights for subjects aged 19-29, 30-59, 

and 60-79 years were 40.14 ± 11.30 �m, 28.69 ± 13.78 �m, and 23.98 ± 8.24 �m. 

�
Fig. 9. Average of isolated dermal papilla height versus age from the ventral forearms of 48 Asian subjects 

(skin phototype III & IV). In linear regression analysis, P-value for age = 0.0003 (statistically significant); 

P-value for gender = 0.0285 (statistically significant). Correlation coefficient R to age and gender = -0.563. 
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In ANOVA, p-value for age group = 0.0003 (statistically significant); p-value for gender = 0.0975 (not 

statistically significant). In two lower figures, data of female and male subjects were separately displayed. 

�
Fig. 10. Intra-subject standard deviation of isolated dermal papilla height versus age from the ventral 

forearms of 48 Asian subjects (skin phototype III & IV). In linear regression analysis, P-value for age = 

8.315×10-5 (statistically significant); P-value for gender = 0.4806 (not statistically significant). Correlation 

coefficient R to age = -0.540. In ANOVA, p-value for age group = 0.0051 (statistically significant); 

p-value for gender = 0.7703 (not statistically significant). 

�
Fig. 11. Maximum of isolated dermal papilla height versus age from the ventral forearms of 48 Asian 

subjects (skin phototype III & IV). In linear regression analysis, P-value for age = 5.077×10-5 (statistically 

significant); P-value for gender = 0.3165 (not statistically significant). Correlation coefficient R to age = 

-0.551. In ANOVA, p-value for age group = 0.0021 (statistically significant); p-value for gender = 0.5943 

(not statistically significant). 
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3.3.2 Volume of Isolated Dermal Papilla 

ANOVA showed statistical significances of age group for the three volume 

parameters, average, intra-subject standard deviation, and maximum of volume, 

respectively (Fig. 12-14; for age group, pave = 0.0128, pSD = 0.0192, and pmax = 0.0067), 

but no significances of gender were found (for gender, pave = 0.1604, pSD = 0.7484, and 

pmax = 0.4859). There were statistical significances in the respective regression analyses 

of age and the three volume parameters, average, intra-subject standard deviation, and 

maximum of volume (Fig. 12-14; for age, Pave = 0.0037, PSD = 0.0006, and Pmax = 

0.0005). The average, intra-subject SD, and maximum of isolated dermal papilla volume 

were negatively related to age (Rave = -0.405; RSD = -0.482; Rmax = -0.482). In addition, 

we found that none of them were correlated to gender with statistical significances (for 

gender, Pave = 0.0930, PSD = 0.5912, and Pmax = 0.3244). The average volumes for age 

groups 19-29, 30-59, and 60-79 years were 45667 ± 27010 �m3, 27147 ± 20758 �m3, 

and 24291 ± 10794 �m3. The intra-subject SDs of volume for age groups 19-29, 30-59, 

and 60-79 years were 49776 ± 28917 �m3, 33155 ± 30822 �m3, and 21219 ± 9538 �m3. 

The maximum volumes for age groups 19-29, 30-59, and 60-79 years were 135624 ± 

80970 �m3, 83118 ± 68373 �m3, and 58694 ± 23695 �m3. 
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Fig. 12. Average of isolated dermal papilla volume versus age from the ventral forearms of 48 Asian 

subjects (skin phototype III & IV). In linear regression analysis, P-value for age = 0.0037 (statistically 

significant); P-value for gender = 0.0930 (not statistically significant). Correlation coefficient R to age = 

-0.405. In ANOVA, p-value for age group = 0.0128 (statistically significant); p-value for gender = 0.1604 

(not statistically significant). 

�
Fig. 13. Intra-subject SD of isolated dermal papilla volume versus age from the ventral forearms of 48 

Asian subjects (skin phototype III & IV). In linear regression analysis, P-value for age = 0.0006 

(statistically significant); P-value for gender = 0.5912 (not statistically significant). Correlation coefficient 

R to age = -0.482. In ANOVA, p-value for age group = 0.0192 (statistically significant); p-value for 

gender = 0.7484 (not statistically significant). 
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Fig. 14. Maximum of isolated dermal papilla volume versus age from the ventral forearms of 48 Asian 

subjects (skin phototype III & IV). In linear regression analysis, P-value for age = 0.0005 (statistically 

significant); P-value for gender = 0.3244 (not statistically significant). Correlation coefficient R to age = 

-0.482. In ANOVA, p-value for age group = 0.0067 (statistically significant); p-value for gender = 0.4859 

(not statistically significant). 

 

3.4 In Vivo Analysis of Dermal Papillae within Dermal Papilla 

Zone 

3.4.1 Depth of Dermal Papilla Zone 

ANOVA of the depth of dermal papilla zone (TDPZ) only showed the statistical 

significance of age group (Fig. 15; p for age group = 0.0095 and p for gender = 0.2017). 

The regression analysis was also statistically significant for age but not for gender (Fig. 

15; P for age = 0.0009 and P for gender = 0.0989). The correlation was negative (R = 

-0.457) for the depth of dermal papilla zone to age. The depths for age groups 19-29, 

30-59, and 60-79 years were 74.22 ± 13.25 �m, 60.63 ± 16.32 �m, and 57.20 ± 14.29 
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�m. The result of thinner dermal papilla zone in the aged skin indicated that the 

dermal-epidermal junction flattened with aging. 

�
Fig. 15. Depth of dermal papilla zone versus age from the ventral forearms of 48 Asian subjects (skin 

phototype III & IV). In linear regression analysis, P-value for age = 0.0009 (statistically significant); 

P-value for gender = 0.0989 (not statistically significant). Correlation coefficient R to age = -0.457. In 

ANOVA, p-value for age group = 0.0095 (statistically significant); p-value for gender = 0.2017 (not 

statistically significant). 

3.4.2 Number Density of Dermal Papillae 

No statistical significance of age group nor gender was found in ANOVA of the 

number density of dermal papillae (DN; Fig. 16; p for age group = 0.8096 and p for 

gender = 0.3678). Similarly, the regression analysis showed no statistical significance 

for the number density of dermal papillae to age or gender (Fig. 16; P for age = 0.9503 

and P for gender = 0.4749). Dermal papillae were not found to be more or fewer with 

increasing age. The average and inter-subject standard deviation of number density from 

all the subjects were 148.65 mm-2 and 52.06 mm-2, and the coefficient of variance was 
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0.3502. The number densities for age groups 19-29, 30-59, and 60-79 years were 149.88 

± 55.07 mm-2, 149.54 ± 49.58 mm-2, and 146.14 ± 55.85 mm-2, which were quite similar 

for different age groups. In Fig. 16, no tendency of age-related changes could be 

observed, and data were scattered in all age groups. 

�
Fig. 16. Number density of dermal papillae versus age from the ventral forearms of 48 Asian subjects (skin 

phototype III & IV). In linear regression analysis, P-value for age = 0.9503 (not statistically significant); 

P-value for gender = 0.4749 (not statistically significant). In ANOVA, p-value for age group = 0.8096 (not 

statistically significant); p-value for gender = 0.3678 (not statistically significant). NS: not significant. 

3.4.3 Dermal Papillae Volume per Unit Area 

ANOVA of dermal papillae volume per unit area (DV) did not show statistical 

significances of age group and gender (Fig. 17; p for age group = 0.4008 and p for 

gender = 0.1561). There were no statistical significances in the regression analysis of 

dermal papillae volume per unit area to age and gender (Fig. 17; P for age = 0.1471 and 

P for gender = 0.1287). Therefore, the volume of dermal papillae within dermal papilla 

zone per unit area did not increase or decrease with age. The volumes per unit area for 
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age groups 19-29, 30-59, and 60-79 years were 39.09 ± 8.12 �m, 34.55 ± 10.76 �m, and 

34.55 ± 12.04 �m. The average and inter-subject standard deviation of dermal papillae 

volume per unit area from all the subjects were 35.97 �m and 10.42 �m, and the 

coefficient of variance was 0.2897. In Fig. 17, no tendency of increasing or decreasing 

with age could be observed, and data were scattered especially in elder groups. 

�
Fig. 17. Dermal papillae volume per unit area versus age from the ventral forearms of 48 Asian subjects 

(skin phototype III & IV). In linear regression analysis, P-value for age = 0.1471 (not statistically 

significant); P-value for gender = 0.1287 (not statistically significant). In ANOVA, p-value for age group = 

0.4008 (not statistically significant); p-value for gender = 0.1561 (not statistically significant). NS: not 

significant. 
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3.4.4 Average Volume per Dermal Papilla 

In ANOVA of the average volume per dermal papilla (VDP), effects of age group 

and gender were not statistically significant (Fig. 18; p for age group = 0.3120 and p for 

gender = 0.0920). In the same way, no statistical significances of age and gender were 

found in the regression analysis (Fig. 18; P for age = 0.5962 and P for gender = 0.1276). 

The average volumes per dermal papilla for age groups 19-29, 30-59, and 60-79 years 

were 282387 ± 80801 �m3, 248257 ± 100742 �m3, and 273554 ± 129590 �m3. The 

average and inter-subject standard deviation of average volume per dermal papilla from 

all the subjects were 266301 �m3 and 103472 �m3, and the coefficient of variance was 

0.3886. Therefore, if the connected part of a dermal papilla was included in the volume 

measurement, the average volume per dermal papilla did not decrease with age, which 

was different from the decreasing volume with age in the analysis of isolated dermal 

papilla. 

It could be noticed that the average volume per dermal papilla (Vtotal / Ntotal) was 

the dermal papillae volume per unit area (Vtotal / OAmax) divided by the number density 

of dermal papillae (Ntotal / OAmax). The dermal papillae volume per unit area and the 

number density of dermal papillae were not change with age, so it was reasonable that 
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the average volume per dermal papilla was not found related to age. 

�
Fig. 18. Average volume per dermal papilla versus age from the ventral forearms of 48 Asian subjects 

(skin phototype III & IV). In linear regression analysis, P-value for age = 0.5962 (not statistically 

significant); P-value for gender = 0.1276 (not statistically significant). In ANOVA, p-value for age group = 

0.3120 (not statistically significant); p-value for gender = 0.0920 (not statistically significant). NS: not 

significant. 

3.4.5 Dermal Papillae Volume Ratio within Dermal Papilla Zone 

ANOVA of the dermal papillae volume ratio within dermal papilla zone (RV) 

showed statistical significance of age group (Fig. 19; p for age group = 0.0423 and p for 

gender = 0.2307). We also found that the dermal papillae volume ratio within dermal 

papilla zone was positively correlated to age with the significance (Fig. 19; P for age = 

0.0143 and P for gender = 0.3796; R = 0.352). It meant that dermal papillae occupied 

more proportion of volume in the dermal papilla zone as age increased. The volume 

ratios for age groups 19-29, 30-59, and 60-79 years were 52.46 ± 4.26 %, 56.26 ± 5.49 

%, and 59.18 ± 11.34 %. 
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It could be noticed that the dermal papillae volume ratio within dermal papilla zone 

(Vtotal / (OAmax × TDPZ)) was the dermal papillae volume per unit area (Vtotal / OAmax) 

divided by the depth of dermal papilla zone (TDPZ). Previously, it was found that the 

dermal papillae volume per unit area was not related to age but the depth of dermal 

papilla zone decreased with increasing age, so the increase with age of the dermal 

papillae volume ratio within dermal papilla zone was quite reasonable. 

�
Fig. 19. Dermal papillae volume ratio within dermal papilla zone versus age from the ventral forearms of 

48 Asian subjects (skin phototype III & IV). In linear regression analysis, P-value for age = 0.0143 

(statistically significant); P-value for gender = 0.3796 (not statistically significant). Correlation coefficient 

R to age = 0.352. In ANOVA, p-value for age group = 0.0423 (statistically significant); p-value for gender 

= 0.2307 (not statistically significant). 
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3.4.6 3D Interdigitation Index 

The statistical significance of age group was found in ANOVA of the 3D 

interdigitation index (I3D; Fig. 20; p for age group = 0.0013 and p for gender = 0.9041). 

Similarly, it was showed that the correlation between the 3D interdigitation index and 

age was negative and moderate with statistical significance (Fig. 20; P for age = 

2.035×10-5 and P for gender = 0.6453; R = -0.578). The indexes for age groups 19-29, 

30-59, and 60-79 years were 2.734 ± 0.378, 2.389 ± 0.554, and 2.089 ± 0.291. The 

interface area of dermal papillae became smaller with advancing age, which revealed 

the undulation of dermal-epidermal junction was smaller in the older skin. 

�
Fig. 20. 3D interdigitation index versus age from the ventral forearms of 48 Asian subjects (skin phototype 

III & IV). In linear regression analysis, P-value for age = 2.035 10-5 (statistically significant); P-value for 

gender = 0.6453 (not statistically significant). Correlation coefficient R to age = -0.578. In ANOVA, 

p-value for age group = 0.0013 (statistically significant); p-value for gender = 0.9041 (not statistically 

significant). 
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Chapter 4 Discussion 

4.1 Overall Results of In Vivo Aging Analysis 

In this study, 10 of total 14 parameters were found to be related to age, and only 1 

parameter was found to be related to gender. In the in vivo analysis of viable epidermis 

thickness, the thickness excluding the depth of rete ridge was not found to be related to 

age nor gender, but the thickness including the depth of rete ridge was negatively related 

to age. The results of the in vivo analysis of isolated dermal papilla showed that the 

average, the intra-subject standard deviation, and the maximum of isolated dermal 

papilla height and the average, the intra-subject standard deviation, and the maximum of 

isolated dermal papilla volume were all negatively related to age. Besides, the average 

of isolated dermal papilla height was larger for the male subjects. In the in vivo analysis 

of dermal papillae within dermal papilla zone, it was found that the depth of dermal 

papilla zone and the 3D interdigitation index were negatively related to age. On the 

contrary, the dermal papillae volume ratio within dermal papilla zone increased with 

increasing age. In addition, the number density of dermal papillae, the dermal papillae 

volume per unit area, and the average volume per dermal papilla was not found to be 

related to age nor gender. 
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4.2 Comparisons of Previous Studies 

In the literature, some parameters have already been measured and their relations 

to intrinsic aging have been also studied. 

4.2.1 Comparison between Results of Depth of Dermal Papilla Zone 

It was found in the study of Neerken et al. that the depth of dermal papilla zone of 

volar forearm from 30 Caucasian volunteers showed a considerable decrease with 

increasing age by confocal laser scanning microscopy [31]. The analysis of this study 

also showed the decrease with increasing age for the Asian volunteers. 

4.2.2 Comparison between Results of 3D Interdigitation Index 

In the study of Timár et al., it was found that the decrease of interdigitation index 

in the older inner forearm skin was significant by biopsy, which resulted from the 

interdigitation between the epidermis and the dermis disappearing related to intrinsic 

aging [30]. A similar age-related decrease was also found in the analysis of 3D 

interdigitation index, although the dimensions of measurements were different. 

Furthermore, the disappearance of interdigitation could be confirmed by the result that 

the depth of dermal papilla zone was decreasing with advancing age. 
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4.2.3 Comparison between Results of Viable Epidermis Thickness 

In previous studies, many have studied the epidermis thickness repeatedly for 

several body sites by biopsy and in vivo techniques. However, the thickness of viable 

epidermis was measured in only a few studies or was studied indirectly, that is, 

measuring both stratum corneum and full epidermis to acquire the age-related change of 

viable epidermis. Due to the undulation of dermal-epidermal junction, the confirmation 

of whether the measurements included the rete ridge or not was required. 

Sandby-Møller et al. reported that the viable epidermis thickness of the dorsal forearm 

from 71 volunteers of different skin phototypes was independent of age by biopsy, and 

they claimed the sunlight exposure was negligible in the late autumn of Denmark [32]. 

They also reported that males had thicker viable epidermis than females, but it was not 

consistent with the result of this analysis. However, the definition of measurement was 

not given, so it could not be used as a reference of age effect. In the study of Koehler et al., 

the viable epidermis thickness of the dorsal forearm from 30 volunteers, whose skin 

phototypes were not mentioned, was not found different between age groups by in vivo 

multiphoton laser tomography [33]. Nevertheless, they split the images into 20 �m × 20 

�m and measured the thickness in a tiny field of view. To my knowledge, it was a mix of 

the measurements including and excluding rete ridge. Batisse et al. concluded that the 



�

�

���

�

�

thickness of viable epidermis of the back of the arm from 34 women [34], whose skin 

phototypes were not mentioned, showed a significant decrease in the aged group by in 

vivo confocal microscopy and ultrasound imaging. However, the definition of measured 

region was not mentioned. 

In this study, from both the measurements of viable epidermis thickness, I deduced 

that not the viable epidermis itself but the depth of rete ridge decreased in the aged skin. 

My conclusion was especially consistent with the conclusion made by Neerken et al. [31], 

who measured the full epidermis thicknesses excluding and including rete ridge 

separately of the volar forearm from 30 Caucasian volunteers by confocal laser scanning 

microscopy. 

4.2.4 Comparison between Results of Number Density of Dermal 

Papillae 

In the analysis of number density of dermal papillae, the inconsistency with previous 

studies was found. It was reported that the number of dermal papillae was significantly 

decreased in the aged forearm skin by several studies [31, 35-37]. To confirm the 

comparability of these studies, there were several details needed to be inspected. 

First, the protocols of how to measure the number of dermal papillae, how to define 
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an individual papilla, and how to count the incomplete part were important. For the 

protocols of measurement, Sauermann et al. counted papillae in every frame of an image 

stack [35], and Koehler et al. counted papillae in only one depth that they located for 

imaging papillary dermis without detailed descriptions of depth [36]. Lagarrigue et al. 

counted full papillae observed in an image stack [37], and no details similar to the above 

mentioned were noted by Neerken et al. [31]. For the definition of an individual dermal 

papilla, only Sauermann et al. [35] mentioned that they defined the appearance of 

capillary as the criterion, and no definitions were mentioned by others. No descriptions of 

how to count the incomplete part were mentioned in these studies. It should be noted that 

no direct observation of dermis were made by Sauermann et al. and Lagarrigue et al., and 

in confocal laser scanning microscopy images of Neerken et al., epidermis and dermis 

could not be differentiated clearly as in our second- and third-harmonic generation 

images. 

Second, the skin phototype was reported to influence the number of dermal papillae 

[37]. Skin phototypes in the study of Sauermann et al. were I to III mixed together, and 

Skin phototypes in the studies of Koehler et al. and Neerken et al. were believed to be I 

and II [31, 35, 36]. Lagarrigue et al. set skin phototype as one of the variables in the 

multiple regression analysis, and the decreases with age were observed for different skin 
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phototypes [37]. If subjects of many skin phototypes were included, skin phototypes 

should be taken as a variable to prevent incorrect deduction. 

In my study, the number of dermal papillae was measured by counting the isolated 

dermal papillae, which appeared to be the individual cross-sections in the upper papillary 

dermis. Besides, in some subjects, the cross-sections of some isolated dermal papillae 

appeared to be very small and quickly connected to others in deeper skin, though the 

cross-sections of the isolated dermal papillae in other subjects appeared to be larger and 

rounder (Fig. 21). This difference between subjects was not related to age and seemed to 

considerably affect the measurement. However, this difference between subjects was not 

mentioned in those studies. 

Other parameters including height of isolated dermal papilla, volume of isolated 

dermal papilla, dermal papillae volume per unit area, average volume per dermal papilla, 

and dermal papillae volume ratio within dermal papilla zone were not found to be 

studied in literature to my knowledge. These parameters might provide some new 

methods and insights to inspect and clarify the changes related to intrinsic aging. 
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Fig. 21. Four sets of representative images from the ventral forearms of (a) 27-, (b) 24-, (c) 74-, and (d) 

69-year-old subjects. The depths of images were labeled, and the depths of the first frames that showed 

the stratum corneum in respective stacks were set as 0 �m. In (a) young and (c) elder skin, the 

cross-sections of isolated dermal papillae seemed to be larger and rounder; however, in other (b) young 

and (d) elder skin, the cross-sections of isolated dermal papillae appeared to be smaller and fragmentary. 

This difference between subjects did affect the number density of dermal papillae but was not related to 

age. 

 

4.3 Deduction of Intrinsic Age-Related Changes of Skin 

The analysis of the whole set of parameters combined together could provide several 

ways to comprehend the intrinsic age-related changes of the human skin. A deduction of 

the skin change related to age was addressed as the diagrams (Fig. 24 and 25), and details 

were described in the following paragraphs. 
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4.3.1 Deduction of Age-Related Changes of Isolated Dermal Papillae 

In the in vivo analysis of isolated dermal papilla, the average, the intra-subject SD, 

and the maximum of isolated dermal papilla height and the average, the intra-subject SD, 

and the maximum of isolated dermal papilla volume were all decreasing with increasing 

age. The decreases of the maximums of height and volume showed that taller and bigger 

isolated dermal papillae diminished in the elder skin. Besides, the changes of the average 

height and volume indicate that the isolated dermal papillae as a whole became shorter 

and smaller. Furthermore, the decrease of the intra-subject standard deviation possibly 

implied that relatively larger isolated dermal papillae disappeared and the size of the 

isolated dermal papillae became similar. However, the size of each isolated dermal 

papilla might reduce with same proportion in the elder skin, and it would also make the 

average and the intra-subject SD decrease. In the foresaid condition, although the 

absolute value of intra-subject SD did decrease, the intra-subject SD relative to the 

average, which was the coefficient of variance, would not decreased at all. In that case, 

the decrease of intra-subject SD could not be interpreted as isolated dermal papillae 

becoming similar in size. To verify the foregoing possibility, the coefficients of variance 

of height and volume were calculated and analyzed by multiple linear regression 

analysis. It was found that both CVs of isolated dermal papilla height and volume were 
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negatively related to age with statistical significances respectively (Fig. 22; Pheight for 

age = 0.0144 and Pvolume for age = 0.0376; Pheight for gender = 0.3845 and Pvolume for 

gender = 0.1055; Rheight = -0.352 and Rvolume = -0.295), which indicated that the 

dispersions of the height and the volume were reduced in the older skin. 

�
Fig. 22. Coefficient of variance of isolated dermal papilla height (left) versus age from the ventral 

forearms of 48 Asian subjects (skin phototype III & IV). In linear regression analysis, P-value for age = 

0.0144 (statistically significant); P-value for gender = 0.3845 (not statistically significant). Correlation 

coefficient R to age = -0.352. Coefficient of variance of isolated dermal papilla volume (right) versus age 

from the ventral forearms of 48 Asian subjects (skin phototype III & IV). In linear regression analysis, 

P-value for age = 0.0376 (statistically significant); P-value for gender = 0.1055 (not statistically significant). 

Correlation coefficient R to age = -0295. 

To find out whether these isolated dermal papillae extended their widths with age 

or not, the average section area of isolated dermal papilla was calculated for each 

subject. For a subject, the respective section area of every his or her isolated dermal 

papilla was calculated by its volume divided by its height, and the average section area 

was acquired based on these section areas. The regression analysis did not show 

significance of age nor gender (Fig. 23; P for age = 0.6223 and P for gender = 0.1576), 
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so these isolated dermal papillae did not extend their widths with age. 

�
Fig. 23. Average section area of isolated dermal papilla versus age from the ventral forearms of 48 Asian 

subjects (skin phototype III & IV). In linear regression analysis, P-value for age = 0.6223 (not statistically 

significant); P-value for gender = 0.1576 (not statistically significant). 

Therefore, the intrinsic aging resulted in the shrinkage of the isolated dermal 

papilla in size, which might reduce the interface area between dermis and epidermis, and 

the isolated dermal papilla did not extend or contract its width with age. Moreover, the 

analysis also indicated that both large and small isolated dermal papillae existed in the 

younger skin, but there were only small isolated dermal papillae remained in the elder 

skin (Fig. 24). 
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�
Fig. 24. Diagrams showed how isolated dermal papillae changed with aging. The isolated dermal papillae 

were shorter and smaller in the elder skin (b), and the sizes became similar. However, the isolated dermal 

papillae did not extend their widths in the elder skin. 

 

4.3.2 Deduction of Age-Related Changes of Dermal Papillae within 

Dermal Papilla Zone 

Parameters TDPZ DN DV VDP RV I3D 

Increase/Decrease 

with Increasing Age 
� � � � � � 

�: Not increase or decrease with increasing age 

In the in vivo analysis of dermal papillae within dermal papilla zone, the depth of 

dermal papilla zone (TDPZ), the dermal papillae volume ratio within dermal papilla zone 

(RV), and the 3D interdigitation index (I3D) were found to increase or decrease with age. 

However, the number density of dermal papillae (DN), the dermal papillae volume per 

Table 2. The summery of changes with increasing age of parameters 

in the analysis of dermal papillae within dermal papilla zone 
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unit area (DV), and the average volume per dermal papillae (VDP) were not found 

increased or decreased with age. 

First of all, the depth of dermal papilla zone became smaller in the aged skin, and the 

max occupied section area depended on how many stacks were analyzed and how much 

space of an image was occupied by the bottom of dermal papilla zone. The whole 

volume of dermal papilla zone thus decreased with age: 

2 ���� 3 4%����5��6�#)-,.�%7�� �%� � 8, 

�9 /����������� � :���� 0 #)-,.; 3 4%����5�< 

Secondly, the dermal papillae volume per unit area was not found increased or 

decreased with age. The dermal papillae volume ratio within dermal papilla zone 

increased and the depth of dermal papilla zone decreased with age. Because the volume 

ratio could be calculated from the volume per unit area divided by the depth, the 

increase of volume ratio with age simply resulted from the decrease of the depth with 

age: 
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With the same max occupied section area, the total volume of dermal papillae 

within dermal papilla zone could be considered consistent with increasing age: 
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While the dermal papilla zone became thinner with age, the dermal papillae within 

dermal papilla zone should extend their waistlines with the consistent volume: 
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To show the waistline extension of the dermal papillae within dermal papilla zone, 

it might be suitable to calculate the average occupied section area of dermal papillae 

within dermal papilla zone, which was the total dermal papillae volume divided by the 

depth of dermal papilla zone. However, the average occupied section area equaled to the 

volume ratio multiplied by the max occupied section area, so the volume ratio could be 
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explained as the average occupied section area per unit area. Therefore, no additional 

calculation was needed, and the increase of volume ratio with age indicated that the 

average occupied section area increased with age: 
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However, it was found previously in 4.3.1 that the isolated dermal papillae did not 

extend their widths with age. Therefore, the independent dermal papillae should connect 

to each other quicker in the aged skin, and it was the whole dermal papillae within 

dermal papilla zone that extended in width and their occupied section area increased 

with age. In addition, the 3D interdigitation index was found to be smaller in the elder 

skin, and it indicated that the undulation of dermal papillae became smoother. 

In summary, the number density of dermal papillae was not found related to age, 

and the differences between people were quite large. Moreover, the results of the 



�

�

���

�

�

analysis indicated that dermal papilla zone was thinner with increasing age, but the 

dermal papillae within dermal papilla zone were not reduced in volume. The independent 

dermal papillae connected to each other quicker with increasing age, and the whole 

dermal papillae within dermal papilla zone extended in width. These age-related changes 

of dermal papillae were showed in Fig. 25, and 9 representative 3D reconstructions of 

image stacks, which displayed only dermal papillae within dermal papilla zone, were 

showed in Fig. 26. 

 

Fig. 25. Diagrams that showed how dermal papillae within dermal papilla zone changed with aging. In the 

elder skin, with the thinner dermal papilla zone, the dermal papillae within dermal papilla zone became 

shorter but extended in width and occupied more proportion of the volume of dermal papilla zone. 
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Fig. 26. 3D reconstructions of 9 XYZ image stacks from the ventral forearms of (a) 24-, (b) 27-, (c) 28-, 

(d) 47-, (e) 47-, (f) 57-, (g) 62-, (h) 69-, and (i) 74-year-old subjects. Only SHG signals within the dermal 

papilla zone were used in the 3D reconstructions, which revealed the structure of dermal papillae. In (d), 

(e), and (g), the step size between images was 2 �m, and the X-Y-Z dimensions of the 3D reconstructions 

were 240 �m × 240 �m × 84 �m. In the others, the step size was 5 �m, and the X-Y-Z dimensions were 

240 �m × 240 �m × 85 �m. The coordinate axes were added beside the reconstructions, and z-axes 

pointed to the deeper dermis. The 3D reconstructions were built by ImageJ 3D Viewer. 

TDPZ DV RV I3D TDPZ DV RV I3D TDPZ DV RV I3D 

(a) 70 38 0.54 2.25 (b) 80 38 0.48 2.95 (c) 85 40 0.47 2.96 

(d) 66 41 0.62 2.68 (e) 64 33 0.51 2.16 (f) 65 40 0.62 2.51 

(g) 52 35 0.67 1.94 (h) 55 33 0.60 1.96 (i) 65 43 0.66 2.07 

�

Table 3. Depth of DPZ, DP volume per unit area, DP volume ratio within DPZ, 

and 3D interdigitation index for each image stack in Fig. 26 
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Besides dermal papillae, the rest space of dermal papilla zone was occupied by rete 

ridge, which were downward protrusions of epidermis. By investigating age-related 

changes of dermal papillae, the relative changes of rete ridge could be understood. First, 

rete ridge became shorter as the dermal papilla zone became thinner with age. Besides, 

the isolated dermal papillae connected to each other quickly in the aged skin, so most 

rete ridge became much shorter. Furthermore, because the isolated dermal papillae did 

not extend their widths, the rete ridge would only become shorter but not slenderer. 

The major function of the dermal-epidermal junction was to attach the epidermis and 

dermis and reduce the risk of separation between these two layers [38]. Furthermore, for a 

unit area of the skin, the larger interface area of the dermal-epidermal junction for 

connecting these two layers, the stronger capability of preventing separation by external 

force. The 3D interdigitation index measured the interface area of the dermal-epidermal 

junction for a unit area of the skin, and the analysis revealed that the interface area 

became smaller with advancing age. It might imply that the fragility of the aged skin was 

possibly related to the decreased interface area of the dermal-epidermal junction, which 

weakened the strength of epidermal-dermal adherence. 
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4.4 Discussion of Critical Parameters in this Analysis 

Among all these 14 parameters, some parameters seemed to be more critical for 

revealing the age-related changes of the human skin. Both measurements of viable 

epidermis thickness including and excluding rete ridge implied the flattened 

dermal-epidermal junction, but this indication could be obtained from direct 

measurement of the depth of dermal papilla zone. The analysis of the height and the 

volume of isolated dermal papilla provided the insight into the structure of upper-part 

dermal papillae and the definition for counting the number of dermal papilla. The 

decrease of height and volume might also indicate the decrease of the interface area of 

the dermal-epidermal junction, but the change of the interface area was better to be 

observed by measuring the full interface area. In short, the analysis of viable epidermis 

and isolated dermal papilla could only provide indirect biological meanings. 

However, some insights could be provided by the analysis of dermal papillae 

within dermal papilla zone. The parameters in this analysis were related to each other 

and basically calculated by four independent features of the dermal papillae: number, 

depth, volume, and interface area. Therefore, the critical parameters were the four 

parameters, number density of dermal papillae, depth of dermal papilla zone, dermal 
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papillae volume per unit area, and 3D interdigitation index, which were directly related 

to four respective features. First, the analysis of number density showed that dermal 

papillae did not become less with age, and the differences between subjects were quite 

large, which was inconsistent with other studies. No tendency of decrease with age 

could be observed from the data (Fig. 16), which was supported by high p-values for 

age and age group in the regression analysis and ANOVA. Second, the decrease of the 

depth of dermal papilla zone directly showed that the dermal-epidermal junction 

flattened with age. Third, the observation of the dermal papillae volume per unit area 

could show whether the dermal papillae within dermal papilla zone diminished in 

volume with age or not, and the analysis showed that the dermal papillae volume per 

unit area were not affected by age. Finally, the decrease of the 3D interdigitation index 

with age showed that the decreased interface area of dermal-epidermal junction in the 

aged skin, which might weaken the capability to prevent the separation of epidermis and 

dermis. 
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Chapter 5 Conclusion 

Using the XYZ image stacks acquired by in vivo harmonic generation biopsy system, 

14 parameters were defined to inspect morphological changes of viable epidermis and 

mainly dermal papillae in a three-dimensional point of view. Among these parameters, 10 

parameters were found to be related to age. Only 1 parameter was found related to gender. 

From the analysis of whole set of these parameters combined, the deduction of changes of 

skin was made to describe the overall effect of intrinsic aging (Fig. 24 and 25). 

The results of the in vivo analysis of viable epidermis thickness implied the 

flattened dermal-epidermal junction in the aged skin. The results of the in vivo analysis 

of isolated dermal papilla indicated that the intrinsic aging resulted in the shrinkage of 

the isolated dermal papilla in size, which might reduce the interface area between dermis 

and epidermis, and the isolated dermal papilla did not extend its width with age. 

Moreover, the analysis also showed that both large and small isolated dermal papillae 

existed in the younger skin, but there were only small isolated dermal papillae remained 

in the elder skin (Fig. 24). The results of the in vivo analysis of dermal papillae within 

dermal papilla zone indicated the dermal papillae were not fewer in the aged skin. 

Furthermore, dermal papilla zone became thinner with increasing age, but the dermal 
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papillae within dermal papilla zone were not reduced in volume. The independent dermal 

papillae connected to each other quicker with age, and the whole dermal papillae within 

dermal papilla zone extended in width (Fig. 25). Moreover, the analysis of the 3D 

interdigitation index showed the decreasing interface area of the dermal-epidermal 

junction with age, which might related to the fragility of the aged skin due to the 

weakening of epidermal-dermal adherence. 
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