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Simple Summary: Following tooth loss, the jaw bone undergoes gradual atrophy of the tooth-
bearing alveolar process which poses a major challenge for dental implant therapy. In order to
compensate for the decreasing bone height and bone volume in the upper jaw, bone graft particles
can be inserted into the maxillary sinus (maxillary sinus floor augmentation). The native bone ideally
integrates these particles, proving an increased bone supply for subsequent implant placement.
Despite the longstanding clinical application of this surgical procedure, there is still no scientific
rationale for whether particulate bone grafts should be compressed or lightly packed. We therefore
evaluated the spatial distribution of bone substitute particles in human maxillary sinus biopsies
and investigated the association between bone graft packing and bone regeneration 6 months after
maxillary sinus floor augmentation. In fact, bone graft particles were not homogeneously distributed
over the length of biopsies. With increasing distance from the native bone of the sinus floor, the
number of predominantly small, densely packed bone graft particles increased, which appeared
to be detrimental to graft integration. These findings suggest that excessive compaction of bone
graft particles should be avoided in order to optimise the macrostructural environment for bone
regeneration in maxillary sinus floor augmentations.

Abstract: Research in maxillary sinus floor augmentation (MSFA) focussed on the optimisation of
microstructural parameters such as microporosity and particle size of bone substitute particles (BS).
However, little is known about the impact of BS packing and the corresponding (void) interparticular
space on bone regeneration. The aim of this study was to characterise the spatial distribution
of BS and its association with BS integration 6 ± 1 months after MSFA. Histological thin-ground
sections of 70 human sinus biopsies were histomorphometrically analysed: In serial zones of 100 µm
proceeding from the sinus floor (SF) up to the apical end of the biopsy, we measured the distribution
of BS particles within these zones in terms of volume (BSV/TV), number and size of BS particles,
interparticle spacing (BS.Sp) and bone-to-BS contact. BS particles were not homogeneously distributed
over the length of biopsies: The first 200 µm directly adjacent to the SF represented a zone poor in BS
particles but with high osteogenic potential. Graft packing density increased from the SF towards the
apical part of the AA. Integration of BS particles was inversely associated with the distance to the SF
and the graft packing density. A high packing density through excessive compaction of BS particles
should be avoided to optimise the macrostructural environment for bone regeneration.

Keywords: sinus floor augmentation; graft packing density; macro-porosity; bone substitutes; tissue
distribution; interparticle spacing; human; bone regeneration; histomorphometry; gradient
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1. Introduction

Bone substitute materials are medical products with osteoconductive and hydrophilic
properties that find a widespread application in orthopaedics, dentistry, and maxillofa-
cial surgery. Despite the vast number of publications dealing with bone augmentation
treatments, little is known about the principal mechanisms that lead to therapeutic suc-
cess. Maxillary sinus floor augmentation (MSFA) is a predictable augmentation method
to increase alveolar bone height in severely atrophied posterior maxillae prior to implant
placement [1,2]. In this surgical procedure, bone substitute (BS) particles are inserted into
the space created by the elevation of the Schneiderian membrane (SM). Ideally, bone is
stimulated to grow into the augmented area (AA), thereby integrating the BS particles and
increasing bone supply and stability for dental implants [3–5]. The regeneration potential
of the local native bone of the sinus floor (SF) and the sinus walls thus plays a decisive role
in successful MSFA [6–8].

Various particulate bone grafts from different sources are applied in clinical practice
nowadays. These grafting materials are characterised by their osteoinductive and osteocon-
ductive properties. While autografts comprise numerous growth factors and autologous
cells that can directly exert their osteoinductive potential in the host tissue, xenografts (e.g.,
deproteinised bovine bone mineral, DBBM) only passively contribute to the bone regeneration
process: they provide an osteoconductive surface that allows signalling proteins to adhere,
cells of the host tissue to attach, proliferate, differentiate and deposit new bone (nB) [9].

The size and porosity of the BS particles are considered critical parameters in this
context [10]. Smaller BS particles are reported to promote graft resorption and nB formation,
whereas larger particles provide greater volume stability and preservation of bone volume
within grafted defects [10–12]. However, large BS particles take up more space in an AA
and offer less surface area in relation to their volume than smaller particles [13]. Porous BS
particles are favoured as the pores increase the total surface area for bone formation: a three-
dimensional network of micro- and macropores facilitates the transport of nutrients and
oxygen, invasion of cells, and thus vascularisation—A prerequisite for nB formation [14].
Pore sizes between 100 and 300 µm are assumed to favour bone formation [14,15].

Considering these structural aspects, it becomes evident that also the three-dimensional
packing of BS particles and the distance between the individual particles within AA con-
stitutes a macroporous network. The spatial distribution of BS particles and the available
space in-between determine “macroporosity” at a higher structural level [16,17]. Although
numerous studies deal with the optimised porosity and particle size of bone grafts [15],
little is known about the impact of their packing density on the therapeutic success in
MSFA [17,18]. Like in socket/ridge preservation [19], there is still no biological or scientific
rationale for whether particulate bone grafts should be compressed or lightly packed.
Therefore, quantitative data on the actual three-dimensional packing condition found in
the augmented sinus is vitally needed to derive evidence-based recommendations for
clinical practice. Especially patients with compromised bone healing might benefit from an
optimised macrostructural environment in the augmented space.

In our latest study, we reported that nBF follows a gradient from the native bone of
the SF towards the apical region of the AA [20]. This current study seeks to contribute to
the understanding of the mechanisms of bone regeneration depending on the compaction
of bone graft particles.

Therefore, the aim of this basic research was to characterise the vertical distribution,
number, size, and interparticle space of BS particles in human sinus biopsies six months after
MSFA. We hypothesised that the distribution of BS follows an inverse gradient to nBF in the
biopsy and therefore quantified the spatial distribution of tissues in serial zones of 100 µm
continuously over the full length of biopsies. Clinical observation suggests that, particularly
in the apical region of AA, BS particles often remain separated and are not integrated into
newly formed bone [20,21]. Based on this, we analysed if the incorporation/consolidation
of BS particles into new bone is related to graft packing density and the distance to native
bone from the sinus floor.
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2. Material & Methods

This study comprises sinus biopsies of MSFA provided by seven Medical University
Clinics from Austria (n = 2) and Germany (n = 5) [22–24]. All biopsies were processed
into histological thin ground sections in the Karl Donath Laboratory for Hard Tissue and
Biomaterial Research, University Clinic of Dentistry, Medical University of Vienna, Austria.
Based on these samples, two multicentre studies have been conducted investigating the effect
of the maxillary region and patients’ age and sex on bone regeneration after MSFA [25] and
the vertical gradient of bone regeneration [20]. The present study investigates parts of the
histological material from a novel scientific perspective that has not been studied to date, viz
the characterisation of the bone graft packing and its association with bone regeneration.

This study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the local Ethics committee boards of Austria and Germany [Austria:
102/2004, 22/2007, 18-053 ex 06/07; Germany: 837.274.04 (4432)].

2.1. Study Sample

Patients aged >18 years, with a residual alveolar bone height of <5 mm, requiring at
least one dental implant in the premolar or molar region of the posterior maxilla, underwent
a two-stage approach of MSFA. Patients were not included in cases of tooth extraction at
the implantation site, periodontal disease, pathological conditions of the maxillary sinus,
metabolic or degenerative diseases of bone (e.g., diabetes mellitus, hyperparathyroidism,
osteoporosis), long-term medication with NSAID or corticosteroids, cigarette smoking
(>5 cigarettes/day), alcoholism, and complications due to MSFA.

2.2. MSFA and Sinus Biopsies

Patients were subjected to MSFA procedures via the lateral window technique [3,4].
After a healing period of 6 ± 1 months, biopsies (Ø 2–3.2 mm) were taken using a trephine
burr, and implants were installed in the drill holes.

Two inclusion criteria for biopsies were applied:

(1) MSFA with deproteinised bovine bone mineral (DBBM; BioOss, Geistlich Pharma,
Wolhusen, Switzerland) alone or in combination with adjuncts (autologous bone (aB)
harvested intraorally, culture-expanded aB cells isolated from the anterior iliac crest,
aB with platelet concentrate, aB with mesenchymal stem cells aspirated from the tibia).
The potential confounding effect of various adjuncts was statistically considered.

(2) Presence of both the native bone of the SF and the augmented area.

In total, 70 biopsies of 46 patients (30 ♀, 16 ♂) met the inclusion criteria and provided
the study sample.

2.3. Histology

Biopsies were fixed in a buffered 4% formaldehyde solution, dehydrated in ascending
grades of alcohol, and embedded in a light-curing resin (Technovit 7200 VLC + BPO; Kulzer,
Wehrheim, Germany). Undecalcified thin-ground sections were produced along the long
axis of the biopsies, according to Donath (1988) [26].

41.4% (n = 29) of the sections were stained with Levai-Laczko dye [27] and digitised
with a camera mounted on a microscope (Nikon DXM1200/Microphot-FXA, Tokyo, Japan).
Multiple single images per specimen were merged into high-resolution overview images
(2.212 µm per pixel) (Lucia G 4.71, LIM., Praha, Czech Republic). The remaining 58.6% of
the sections (n = 41) were scanned using an SEM (JSM-6310, Jeol, Tokyo, Japan) with back-
scattered electrons at 15/20 kV and a resolution of 2.695 µm per pixel. The comparability
of the results of the SEM and the histological image sources had previously been verified
by the intraclass correlation coefficient within 10 biopsy specimens (≥0.92) [25].

2.4. Histomorphometric Analysis

Digital images were semi-automatically segmented, and tissue types were classified:
(1) pre-existing/native bone of the SF, (2) newly formed bone, (3) bone substitute material,
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and (4) soft tissue/marrow area within the augmented area (AA). Particles smaller than
0.008 mm2 were considered to be debris and ascribed to void space. Inaccurately classified
areas were manually corrected under microscopic control (Adobe Photoshop, Adobe, San
Jose, CA, USA). Segmentation and histomorphometric measurements were performed
using Definiens Developer XD 2.7 (Definiens, Munich, Germany).

The following histomorphometric parameters were assessed in serial 100 µm zones
starting from the native bone of the SF towards the apical end of the biopsies [20].

2.4.1. Bone Substitute Volume Fraction (BSV/TV in %)

The native bone of the SF was separated from the augmented area with a manually
drawn line. In parallel to this “sinus floor borderline”, contour lines were set at an interval
of 100 µm over the entire length of the augmented area. The volume of the BS (BSV) was
measured within each of the created serial 100 µm zones (i.e., tissue volume; TV), beginning
from the zone adjacent to the SF up to the apical top of the augmented area (Figure 1) [20].
Based on these values, the gradient of BSV/TV was calculated.

2.4.2. Number of BS Particles (BS.N)

While the gradient of BSV/TV describes the spatial distribution of total BS volume
within the augmented area, it provides no information about the number and size of the
individual BS particles.

A measure analogous to the trabecular number was used to quantify the distribution of
the number of BS particles. The number of BS particles (BS.N) was defined as the inverse of
the mean spacing of the mid-axes of BS particles. This measurement can only be calculated
in the areas between particles. To show how the individual BS particles were distributed
over the entire length of the AAs, the mean number of BS particles per zone was assessed
and plotted against the distance from the SF.

2.4.3. Average Size of BS Particles (avgBSV in mm2)

In addition to BS.N, the size of individual BS particles also affects the spatial organ-
isation within the AA. Accordingly, a rule set was created to assign a unique number to
each BS particle, starting with the particle located closest to the “sinus floor borderline”
(i.e., in zone 0–100 µm in the augmentation area) towards the most apical particles in the
AA (Definiens Developer XD, Definiens, Munich, Germany). If neighbouring BS particles
were not automatically identified as single particles in the segmentation process, they were
separated with a manually drawn line using Adobe Photoshop (Adobe, San Jose, CA, USA).
Since most BS particles occupy more than one 100 µm zone, the numbered particles were
assigned to the 100 µm zone where their respective centre of mass lies in.

Based on this assignment, the volume of each individual particle was calculated, and
their average volume per 100 µm zone was plotted as a gradient of avgBSV over the length
of the AA.

2.4.4. Interparticle Spacing (Mean Distance between BS Particles; BS.Sp in mm)

Interparticle spacing refers to the mean distance between individual BS particles (compa-
rable to “trabecular separation”/Tb.Sp measurement) as a measure of BS packing density.

Since bone regeneration within the AA requires not only a surface area for bone
cells to attach but also sufficient space to grow into, the mean distance between single
BS particles was assessed in the next step, representing BS separation (BS.Sp). When BS
particles are tightly packed, then the intra-particular space and thus BS.Sp is low. High
intra-particular space and thus high BS.Sp indicates a low packing density of BS particles
within the respective zones.

Interparticle spacing was measured by assigning each pixel between BS particles
the diameter of the largest circle which fits between the particles and encompasses the
respective pixel. BS.Sp is the average of these values over the whole area between particles.
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Figure 1. Histological thin-ground section (A) and a SEM image (B) superimposed with colour-coded
classification images to illustrate the vertical distribution of BS particles within the augmented area.
Blue: native bone of the sinus floor, red: newly formed bone, yellow: bone substitute particles, green:
debris, in-between: marrow area/soft tissue; turquoise: borderline between the sinus floor (SF) and
the augmented area. In parallel to the turquoise line, contour lines were set at an interval of 100 µm to
measure the histomorphometric parameters within each of the resulting serial zones: bone substitute
volume fraction (BSV/TV), number of BS particles (BS.N), average size of BS particles (avgBSV),
interparticle spacing (BS.Sp), bone-to-bone substitute contact (BBSC in %) and bone formation in
terms of bone volume absolute (BV), bone volume per available volume (BV/Av.V), composite
volume fraction (Co.V/TV). The distribution over the entire length of the augmented area (AA) was
calculated for all biopsies. The results support our hypothesis that BS particles were not uniformly
distributed over the length of the AA six months after MSFA but typically followed specific patterns:
In close proximity to the SF (turquoise line), packing density was lowest, characterised by low
BSV/TV and large interparticle spacing (BS.Sp). BS particles tended to be well integrated into nB.
With increasing distance to the SF (>2 mm), BSV/TV was higher, and particles were more densely
packed, showing reduced “osseointegration”. Interestingly, the most proximal 200 µm adjacent to the
SF represent a zone relatively poor in BS particles in the majority of biopsies. Scale bar 2 mm.

2.4.5. Bone-to-Bone Substitute Contact (BBSC in %)

To quantify how well BS particles were integrated into newly formed bone (nB) over
the length of the AA, BBSC was calculated for all serial 100 µm zones as the percentage of
the BS surface length that is in direct contact with nB.
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2.4.6. New Bone Formation in Terms of Bone Volume Absolute (BV in mm2) and Bone
Volume Per Available Volume (BV/Av.V in %)

BV measures new bone formation in the AA in absolute numbers, whereas BV/Av.V
quantifies the fraction of newly formed bone within the available volume, viz., the void
volume not occupied by BS particles.

2.4.7. Composite Volume Fraction (Co.V/TV in %)

As a measure of the total amount of potentially biomechanically active solid material
within the AA [28,29], the composite volume consisting of newly formed BV plus BS
volume per tissue volume was calculated.

2.5. Statistics

Mean and standard deviation (SD) were calculated for all parameters over the entire
AA and at several distances from the SF (0.1 mm, 1.5 mm, 3 mm, 6 mm and 9 mm) in
windows of 0.5 mm width. Scatter plots for all parameters were plotted, including local
polynomial regression lines to describe the general shape of the data.

For the primary measurements BSV/TV and BBSC, we estimated inductive linear
mixed models [30], which included the biopsy ID as random factors. DBBM and related
groupings were included as random factors initially but removed from the final models
due to very low variance estimates. To model the shape of the curves, we included both the
distance from the SF, as well as the natural logarithm of the distance from the SF as fixed
effects. Tests were calculated using Satterthwaite′s method [31]. All computations were
done using R version 4.1.2 [32].

3. Results

In total, 70 biopsies of 46 patients (30 ♀, 16 ♂) with a mean age of 53.3 years (SD 9.8)
were evaluated (1–3 biopsies per patient); Of these, 30 biopsies were harvested from the
premolar, and 40 from the molar region. The mean length of the augmented area of the
biopsies was 5.2 mm (SD: 2.5). BSV/TV and BBSC were primary measurements; all other
parameters were secondary measurements.

The variation of measured parameters was relatively high, reflecting the biological
variability found in clinical practice. The potential confounding effect of various adjuncts was
statistically considered. Several marked patterns in the spatial distribution were identified.

3.1. Spatial Distribution of BSV/TV

Mean BSV/TV within the entire AA was 19.2% (SD 16.4) (Table 1). A closer look at
the spatial distribution of BSV/TV within the AA reveals a marked increase of BSV/TV
within the first 1.5 mm adjacent to the SF and a subsequent steady decline (Figure 2A). In
immediate proximity to the SF (within a distance of 0.1 mm to the SF) expected BSV/TV was
very low (1.7%). At a distance of approximately 3 mm from the SF, it reached a maximum
of 22.3% before it steadily decreased to 19.6% at 6 mm and 14.5% at 9 mm (Table 2). Both
the logarithmic increase of BSV/TV (most evident within the first 1.5 mm) and the linear
decrease were statistically significant (p < 0.001).

3.2. Distribution of the Number of BS Particles (BS.N)

On average, 1.4 BS particles (SD: 0.7) are to be expected in an arbitrary 1 mm zone
across the entire AA (Table 1). However, BS particles were not homogeneously distributed
over the length of the AA. Close to the SF, significantly fewer BS particles tended to be
present (0.64 BS particles/mm at a distance of 0.1 mm from the SF). Within the first approx.
1.5 mm of the AA, the number of BS particles increased markedly, reaching a plateau at
approx. 2 mm (1.5 particles/mm) (Table 3).
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Table 1. Descriptive statistics for histomorphometric parameters measured over the entire length of
the biopsies. Values are presented as mean ± standard deviation (SD).

Measurement Unit Mean SD

BSV/TV (%) 19.2 16.4
BS.N (1/mm) 1.4 0.7

avgBSV (mm2) 0.1 0.1
BS.Sp (mm) 0.6 0.6
BBSC (%) 33.5 26.6

BV (mm2) 0.1 0.0
BV/AV (%) 24.2 16.2

Co.V/TV (%) 38.8 18.3
Abbreviations: BSV/TV, bone substitute volume per tissue volume; BS.N, bone substitute number; avgBSV,
average BS volume; BS.Sp, interparticle spacing; BBSC, bone-to-bone substitute contact; BV, bone volume absolute;
BV/AV, bone volume per available volume; Co.V/TV, composite volume (=BSV plus BV) per tissue volume;
SD, standard deviation.
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Figure 2. Scatter plots including a regression line illustrating the vertical distribution of the primary
parameters BSV/TV and BBSC over serial zones of 100 µm across the entire length of biopsies
starting from the native bone of the SF (0 mm zero reference) towards the apical end of the biopsies.
(A) BSV/TV: In immediate proximity to the SF, expected BSV/TV was very low. At a distance of
approximately 3 mm from the SF, it reached a maximum with 22.9% before it steadily decreased
with increasing distance from the SF. Both, the logarithmic increase of BSV/TV (most evident within
the first 1.5 mm) and the linear decrease were statistically significant (p < 0.001). (B) BBSC: The few,
mostly large particles that were typically located in the area close-by the SF (0–1.5 mm) were well
integrated into newly formed bone. At a distance of approximately 0.1 mm from the SF, 41.0% of the
BS surface was in contact with new bone. With increasing distance, BBSC decreased steadily. The
linear decrease of BBSC with distance from the SF was statistically significant. (p < 0.001). BSV/TV:
bone substitute volume per tissue volume; BBSC: bone-to-bone substitute contact; SF: sinus floor.

Table 2. Regression predictions for the primary measurements BSV/TV and BBSC in 0.5 mm windows
at certain distances from the SF.

Distance from SF BSV/TV BBSC
(mm) (%) (%)

0.1 1.7 43.2
1.5 20.7 36.4
3.0 22.3 31.0
6.0 19.6 20.8
9.0 14.5 10.8

Abbreviations: SF, sinus floor; BSV/TV, bone substitute volume per tissue volume; BBSC, bone-to-bone substitute
contact.
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Table 3. Descriptive statistics for histomorphometric parameters (secondary measurements) in 0.5 mm
windows at certain distances from the sinus floor: In order to illustrate the spatial distribution of the
histomorphometric parameters at certain distances from the SF, measurements were averaged in 0.5 mm
windows starting from the borderline of the native bone of the SF (0 mm representing the zero reference)
towards the apical end of biopsies. Values are presented as mean ± standard deviation.

Distance from SF BS.N avgBSV BS.Sp BV BV/AV Co.V/TV
(mm) (BS Particles/mm) (mm2) (mm) (mm2) (%) (%)

0.1 0.64 ± 0.27 NaN ± NA 0.90 ± 0.81 0.09 ± 0.08 25.5 ± 18.2 28.1 ± 18.2
1.5 1.51 ± 0.64 0.09 ± 0.14 0.64 ± 0.46 0.06 ± 0.04 27.5 ± 15.3 45.1± 16.2
3 1.39 ± 0.74 0.07 ± 0.09 0.64 ± 0.60 0.05 ± 0.04 23.7 ± 17.1 37.9 ± 19.7
6 1.52 ± 0.72 0.05 ± 0.05 0.61 ± 0.50 0.05 ± 0.03 22.7 ± 12.2 39.2 ± 14.5
9 1.90 ± 0.60 0.07 ± 0.07 0.38 ± 0.35 0.04 ± 0.03 32.8 ± 20.8 43.8 ± 20.3

Abbreviations: SF, sinus floor; BSV/TV, bone substitute volume per tissue volume; BS.N, bone substitute number;
avgBSV, average BS volume; BS.Sp, interparticle spacing; BBSC, bone-to-bone substitute contact; BV, bone volume
absolute; BV/AV, bone volume per available volume; Co.V/TV, composite volume (=BSV plus BV) per tissue volume.

3.3. Distribution of the Mean BS Particle Size (avgBSV)

The mean size of individual BS particles within the entire AA was 0.1 mm2 (SD: 0.10),
ranging from 0.01 mm2 to 1.6 mm2 (Table 1). The size of the individual BS particles declined
with increasing distance from the SF: In immediate proximity to the SF, BS particles tended
to be larger than in the more apical zones. In the first 1.5 mm of the AA, an average BS
particle had a size of approx. 0.09 mm2. At a distance of approx. 6 mm, avgBSV had almost
halved to 0.05 mm2. The relatively low number of measurements at a distance of >8 mm
might be responsible for the slight increase at 9 mm (Table 3).

Overall, with increasing distance from the SF, the number of BS particles tended to
increase, while the size of particles decreased steadily.

3.4. Interparticle Spacing (BS.Sp)

The average BS interparticle space (i.e., mean distance between BS particles as a
measure for BS packing density) in an arbitrary 1 mm zone of a biopsy was 0.65 mm
(SD 0.58) (Table 1). In close proximity to the SF, the distance between individual BS particles
was highest at 0.90 mm, corresponding to a lower packing density. With increasing distance
from the SF, BS.Sp declined and stabilised at a distance of >1.5 mm from the SF reaching
approx. 0.64 mm, which corresponds to a denser BS packing in this region. (Table 3).
Variation, however, was very high in all zones of the biopsies.

3.5. Bone-to-Bone Substitute Contact (BBSC)

Mean BBSC within the entire AA was 33.5% (SD 26.6) (Table 1). While BSV/TV was
lowest in the region adjacent to the SF, BBSC was highest in this region. The few, mostly
large particles that were typically located in this area close-by the SF (0–1.5 mm), were
well integrated into newly formed bone. At a distance of 0.1 mm from the SF, 43.2% of the
BS surface was in contact with nB, at approx. 1.5 mm from the SF BBSC was 36.4%. With
increasing distance, BBSC decreased steadily to 31.0% at a distance of 3 mm, 20.8% at 6 mm
and 10.8% at 9 mm. The linear decrease of BBSC with distance from the SF was statistically
significant. (p < 0.001) (Table 2, Figure 2).

3.6. New Bone Formation (BV, BV/AV)

By absolute numbers, the volume of newly formed bone was highest in the area closest
to the SF. In intimate proximity to the SF, 0.09 mm2 nB was formed. Within the first 3 mm,
BV decreased significantly and levelled off at approx. 0.05 mm2 per zone (Table 3).

A closer look at the BV per available volume, however, reveals that the percentage of
nB formation within the unoccupied, void space within the AA is relatively constant, in the
range of approximately 25%. When much space is available (i.e., close to SF where BSV
fills less than 5% of TV), this void volume was filled with nB up to approx. 25% BV/AV.
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Similarly, when a large space is already occupied by BS particles (i.e., >3 mm from the SF
where BSV fills approx. 20% of TV), nB fills up the remaining void space also to a level of
approx. 23–24% (Table 3).

3.7. Composite Volume (Co.V/TV)

The composite volume of mineralised material (BSV plus BV per TV) that can be
regarded as potentially “biomechanically active” was 38.8% (SD 18.3) within the entire AA
(Table 1). Due to the low BSV/TV adjacent to the SF, Co.V/TV was lowest in this region
with 28%, reaching a peak at approx. 1.5 mm with 45%, and slightly levelled off to 38% at
approx. 6 mm (Table 3).

3.8. Correlation between BBSC and BSV/TV

Despite the high variation in BSV/TV and BBSC, there was an overall-trend showing
an association between these two parameters. When BSV/TV was about 5–20%, BBSC
reached a maximum of approx. 36%. The more BS particles present in a zone (>60%),
the smaller the percentage of BS surface that was in direct contact with nB (BBSC < 25%),
meaning that particles were less integrated into nB (Figure 3B).
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Figure 3. Scatter plots showing the association between BS.N and BBSC (A) and between BSV/TV
and BBSC (B). Integration of BS is highest when 5–20% of the volume is occupied by BS particles. A
high volume of BS per TV (>60%) and a high number of particles (>2.5 particles/zone) are associated
with reduced osseointegration. BBSC: bone-to-bone substitute contact; BS.N: bone substitute number;
BSV/TV: bone substitute volume per tissue volume.

3.9. Correlation between BBSC and BS.N

Furthermore, the number of BS particles was associated with BBSC. When BS.N was
low with 1–2 particles per mm, BBSC reached a maximum of approx. 36%. The more BS
particles present (>2.5 particles/zone), the smaller the BBSC (<25%) (Figure 3A).

4. Discussion

In this study, we analysed bone graft packing in 70 human maxillary sinus biopsies and
its association with bone regeneration. We thereby seek to contribute to the understanding
of bone regeneration mechanisms depending on the compaction of bone graft particles.

Traditionally, histomorphometric parameters characterising bone graft and bone re-
generation within the augmented sinus are calculated as mean values for the entire volume
of a biopsy. However, this kind of evaluation conceals any information about the spatial
distribution of tissues that might be of clinical relevance. Quantitative data on the actual
three-dimensional packing conditions found in the augmented sinus is needed to provide
a scientific rationale for whether particulate bone grafts should be compressed or lightly
packed.

In the present study, total BSV/TV amounted to approx. 20%, which is in accordance
with others [33–37]. A closer look at the serial 100 µm zones, however, revealed that BS
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particles were not homogeneously distributed over the length of the AA but followed
specific patterns:

(1) Graft packing density was significantly lower in proximity to the sinus floor (<1.5 mm)
than in the more apical area. Especially, the first 200 µm directly adjacent to the SF
represent a zone poor in BS particles but rich in new bone formation.

(2) Integration of BS particles into newly formed bone was associated with the distance
from the SF and graft packing density. In concordance with histological observa-
tions [20,21], apical particles were typically more densely packed and less integrated
into nB.

The observed graft packing gradient is in line with other studies that analysed BSV in a
limited number of discrete zones in grafted sinus biopsies [7,36,38,39]. Pignaton et al. (2020)
examined the most proximal 4 mm in 101 biopsies (21 patients) grafted with anorganic
bovine bone in four discrete zones of 1 mm [36]. The authors reported that the BS area was
lowest in the 1st mm zone (adjacent to native bone) with 18.94%, increased to a maximum
of 23.33% in the 2nd mm zone, and levelled off to 19.67% in the 4th mm zone. By analysing
BSV in serial zones of 100 µm, we were able to specify the distribution of BS particles within
the first mm in greater detail. Interestingly, there was a significant increase of BSV within
the most proximal mm from 1.6% at 0.1 mm to 14% at 0.5 mm and 19% at 1.0 mm from the
SF that has not been identified in previous studies so far.

Within the augmented maxillary sinus, the individual BS particles form a three-
dimensional macrostructural, “porous” network [40]. Physically speaking, porosity is
defined as the percentage of void space in a volume of a solid object. It depends on several
parameters, such as packing density and particle size distribution [41,42]. The size and
shape of BS particles, as well as the manual compaction of the graft, thus have a decisive
impact on interparticle spacing and packing density in MSFA. To characterize this “macro-
porosity” of the BS network in AA as a whole, not only the volume, but also the number
and size of BS particles (referring to the solid object) and the distance between individual
BS particles (referring to the void inter-space) were histomorphometrically analysed over
the entire length of the biopsies.

The mean distance between the BS particles (BS.Sp) was 0.6 mm, which meets the
reported criterion of “macroporosity” favouring osteogenesis [14]. Martinez et al. (2011)
also measured the distance between single ABB particles along the lines of an overlaid grid
and reported a lower mean interparticular distance of 0.34 mm 8 months after MSFA [16].
The distinct measurement methods might be responsible for the diverging results.

A closer look at the spatial distribution of BS particles in our study revealed that the
interparticular distance (BS.Sp) decreased significantly with the distance from the SF, the
number of individual particles, however, increased. In fact, in 81.5% of the biopsies, fewer
BS particles were present in the 1st mm adjacent to the SF than in the next 3 mm towards
the Schneiderian membrane. In other words, BS packing density increased towards the
Schneiderian membrane.

Our findings demonstrate that the first 200 µm directly adjacent to the SF represent
a zone poor in BS particles. The reason for this phenomenon is not clear. From a clinical
point of view, it may be speculated that the low packing density adjacent to the SF might
be the consequence of micro-movements within the maxillary sinus after MSFA. Since
the Schneiderian membrane constantly moves and stretches due to the airflow during
the breathing of the patient, it is conceivable that the particles become aggregated and
compacted against themselves toward a core in the centre of the sinus which would explain
the lower density of BS particles adjacent to the SF.

Interestingly, this relatively “BS-deficient zone” adjacent to the SF is particularly rich
in newly formed bone. From a biological point of view, it is plausible that the elevation of
the Schneiderian membrane from native bone might play a critical role in this context [43].
In this procedure, the Schneiderian membrane is detached from the native bone of the SF
(and lateral walls), which leads to the rupture of blood vessels, formation of blood clots and
the stimulation of the periosteum [44–46]. Since the inner cambium layer of the periosteum
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possesses a high osteogenic potential, it is assumed that the adjacent zone is particularly
active [47,48]. The inserted, not yet stabilised BS particles might exert additional stress
on the exposed native bone due to minimal particle movements. As the osteogenic field
proceeds from the native bone forward into the AA, BS particles are assumed to migrate
apically. With increasing nB formation, the space for movement becomes continuously
reduced, and marginal BS particles are integrated until the augmentation is stabilised. The
“BS-deficient” zone adjacent to the SF might arise from this initial phase of bone formation
until stable conditions and primary anchorage of BS particles are achieved.

This present study demonstrates that the presence of BS particles appears not to be
mandatory for nB formation adjacent to the SF, which is supported by the fact that nB is
also formed in membrane elevation without BS particles [49]. In implant healing, this basal
periosteal zone which implies the gusset between the host bone and the most basal implant
thread, is also reported as highly osteogenic [17,45]. Further research is needed to elucidate
the mechanism underlying the observed gradient of BSV within the AA. It remains to be
investigated if biomechanical differences (with regard to implant stability) exist between
this “BS-deficient” zone and the adjacent “composite zone”, where BS is integrated into nB.

Another important finding of this study is that “osseointegration” of BS particles
appears to be inversely related to the quantity of BS. In fact, bone regeneration and BS
integration not only requires a surface area for bone cells to attach but also sufficient
(interparticular) space for bone to grow into [50]. Since BSV was not homogeneously
distributed over the length of the AA, the available “void” space for bone in-growth varied
significantly. As expected, the absolute volume of nB formation was highest adjacent to
the SF and declined with increasing distance (BV: 0.09 mm2 at 0.1 mm to 0.04 mm2 at 9
mm) which is in line with other studies [6,7,51,52]. The same gradient was observed for the
integration of BS particles into nB (BBSC: 41% at 0.1 mm to 8.6% at 9 mm). Particularly small
particles in the apical area of the AA tend to be poorly integrated into nB [20,21]. A high BS
packing density characterised by a high volume of BS particles and small interparticular
spacing appeared to have an unfavourable effect on BS integration. A low BS volume, by
contrast, did not seem to impede bone regeneration in this setting. This is in accordance
with histological observations and a recent systematic review by Pesce et al. reporting
that the presence of a larger volume of BS particles did not necessarily results in a larger
volume of nB formation [53]. These findings suggest that a high graft packing density
through excessive compaction of BS particles should be avoided in order to optimise the
macrostructural environment for bone regeneration after MSFA.

By contrast, Romanos et al. (2018) found increased bone regeneration in small calvaria
defects in the rabbit when a compressive force of 8.2 g was applied to particulate bone
graft material [18]. Delgado-Ruiz et al. (2015) reported increased new bone formation in
extraction sockets of dogs with a higher compressive force (200 g) compared to a lower
force (50 g or 10 g) [19]. It was discussed that the graft particles transmit load to the bony
walls of a defect which might accelerate bone response and thus bone formation. Curiously,
however, most new bone formation was found in the ungrafted control group, which
supports our findings that the overfilling and high compression of particulate bone grafts
does not stringently lead to superior bone formation. Since the biomechanical situation
and the dimensions of the augmented sinus differ considerably from the rather narrow
extraction socket or calvaria defect, a reliable comparison of these results is precluded.

Another interesting aspect of this study is that the portion of new bone within the
available volume seemed relatively constant with approx. 25%. Regardless of how much
volume was already occupied by BS particles, nB filled up the remaining void space to a
level of approx. 25%. It remains to be elucidated if this result might represent some kind of
biological threshold in the augmented maxillary sinus. The composite volume comprising
new BV plus BSV per TV as an indicator for the potentially biomechanically active solid
material revealed a different picture. Composite volume amounted to 26% close to the SF,
45% at 1.5 mm and then levelled off to approx. 38% in farther distance to SF, which is in line
with others [37,39]. In fact, composite volume is within the range of maxillary posterior
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trabecular bone (approx. 38%) [54] and also meets the minimum requirements of vital bone
to sustain osseointegration of implants [55].

The major limitation of this study is the heterogeneity of the sample. However,
statistical methods did not show any evidence of a potential confounding effect of DBBM
and its combinations with adjuncts (aB/cells) on the hypotheses under study.

Since we only analysed biopsies harvested 6 months after MSFA, the results capture
a “snapshot” of the packing condition and no information about temporal dynamics of
spatial nB formation can be provided. Moreover, biopsies only depict conditions of the
implantation site and might not be representative for the entire augmented sinus.

Further studies are needed to evaluate the impact of different standardised packing
densities on bone regeneration in MSFA to provide a basis for evidence-based recommen-
dations in clinical practice.

5. Conclusions

Six months after maxillary sinus floor augmentation, bone substitute (BS) particles
were not homogeneously distributed over the length of the augmented area. The first 200
µm directly adjacent to the sinus floor represents a zone poor in BS particles but with high
osteogenic potential. With increasing distance from the SF, the number of predominantly small,
densely packed BS particles increases, which appears to be detrimental to graft consolidation.

These findings suggest that a high graft packing density through excessive compaction
of BS particles should be avoided in order to optimise the macrostructural environment for
bone regeneration in maxillary sinus floor augmentations.
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